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A Generalized Scattering Matrix Method Using
the Method of Moments for Electromagnetic
Analysis of Multilayered Structures

In Waveguide
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Abstract—The method of moments (MoM) in conjunction with
the generalized scattering matrix (GSM) approach is proposed to
analyze transverse multilayered structures in a metal waveguide.
The formulation incorporates ports as an integral part of the DIELECTRIC |- cccoooadaeoo. .
GSM formulation, thus, the resulting model can be integrated INTERFACE | -
with circuit analysis. The proposed technigue permits the mod- .
eling of interactive discontinuities due to the consideration of a METAL |  [77TTTC HE

large number of modes in the cascade. The GSM-MoM method INTERFACE | ™. D

can be successfully applied to the investigation of a variety of \\
shielded multilayered structures, iris coupled filters, determin- I REREEELEEE I RRREEEEEREE s
ing the input impedance of probe excited waveguides, and of U777
waveguide-based spatial power combiners.

Index Terms—Generalized scattering matrix, method of mo-
ments, numerical modeling.

|. INTRODUCTION METAL :

————————————————————————

INTERFACE | -. [—
HE generalized scattering matrix (GSM) method has :

been widely used to characterize waveguide junctions [ S S
and discontinuities. The GSM is a matrix of coefficients of =771
forward and backward traveling modes and describes all self
and mutual interactions of scattering characteristics, including
contributions from both propagating and evanescent modg&s. 1. Multilayer structure in metal waveguide showing cascaded blocks.
Thus structures of multiple discontinuities are modeled by

;:r?scadw&gta nlurgbﬁ-r of %SIM S- Th|s_(§)a%er W(;:IS mc:Fl\{ated 'Pé'cilitates the incorporation of the electromagnetic model of
€ need fo globally model waveguide-based spalial POWer- i--qawave structure into a nonlinear microwave-circuit

comb|_n|ng systems [1]_.[4]' In_such systems_, a large numbﬁf’nulator as required in computer-aided global modeling.
of active cells radiate signals into a waveguide, and power ISThe problem of modeling multilayered structures with ports

combine(_j when the_individual signals co_alesce inio a silnqp? a shielded environment can be analyzed by at least two
propagating waveguide mode. Most spatial power combing Sproaches. In the first, a specific Green’s function for the

gg]nebse t;/elltra]\g\?edrszs t(:mtjrlwtleplforlg?{ﬁ:jsinglf (?irrté'ért?g:y()??a::; [oposed structure is constructed and then the method of

waveguide. Active devices are inserted at ports in some Pments (MoM) [5] is directly applied to the entire structure.
N L is results in severe computational and memory demands for

the metalized transverse planes. The contribution of the wor . P Y

) . ) . S ectrically large structures. The second approach proposed

presented in this paper is to introduce circuit ports (porﬁs . . . L
. . . fere is to characterize each layer using a GSM with circuit

with voltages and currents) into the GSM formulation. This : o . .
ports and then cascade this matrix with its neighbors to obtain
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HY(z,y,2) = Z alﬁf(x,y, z) (2)
=1

E_(.T,y,Z) = Z blEl_(‘Tvzhz) (3)
=1

H (z,y,2) = Y_ biH; (2,9,2) 4)

o~

1
where the individual electric and magnetic eigenmodes are

Eli(x, y,z) = (e L ey) exp(Fliz)
HE(x,y,2) = (2hi + ha) exp(F12).

The propagation constant of tiith mode isl'; = /k2 — k7
with kg = 1//{}32014-/{}12!1, k‘j = Wwy/Ho€ot;, ke = m7r/a,

its common implementation, the MoM uses subdomain ba@8d kyt = n/b. For simplicity, the index paifm,n) has
functions of current. This is used here to compute a pdtE€n replaced by a single indéxNote that all TE and TM
impedance matrix in the solution process [10]. As well as usiffVeguide modes are considered. The amplitude coefficients
subdomain current basis functions on the metallization, t& Mode ! are denoted as; and b; for waves propagating
MoM formulation implemented here uses delta gap voltag& the positive and negative-directions, respectively. The

and, thus, the MoM characterization naturally employs port-. SI9n indicate propagation in the positive and negative

voltage and current variables. The ports are explicitly definégdiréctions. The electric and magnetic mode functienand
in the GSM and they are accessible after cascading. Theare normalized using the normalization condition
method can address a wide class of problems such as a variety [_ » ]—} (#) ds =1

of shielded multilayered structures, iris coupled filters, input arm £ as=

impedance for probe excited waveguides, and waveguide- A

based spatial power combiners. From this point on, we wihere A is the waveguide cross section.

refer to a circuit port as just a port, and an electromagnetic

port, which is defined for incident and scattered modes, ad\a Metallization at Interface

mode. The concept behind the procedure that follows is that dis-
tinct waveguide modes are coupled by irregular distributions
Il. GSM FOR BUILDING BLOCKS of conductors at the dielectric/dielectric interface. The regions
The key concept in the method developed here is formét the interface that are not metalized do not couple modes.
lation of a GSM for one transverse layer at a time, and tfée characterization of the metalized interface is developed by
GSM of individual blocks are cascaded to model a multilay&eparately considering mode-to-mode, port-to-port, and port-
structure. The general building block is shown in Fig. Z0-mode interactions [12].
Here, an arbitrarily shaped metallization is located at thel) Mode-to-Mode Interactionin this section, only the
interface of two dielectric media with relative permittivities layer at the interface of the dielectric media is considered
ande(;,1), respectively. For illustration purposes, an interna@nd the matrix model developed relates the variables at ports
port is specified to show the location of a device, and dA the coefficients of the modes (in each dielectric medium)
excitation port is defined in connection with the source dpat are incident and reflected at the layer. First, the MoM
load, although the number of circuit ports is arbitrary. Thi§ applied to the problem and then the GSM is calculated.
vector of coefficientga?] represents the coefficients of moded he electric-field integral-equation formulation is obtained by
incident from mediumy; into mediumj + 1, [a}] represents enforcing the following impedance boundary condition on the
the coefficients of modes incident from mediuymt- 1 into metal surface:
mediumj, and[a3] represents all coefficients of power waves E+E =20 (5)
incident from the circuit ports. Similarly[y!] are the vectors . o o
of reflected mode or power wave coefficients correspondiMglere £ denotes the tangential incident field? the tan-
to [a{], i =1, 2, 3. The relations betwee(t{] and [ag] are 9gential scattered fieldZ, the surfape impedance, and
determined in this section and the matrix relationship is tiBe unknown surface current density. Later on, the surface
GSM. impedance is used to represent the lumped load impedances
The analysis begins by expressing the phasors of tfkthe ports. The firststep in the MoM formulation is to express
electric- and magnetic-field vectors in terms of their eigete scattered field in terms of the electric dyadic Green’s

mode expansions [11] function (G..) as follows:

B =Y ai (a.0.2) M )= [ BTy ©
=1 s’

Fig. 2. Geometry of thg the GSM blocks. The four vertical walls are metal.
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Here, primed coordinates denote the source location while Bubstituting (13) into (11) and, without loss of generality,
primed coordinates denote the observation location. In solvingsuming that the interface plane is located at 0
for E°(r), the surface current densitj(+') is expanded as a

Linax
set of subdomain basis functions as follows: V= Z al (1+Ry) // B,(r) - e ds. (16)
N =1 S
7 Ny = IZEZ - 7 . .
) ; ) 0 Hence, the matrix form of (9) can be written as

where B; is the ith basis function and; is the unknown [Z+ Zc][1] = [Wl} U+ R] [aﬂ 17)
current amplitude at théth basis. Each basis corresponds t
one of N ports. A Galerkin procedure yields the discretizatio
of the integral equation (5)

f B n-wwoen) oo
S

where the admittance matrix

ﬁms, the current vectdd] is written in terms of the modal

vector [ay] = [a} -7 ---ap, " as

= S 4 Bi(r) - Go(r,) - Bi(r') ds’ ds = -1
- ;IZ/Z/ Bi(r) - Gelrr) - Bilr') ds' d Y] = (2 + 2]

and the elements of thgl?] matrix are given by
N
+Z I // ZS(T)EJ'(T) §1(7) ds (8) W;IZ _ // Ej 'E(il ds.
j=1 S r

leading to a matrix system for the unknown current coefficients is the identity matrix andR is a diagonal matrix with

(1] = [ L; -~ In]" as follows: diagonal elements being the modal reflection coefficients.
Scattering from both the metallization and dielectric interface
Z+ Zo|lIl =V 9
2+ 2 =] ©) leads to scattered fields with mode coefficients
where thejith element of the impedance matfiX] is _
) p fis] bll:_(l—;Rz)// 7-Ef ds+ Rial, I=1, -, Ly
Zji = — // // Bj(r) - Ge(r,r") - Bi(r') ds' ds  (10) s
s s (29)
the jth port voltage Using the current density expansion (7), the coefficients of the
‘ scattered modef#i] can be written as
vi= [[ B B as (11) : .
& W] = w+rRW] m+rd] @
and the load impedance whereT” indicates the transpose matrix operation. Substituting
Zy, = diag(Zr1 - Zis- - Zin) (12) (18) into (20) results in the following representation:

T

with Z;; being the loading impedance at partf port i is not  [b1] = (—% U + R] [Wl} Y] [Wl} U+ R] + [R]) [aﬂ-
loaded, then its corresponding entry is zero [14]. (21)

In order to construct the GSM efficiently, it is essential to
treat the incident field as being composed of a summation Since [b1] = [S1;][a1], we can readily write
waveguide modes rather than considering a single mode on 1 T
at a time [15]. For an incident field propagating in the positive Tsh} =5 [U+£] [Wl} (Y] [Wl} U+ R]+[R] (22)
z-direction from medium 1 into medium 2 at the interface

Limax
7 — T
E'(r)=Y o (1+R)e exp(—F}z) (13) [sgl} - _% €] [Wl} Y] [Wl} [+ R +[C] (23
=1
wherel'}, €} are the propagation constant and the electriéé‘f::f;ii[gr]]tf a diagonal matrix representing the transmission

mode function of modd corresponding to medium 1, re- . - , .
spectively.R; is the reflection coefficient of mode defined E'q.uatlon.s (1??)_(23) are for an.|nC|dent field traveling in the
sitive z-direction from layer 1 into layer 2. By symmetry,

so that the transverse-electric- and -magnetic mode reflect/3 L ) . T )
9 W(ﬁen the incident field is propagating in the negatixe

coefficients are L . .
. ) direction from layer 2 into layer 1, we can write
TE __ 1_‘l _ 1_‘l

T ENENE

- % [U - R] [WQ]T[Y] [Wﬂ [U—R]—[R] (24)
i o I L G RC R
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Equations (22)—(25) are a full representation of scattersdattering parameters are given by
modes due to incident modes on a loaded scatterer residing
on the interface of two adjacent dielectrics. [
2) Mode-to-Port Scattering:The interaction between an
incident mode and a port can be described using the concept {
[

of generalized power waves [12]. First, assume that port S21] =[S512]
k is terminated by an arbitrary impedancg ;. Since the Soo] =diag(—Ry -+ — Ry -+ — R max)
scattering parameters are normally given with reference to a
502 system, it is appropriate to sét;; to Ro = 50 2. The \yhere
generalized power waves at that port are then given by [13]
e _ 2VIG1T
1 MRS vES T
V, = 5 (Vk + Rofk) (26) { {
1 CTM - 2 FIICQFIQCl
r=3 (Vi — Roly) (27) [ S
Vi
= TRy (28) As expected( R )2 +(CiF)? = Land(B{™)? +(C™M)? =
) V. - 1, indicating conservation of power.
F= TR (29)

o lll. CAscADE CONNECTION
whereV; andV,. are the incident and reflected voltage waves. . . .
The technique of the previous section develops a GSM

When there is no excitation at the pok; = 0 and V,. = ¢ inale i f | ith
—RyI. Hence, the scattered power wave coefficient at port or s s&r?ge llnter face at a _trans_verse par|1e (wit .rc;-:spict
due to mode excitation i& = —+/Rol;. Thus, the scattering to the direction of propagation) in a metal waveguide.

coefficients at the ports due to incident modes from mediu@UItiIayer structure, such as that shown in Fig. 1, is modeled
1 can be written in matrix form y cascading the GSM'’s of individual layers and propagation

matrices. Each propagation matrix describes translation of the
11 rpai/2 mode coefficients from one transverse plane to another through
|:b3:| = —[Ro]*[1]. (30) 2 homogeneous medium.
o _ . The modeling of a two-layer structure with the layers
Substituting for the current using (18) and recalling thafeparated by a waveguide section is illustrated in Fig. 3. The

[b3] = [S31][ai], the scattering submatrix analysis proceeds by computing the GSM of the first layer
[S(V] and then evaluating a propagating maf#¥ describing

[53{1} = —[Ro]*?[Y] [Wl} [U + R]. (31) the waveguide section. Finally, computation of the GSM of
the second layefS(®] enables cascading ¢§(")], [P], and

hﬁt‘(?)] to obtain the composite GSN5(*)].

Similarly, the scattering coefficients at the ports due to incide Each block is represented by

modes from medium 2 can be written as
(] = - U - R @) v =5[], i-12 (34)

By reciprocity, the scattering matrix of modes due to powhere
excitation is readily obtained d$1;] = [S3;]7 and [S33] = . . :
[S§2]T- ) 511 512 13
- " SO = [gi,  Si, Si,|. (35)
3) Port-to-Port Scattering:Port quantities are related by a 21 22 723
scattering matrix, which relates port-to-port scattering [13] S5 S5 O3

'] 12 . /2 In calculating the composite GSM, the internal wave coef-
[533} = [Ro]"*[Zp + Ro] ™" [Z) — Rol[Ro] (33) ficients [a}], [b1], [a2], and [6?] must be translated through
the waveguide section. This is achieved using the propagation
where Z, is the port impedance matrix. matrix

[P] = diag(exp(—Fld) -eexp(=Tyd) - - exp(—Frlmxd))
B. Dielectric Interface

In the absence of metallization, there is no coupling afhered is the waveguide section separating the two layers.
modes at the dielectric interface. Hence, the scattering matfi is a diagonal matrix, as the modes do not couple in the
is diagonal. For a dielectric interface between mediumswlaveguide section, and each is translated by its exponential
and 2 with relative permittivities; and¢s, respectively, the propagation constant. Thus, the internal mode coefficients are
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related by with submatrices
[bl} =[Pt [CLQ} (36) —Sfl— = —5%1- + [5%2 [H>] [5121} [P] [551}
2| — 1 L ] L |
3] = 1P+ [ad]. (37) (512 = [st] (#a1 [ 5,
[se,] = [s8,] + %, 2152, |1P1[ s
Thus, the internal mode coefficienfa}] and [a3] can be NE [ - [ 11} [ 23}
written in terms of the modes at the external interfaces as Sey| =151, [HQ][S P

follows:

o] = (s o] + [ s o]
st + s8] o) 9

and

1) = ([ [od] + [322]7] 2] | ]

+sm]1P1[%] o] + [k [4]). 9

Here, the matrice§H;| and[H| are given by

] = (01~ (P)[sh](P1[52]) 1)

and

() = (01— (P)[s2] (A1 s%]) 11

:
)
[552] = [5B[4
Sia) = %] + [s] i1 shtP1[ %
[S52] =[S 41|

5ia) = [%] + [, i sk tP1[ %

]
|:S§1:| = [S§I:| + [552 [H>] [5121} [P] [551}

:S?c,g_ = :553 + |:S?§2 Hy] [5121} [P] [553}
[55] =[S (1[5
:521: = 53?1 [Hl][s 1
[S52] = [5%] + s3] [F1 | sk, 1P1[ 53]
:523: = —S?%l: [Hl][ség

IV. RESULTS AND DISCUSSION

The GSM-MoM method developed here can be used for
metal-waveguide-like structures with multiple layers of ar-
bitrarily shaped metallization. It is not limited to structures

Combining (36)—(39) yields the composite scattering matriXin infinite waveguides, as is demonstrated by the shielded

c c c c
531 532 533 534

St St Siz Sia
[S(c)] _ 5(2:1 552 553 554 (40)
St Sk S YL

microstrip that follows. Numerical results have been obtained
for the specific example of the shielded microstrip filter shown
in Fig. 4. The filter is contained in a box of dimensions 92

92 x 11.4 mm(a x bx ¢). The substrate height is 1.57 mm and
it has a relative permittivity of 2.33. In analysis, the structure is
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92 mm

4.6 mm

23 mm

92 mm

Fig. 4. Geometry of a microstrip stub filter showing the triangular bases
functions used. Shaded basis indicate port locations.
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Fig. 7. Scattering parametéi;. Solid line: GSM-MoM. Doted line from

TOP COVER [16].
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Fig. 5. Three-dimensional view illustrating the layers of the stub filter. 10 : —— 199 modes
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Fig. 6. Scattering parametét ;. Solid line: GSM-MoM. Doted line from \ 199 modes
[16]. 35 :
decomposed into three layers, as shown in Fig. 5, with layers g ==~ 127 modes
1 and 3 being the top and bottom covers, respectively. The oo 71 modes
covers are perfect conductors and, hence, their GSM’s are -45 15 > 25 ) 35 4
diagonal matrices with-1 as diagonal elements. Layer 2 is Frequency (GH2)

a metal layer with ports. The excitation ports are model
by the delta-gap voltage model proposed by Eleftheriades and

. 9. Various cascading modes showing convergencg,of

Mosig [16] (the current basis functions for the excitation porf3 is computed using the method described in this paper. The
are shown in the shaded region of Fig. 4). This allows theumber of modes considered in the GSM for layers 1 and
direct computation of network parameters without the need 3ois 287. Layer 2 has 287 modes and two circuit ports. After
extend the line beyond its physical length. The GSM of layeascading the three layers, the modes are augmented. The final
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scattering matrix has rank two, representing the circuit ports pB] N. Balabanian, T. Bickart, and S. SesH&igctrical Network Theory

i i icgj ioi New York: Wiley, 1969.
the filter. The reflection and transmission coefficiesifs and 14] H. Ghaly, M. Drissi, J. Citerne, and V. Hanna, “Numerical simulation of

Sy are calculated in Figs. 6 and 7, respectively, and compare’ yirtual matched load for the characterization of planar discontinuities,”
favorably with previously reported results [16]. Convergence in IEEE MTT-S Int. Microwave Symp. Digiol. 2, pp. 1119-1122, June

; ; 1992.
curves for the scattering parameters are shown for vario C. Wan and J. Encinar, “Efficient computation of generalized scattering

numbers of modes in Figs. 8 and 9. As desired, convergence t0 matrix for analyzing multilayered periodic structuredEEE Trans.
a result is asymptotically approached as the number of modes Antennas Propagatvol. 43, pp. 1233-1242, Nov. 1995.

id di Th df | b f &16 G. Eleftheriades and J. Mosig, “On the network characterization of
considered Increases. € need lor a large humber ol mode planar passive circuits using the method of momentSEE Trans.

is in intuitive agreement since dimensions are small compared Microwave Theory Techvol. 44, pp. 438-445, Mar. 1996.
to the guide wavelength. This example represents an extreme
test of the method developed here.
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V. CONCLUSION

A GSM technique has been developed based on a Md
formulation. The method explicitly incorporates device por
and circuit ports in the formulation. Cascading formulas we
presented to calculate the composite scattering matrix o
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computation increases approximately linearly as the number
of layers increases. Memory requirements are determined by
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