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Full-Wave Analysis of MICs in Multilayer Dielectric
Media in a Rectangular Waveguide

Odilon M. C. Pereira FilnoMember, IEEEand Tapan K. SarkaFellow, IEEE

Abstract—A full-wave analysis of microwave integrated circuits nhentials [11]. In the spectral domain, for the same open case,
in multilayer dielectric media in a rectangular waveguide is the impedance matrix involves evaluation of doubly infinite in-
described. It combines spectral-domain approach with residue tegrations. It has been proposed in [12] and [13] that the inner

theory and the contour integration method to accurately eval- . . . .
uate the impedance matrix of the method of moments. The integration be numerically evaluated only up to a point where

S-parameters are obtained by exciting the circuit with a voltage the Green’s functions approach its asymptotic form, which con-
gap generator and applying the matrix pencil technique, or by tains only algebraic functions. The remaining portion of the in-
impressing traveling-wave currents. Modifications on the latter tegral can be either evaluated in closed form or deformed to an
are introduced. Both methods are compared from a physical jntagral with an exponentially decaying integrand. For the case
point-of-view, analytical complexity, and numerical efficiency. . - -
° ) ) of boxed MICs, the impedance matrix can be efficiently evalu-
Index Terms—Full wave, matrix pencil, MIC, multilayered  ataq through fast Fourier transform (FFT) algorithms [14]-[16].
structure, waveguide. . . : :
The technique can be applied only to the cases in which the sur-
face of the circuit can be discretized into an uniform mesh. Even
I. INTRODUCTION when itis possible, the maximum segment length of the mesh, in

LARGE number of techniques have been applied t%ach direction, is the greatest common denominator of the cir-

microwave integrated circuits (MICs), from quasi-stati uit dimensions. In general., it may represept an unnecessarily
analysis to full-wave procedures. A good overview of the arge number of basis functions. In [17], residue theory and the

methods used to characterize frequency-dependent microsffﬁﬁt_? ur mtegratl_ met_h(:d are utsed tlo transLO{rrF (l))ne Of;he S?I_uhble
components and discontinuities is given in [1]. OriginallI inite summations Into anintegral around the branch cut. This

these circuits were build over one dielectric layer [2], b ptegral is lately replaced by a summation of two consecutive in-

recently, additional layers have been included for improving t grations of the modified Bessel function of zeroth-ordgr

performance of the devices or to reduce the complexity of t gy reC$n|t(;¥ ['1d8], thson s surgrtnann fot[mula t??ﬁther with
circuits [3]-[9]. Furthermore, they provide alternate solution ommerleld’s 1dentity was used to convert one ot tné summa-

to circuit layout, new feeding structures, and even mechani(tB'eﬂnS in the Green'’s functions into a summation of modified

protection as superstrates. (iss?rl].funcnonsf(o and ;. ¢ a ful vsis of |
Although very accurate, application of full-wave techniques n this paper, we present a fuf-wave analysis of a planar

using the method of moments (MoM) are often time consumin _I% mlta mglgl\ayer d'teI?Ciij ".‘ed'a n ar:ecta(.jnt%ula: wavet— f
In space domain, this results from the multiple integrations ( de. ltusedthe spectral-domain approach, and the elements o

the testing region, source region, and from the representatf fi r_n_oment matrlx_ are gvalu_ate_d by subtractmg a conveniently
of the Green’s functions) to be performed for obtaining the el -O_d'_f'ed as_ymptotl_c limit pf its integrand. The integral .Of the
ments of the impedance matrix of the MoM. In the spectral-d mit is obtained using residue theory and the contour integra-

main approach, it is a consequence of the oscillatory behav} rlneth?dd, reSLchItlng ina f?wster an.(t:i Torf a(;]cgrate prfc:cedured
of the transforms of the source and testing functions, togeth aiso studyand compare two excitation techniques often use

with the slow decaying transform of the Green’s functions. RE! the literature, i.e., the voltage gap generator, and the trav-

cently, an effort has been made to overcome these difficultigéi,ng'wa\{e impresse_zd current [5], [13], [19]. S_ome m"‘?”ﬁc‘?"
ons are introduced in the latter for both the basis and weighting

allowing for such an analysis to be quickly performed on co jons ) . S
puter-aided design (CAD) packages. For the open case in sp tions, which ensure the stability of the results. Our aim is
evaluate the mathematical models from both the practical

domain, the elements are often calculated by interpolationt8f, . . - o
previously obtained Sommerfeld integrals [10]. Alternativel),‘?o'nt'of'vIew and numerical efficiency. Th? analysis W'.” be
the quasi-static term and the surface waves can be extra&‘g&!ormed for atyvo-port network, although it can be easily ex-
from the original form of the element, and the remaining pop_anded to an arbitrary number of ports.

tion of the Green’s function is expanded in a series of expo-

Il. GREEN'S FUNCTIONS AND MOM
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Fig. 1. Cross section of the waveguide. — j& kyo (14 Tr)( +Trs) tan(kyoho)
o kyikys
(14+TF1)
(1¢). All metals are assumed to be perfect conductors, and a — T(l —I'p3). (6)
yl

time variation ofe’** is assumed and suppressed. When th v three dielectric | th fficient
Suppose that an arbitrary surface current distribution eXiStfﬁt en there are only three dielectric layers, the coetlicients

the dielectric interfaces. The electromagnetic fields in each la; (fl‘ andl'y represent the reflection coefficients due to the con-
can be expressed in terms of any two components of the ve &ctors ay = hy ar_ld_y = —(h2 +hs). Fora Iarger numk_)e_r of
potentials. In the spectral-domain approach, it is commonﬁ?ers’ these coefficients represent the reflection coefficients of
choose the components of the vector potentials in the directi F\ o . ~
normal to the dielectric interfaced(, £, ), as theTMY and the alent transmission-line method [1], [4,]' The indexesif,,
TEY components of the fields are decoupled [1], [4]. Furthe?—tand _for sine t_ransf_orm of the_ Green’s fu_nc_t|on foy dge 0
more, using the equivalent transmission-line model, additiorﬁ?x'd'reaed dipole in thg = 0 interface. Similarly, f0G7 ..

at

coupledI’M¥ and TEY modes, obtained through the equiv-

dielectric layers can be added without any major increase in i\/[ T:ES (D TdE :thO)tls the tra?s;e?r?en:al etquauq?hfortthe
complexity of the analysis [4]. From the boundary conditions ( ) modes that propagate in the structure without any
z = 0 andz = a, we observe that,;(F,;), i =1, 2, or3 can

circuit in the dielectric interfaces. The total vector potential at
be represented by a sine (cosine) Fourier series if-ligection mtedEJr(? 2d dufhtq stomefarb |tra1tyd|reb<itgd SdOtl),II’CG d|str|bu_tt|_o :
and by exponentials in the-direction. The Green’s functions &t¥ = U, and their transtorms, are obtain€d by superposition.
for the vector potentials are obtained by imposing the boundar

or the case of a-directed electric dipole af = 0, J, =
! ! y . .
conditions at the dielectric interfaces, when an electric dipole‘fé‘s(“j — 2')§(z — 2), the Green’s functions for medium 2 are
present at one of them. Since we need to calculate the elecit®"

field only in medium 2 for imposing the boundary condition at aéavo 3654()»/0 2 N ik
the circuits, the Green’s functions will be shown only for this a‘y” = éyk p sin(anz’)e’ ™ (7)
layer. Specifically, the partial derivative of the Green’s function . . 2 i
for the magnetic vector potential in respectitds shown in- Fz0 = GFozo sin(ana’)e’™* (8)
stead of the function itself, a&, and E. depend directly on h
this derivative. w ere~
For anz-directed electric dipole &g = 0, J, = d,6(x — 0G0 1 jkky(1—Ta1)
x’)é(; — 2), the Green’_s functions for medium 2, obtained as dy ~ DTM a2 + k2
described t{efore, are :qlven by e, air )Sin(/m(y + hs))
O0G® 4z0  OG® s020 €n N ks a0 A3 cos(kyoh2)
= — cos (apa’) e?™=* 1)
o O e 2 (1 = 1) 20| (g
G Fao = G Fox0 £ cos (anz’) Ik=# @) a ! cos(ky2hs)
h a e _ 1 JwLLQOén (1+FF1)
where FOOTDIE o2 + k2 ky
G 0x0 1 onky (1-Ta) e (14 Toon) cos(k h
50" DTN ol TR [P Q4 D) ol
& ) n z in (k (y N B )) o ky?) COS(kthQ)
A 1oy + Bo) .
€1 cos (kyz2h2) ( r3) kyo cos(kyaha) |- (10)
. €2 COs (kyg (y =+ hg)) o . Y . Y
+J o kys (1 —La3) cos (ky2hs) 3 Similar Green'’s functions are obtained for the sources-at

—h2, and are omitted here for the sake of space. The integral
equation of the problem arises from the boundary conditions on
the surface of the circuity), supposing the presence of either

e 1 kawps (1+Tp)
FOr0 " DTE o2 + k2 ky

. {& (1 +U'ps) cos(hyz(y + ha)) an incident fieldE™, or an impressed current. Expanding the
H2 kys cos(ky2h2) current in a set of basis functiong,(,., m. = 1, ..., M,;
_(1-T )Sill(kyg(y+ h2)) @ Jom,» ms = 1, ..., M.) and taking the inner product with

F30 L 2 cos(kyaha) weighting functions We,, s my = 1, ..., My, W, my =
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X
Z
Fig. 2. Rooftop basis functions.
1, ..., M.) the integral equation is transformed into a matriwhere Az is the transversal discretization length of theli-
equation given by rected currents.
[Z][1] = [V]. (11) A. Numerical Evaluation of the Impedance Mat#x

The elements of the vectfif] are the coefficients of the current 1N Poth the space or spectral domains, the elements of the
expansion in the set of basis functions. The vefigrwill de- iMPedance matrif] exhibit slow convergence. In this paper,
pend on the excitation used, and the elements of the impedafgidue theory and the contour integral method are used, to-

matrix [Z] are given by the reaction of the fields due to a basgether with some modifications of the asymptotic limit of the
function.J,,_, on a weighting function?,,, integrand that result in a much simpler analysis. The procedure
s I

will be illustrated for theZ, . elements, with source at the= 0

Zmym, = Wiy E(Jm,))- (12) interface. From the parity of the integrand, we can write
For example, for the case okadirected basis and weighting 1 & [
fUnCtionS Zz;:rnfrn_g = Z / Intjz dkz (16)
o & =k oG M=
vz A0z e
Zzzrnfrns = E Z /_oo <w—62 a—y + OénGFOz) where
=L —k. 0G"
7s L\ 8% . . + _ | —M= Y4020 e
) ) 'szs (Oén, kZ)Wsz (Oén, kz) dkz (13) Intzz - <w62 ay +ap FOzO)
whereJz,,, andW?;,, are the sine transform of the basis and - -
weighting functions. : [szs(oém k)W, (0n, —k2)
[ll. V OLTAGE GAP GENERATOR o, (e =k )W, (s kz)} - @

The voltage gap generator assumes that an incident elec‘_l’he first numerical problem arises from the poles of the in-

tromagnetic field has a delta-function distribution over cgrand, i.e., th_e real zeros of DTM and DTE that correspond
. o in . o0 the propagation constaht of the TMY and TEY modes of
dielectric interface p ™ = 6(z — z.)a- aty =0 ory = —h,] the rectangular waveguide above cutoff. The numerical problem
The elements of the excitation vectg¥’] are given by is o ercorr?eb S btrgct'n the sin Ia;'t'es from the 'n?e rand
Vin, = —(Wm,, E™). Rooftop functions (Fig. 2) are used'> °V '€ by su ting inguiartie the Integ
: - and analytically evaluating the remaining singular integrals. For

as basis functions due to their simplicity and flexibility inﬁvaveguides With > b = (h1 + hs + hs), the dominant wave
. . . . . = 1 2 3/ -
approximating the currents on a circuit of arbitrary shape. T eide mode is often the firsEMY mode withn — 1, and the

same set of functions are used as testing functions, resultih X . )
in a Galerkin procedure, and in the symmetry of mafti. ptge (:=0) is the first zero of DTM, with = 1. The term cor-

The position of the excitationz() is often chosen such that itrespondlng tor = 1is written as

coincides with the edge of the discretization of the circuit that a kot > i

is closest to the truncation of the input/output lines. As a con- “/##msmsn=1 = /0 +/k Int;, dk.

sequence, the only nonzero testing functions at the excitation koo = ,

point are those centered . The elements of the matri¥’] + 20 [Inti __ K } dic.

are simply given by 4T Jy., ke =kl 7
Ve =0 (14) + ﬁ R <111 23_42? - j7r> (18)

wherek.; < k.o < k.o andR’ = residue of Int} at k.o.

| —Az, if Wop(z, 2)=1
Vem = {0, otherwise (15)
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The second and more troublesome problem when evaluating Im(Kz)
the elements of matri}Z] is due to the slow convergence of the
summation and integrals, especially for the case when source
and testing functions are in the same interface. The evaluatior
of the impedance matrix becomes computationally expensive,
and its accuracy is endangered by the oscillatory nature of the Higher Order Pole
integrands. To overcome this limitation, the limit of the inte-
grand, as/ k2 + o2 goes to infinity, is added and subtracted to
the original integrand

Z;:zrnfrns = % nz_: [/0 <Intjz — lim Intjz>

= K2 tod —c0

>

Branch Cuts

ANANAN
VV VA

R
=

Re(Kz)

¥
N
\VJ

NA_A N
VVVYV

: dkz + Lzzrn,frn,s‘| (19)
Fig. 3. Singularities of the asymptotic limit in the -plane.

where analyzed different ways of expressing this limit that simplifies
oo the analytical evaluation af ..., ,, , avoiding the above prob-
Liosmym, = / lim Int,. dk. (20) lems. We are suggesting the following substitutions:
—o0 y/kZ4aZ —oo
andlInt_ is the integrand o ..., ., in (13), whose asymp- 1 tanh (\/ k2 + 04721)
totic limit is given by NCERS - NCET] (22)
1 1
lim Int.. =] — 2T (rrja)? (rra’ 7 < 1. (23)
k2+a? —oo - -
—{_ 026 — iw ﬂ g, . . .
jweaChe Jwhiz Ci, —(kg +a2)k? When applymg 'the contour integral methpd and're3|due
s s theory, the integration around the branch cut is substituted by
F’/rn (an)F’/rn (an) H H
Frhs it a summation of residues, and the second-order pdle at 0
VEZ +aik2 is substituted by the first-order polesfat = =+jrx/a. The
eikemim, _ gikzzom,  pikizim, ik Eom, singularities of the modified asymptotic limit are shown in
’ Zim, — Zom, + Zom, — Z1m, Fig. 4. It should be stressed that these modifications do not

+ 1 andr < 1. After these changes, the limit of the integrand is
Zim; — Z0m; Z2my T Almy given by

[e_jkzzlmf ke, ik, e_jk;Zm_[] alter the limit, as the hyperbolic tangent converges rapidly to

(21)

whereC;, andC;, are constants that depend on the permittivi- thm Int..

2+a2 —oo
ties and permeabilities of the three layers. } o o 5
Now, the integral inZ,..,,,m. (19) can be evaluated quickly —— ([ ——=2¢  _ ., 224 )
! Jms . jwesC Jwptz O (k2 23[)2 . 2
as the integrand converges asymptotically to zero. The conver- JweaCe 1 (B2 + of)[kZ + (rim/a)?]
gence problems of .. have been isolated iz 7., , Which tanh ( /k2 + @%)

will be evaluated analytically. A basic procedure for evaluating - > = 5
integrals on the real axis is to close the contour with a semicircle VE2 + ag[k2 + (ram/a)?]

of infinite radius C) and to use the residue theorem. Inour [ e/*=%ime — cik=2om. N elk=rims — ikzz2m,
case, the limit above has two branch cuts, with branch points at Zlm, — Z0m, Z2m, — Zlm,
k. = tj«,, asecond-order pole At = 0, and first-order poles . ijs(an)pjmf (cn)

atk. = +j«,, as shown in Fig. 3. When applying the contour
integral method, it would be necessary to add a path around the
branch cut, as in [17], and to deal with a second-order pole in
the integration path. Geometrically, the limiting case represents (24)

a multilayer media with the layers 1 and 3 extending te co

and—oo, respectively. Those branch cuts account for the corre-

sponding radiation in this now open structure. However, phys-L._,, ., is obtained by substituting (24) into (20), and is
ically they have no meaning to the original problem. We haweritten as a combination of the functiofisand -, given below,

—Jk:Zim, _ e*jkzZO'rn,f

+
ernf - ZOrnf Z?rnf - ernf

c c

—JkzZm, ejkzzsz]
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Im(Kz) A

First Order Poles

A
%

Re(Kz)

Fig. 4. Singularities of the modified asymptotic limit in tke-plane.

imaginary part

-4t Without subtracting the limit b

— — Subtracting the limit

Fig. 5. Original integrand ofZmn and the resulting integrand after
subtracting the limit.

which are evaluated using contour integration and the residue

theorem
fl(d7 T)
o tanh ( /k2 + a%)
= / e - dk. (25)
oo (24 (rm/a)?) R+ o2

a2e~ldlrm/e ganh (z Vn? — 7’2)
a

rrvnZ — 72
2reldlikep
+
p; Fopllrm/a)? — k2,

f?(dv T1, 7)2)

oo
— / oJ k=
—_o

(26)

tanh («/kg + a%)
dk.
(k2 + a?)*2[k2 + (rum/a)][k2 + (rom/a)?]

re—ldlan

— an[(rim/a)? — a2][(ram/a)? — ol
abe~ldlmm/a tanh (I vn? — 7%)
a
o (n? — 12)3/2(12 — 72)

i ™
aSe~ldIram/a tanh (—\/712 - 7%)
a

+ romd(n? — 12)3/2(r2 — 12)
> DY L
+
2= kepl(rim/a)? = B2, [(ram/a)? — k2, )(of) — k2,)
(27)
where

2 — D)2
kzpz\/<%> ta2,  p=1,23 ... (28

totic limit (L., ,m,), Where the oscillatory and slow decaying
behavior of the integrand has been isolated, is now expressed by
an exponentially converging summation, which can be quickly
and accurately evaluated. A very similar procedure is used for
the elements of the submatric8s, and~Z..,., where the substi-
tutions (22) and (23) are used, and integrals likeand f> are
defined and evaluated analytically.

An example of how the procedure described improves the nu-
merical evaluation of the elements of matfi] is shown in
Fig. 5. It compares the original integrand of an element of the
impedance matrix and the resulting integrand after subtracting
the limit. For relatively small values @&, , the original integrand
has already approached the limit, while the first still oscillates.
The advantage of the procedure described is to limit the amount
of numerical integration performed by drastically improving the
behavior of the integrand. Furthermore, the limit of the inte-
grand is reached whe{Ya?2 + k2 goes toco. This means that
asn increases in evaluation of the elements[&f, the inte-
grand converge to the asymptotic limit for a smaller value of
k.. As aresult, the numerical integration is performed over a de-
creasing interval length ik, asn increases. The overall effect
is a combination of an increase in the accuracy of the elements
of the impedance matrix, and substantial savings in computa-
tional time spent to fill out the matrik?].

B. Extraction of theS5-Parameters

Once the matricegZ] and[V] are known, the linear system
(11) is solved for the currents excited in the circuit. Thea-
rameters can be obtained from the current distribution, either
from the network admittance matrix [20], application of ideal
transmission-line theory [9], [21], or using the matrix pencil
technique [22], [23]. The latter has been used as it presents two
advantages over the previous ones. For reciprocal networks, it
does not require the evaluation of the characteristic impedances
of the transmission lines in any of the ports of the circuit. Also,

We should observe that the functiofisand f> are given by it can be applied over a relatively small section of the circuit,
exponentially decaying summations, unléss 0. In this case, which means that a smaller number of basis functions and sub-
the summations need to be evaluated only once, and their resstiétial savings in time to fill the MoM impedance matf]
stored for future reference. As aresult, the integral of the asyngre achieved.
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AN . . < T = fu ()P Uz, — 2) + R(z = 2] (32)
N\ 5" = Ja(@)e PP ETIU( = ) + Blzpa = 2)] (39)
Port 1 . ( Circuits ) : Port 2
! \/ ! wherel/(z) is the step function and the ramp function is given
<\ Z::l 2;2 VAYAN by
i A
Fig. 6. Traveling-wave excitation. R(z) = 1= Az’ 0<z<Az (34)
0, elsewhere

IV. TRAVELING-WAVE EXCITATION . . o .
and Az is the discretization length of the adjacent rooftop sec-

The second class of excitation uses impressed current gefigh of the circuit. The current at ports 1 and 2 are now given by
ators. It has been shown [20] that when the same set of basis

functions are used, the impressed current excitation is equiva- Ja =T8N, 2) — 81105z, 2) (35)
lent to the voltage gap generator. An interesting impressed cur- T 3” Tz, 2) i (36)
rent model involves the use of traveling waves on both ports and #2 T Oka2 A 2

far from the circuits. The remaining portion of the circuit can Furth thi lerates th fthe int |
be expanded in subsectional basis functions. This mixed repre- urthermore, this accelerates the convergence ot the integrais

sentation of the currents is an attempt to numerically simul sgthe sine transform of the pure traveling waves in (29) and

the matched connection between the input/output lines and ) decay with:", while W't_h Eth adplmon O.f the ramp func-
coaxial cables. In [13] and [19], the sinusoids are truncated a S (35) and (36) decay witky, *. This solution differs from
several cycles. It has been reported that the solutions are in ihgse in [_5]’ [13], and [19], where the proplem was overcome
sitive for lengths greater than three or four wavelengths [19] yextendlng only the real part of the traveling wave for an extra

five wavelengths [13]. The advantage of truncating the travel arter-wavelength, and truncating the sinusoids after an integer

waves is to avoid the singularities in the spectral domain that I%_{Ebel’ of dhaltf_-wavelfength? t[r113]’ _[19]_.tTr;te bounda:jy co?r:jition
sult from its infinite extent. On the other hand, as the length € conducting surface of the circutt, after expanding the cur-

the truncation is increased, the Fourier transform of the tra(?—ms in traveling waves and rooftop functions, is given by

eling wave tries to describe an equivalent delta function and a M,

singular behavior using highly oscillatory functions, which is_ sca sca

numerically inefficient and nonconverging [24]. When semiin- B(T2E) s BTSN + D e Bl Tr)

finite traveling waves are used [5], [24], the contributions due to M.

the singularities and delta functions are evaluated analytically. __ inc

The procedure shown below is a variation of those above, with M Z @ B Jem.) BT 6D

modifications on both the traveling-wave basis functions and the

corresponding extra weighting functions, which guarantees twaere J,.,,,, and J.,,,, are the rooftop basis functions. The

convergence. conditions above are tested with a set of weighting functions
Consider an arbitrary circuit, as shown in Fig. 6, where that include all rooftop basis functions plus two extra functions

input and output lines extend to infinity. As we move away froniv_,;. i = 1, 2) centered at the interfaces between the trav-

the circuit, the current distribution on the lines resemble thosting-wave sections and rooftop sectiong;(and z,2). The

of the respective infinite transmission lines. For example, if thextra weighting functions, which are shown in Fig. 7, have a

circuit is excited from the port 1, the current on both ports fafiangularz-dependency given by

from the circuit can be approximated by

ms=1

my=1

—J Z—z J Z—z gﬂ(Z)
']zl = ftl(-’l') |:6 3681( p1) _ Sllejral( pl):| s z < Zpl (z — Zp1 —+ lwl)/lwla (Zpl - lwl) <z< Zpl
' (29) = { (zp1 + Az — 2) /A2, 2p1 < 2 < (zp1 + Azy)
Joo = so1 fra(x)e I (552) 2> 2y (30) 0 elsewhere (38)
where fi1 (x)( fr2(x)) is a piecewise constant approximation of 12(2)
the transverse variation of the dominant mode at port 1 (2) witﬁ (2 = 2 + Aza)/ Az (22 — Am) < 2 < 2
propagation constart; (32). These functions and’s are pre- _ (; +pl2 B ;3/[ "2 ; “f7 < (“72 _+l —)VPQ
viously obtained by a two-dimensional analysis. The remaining — ) (%" &2 0wt TwE =T = e e
portion of the circuit is expanded in rooftop basis functions. The ’ (39)

traveling-wave functions in (29) and (30) are nonzero,at

andz2, respectively, generating infinite charge distributions at .
d the samer-dependency as the traveling wavés(z).

these points. To assure the continuity of the currents, a rarzﬁ'}.l) X , o) ,
Az) is the discretization length of the rooftop section

function (R(z)) is added to the end of the traveling-wave basi@’fl( _
functions, resulting in adjacent to port 1 (2), antl,; ({,,2) is the length of the trav-

. ’ eling-wave section at port 1 (2) where the boundary conditions
ine — £ (x)e P ETEIU (2, — 2) + R(z — 2,1]  (31) are imposed. If the transmission line at perextends from
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Fig. 7. Extra weighting functions.

o 10 24 and we uselly; basis functions in the transversehe longitudinal direction, which is not enough to ensure con-
direction, thenf:;(x) can be written as vergence. Whef,, is smaller than one-tenth of the wavelength,
the S-parameters of the circuit are very sensitive to the value
of [, adopted. In our simulations, we have used valuds, aff
Jri(x Z cqilU x(q—l)i) — Uz —2qi)] (40) atleasta quarter-wavelength. This will be illustrated later in an
7=l example. After testing the boundary condition (37) with the set

wherec,;’s are the coefficients of the current distribution acros%f weighting functions, the resulting equations are arranged in

the stripline obtained from the two-dimensional analysis ar?dmatr'x form[Z][1] = [V]

My

Lgi = Loti + (.I((x?ti - thi)/Mti) q = 07 17 LR Mti- Wzti Zwltl Zwlt2 Zwlac Zwlz —S11 letl
can be seen as a combination of rooftop functions weighted by| Z, 011 Zwot2  Zw2e  Zw2s $21 Viw2t1
the coefficients:,;’s Zaty  Zorr  Lzz Lo ar | | Van
Zztl Zzt? Zzac Z;:z az V;tl

My 42

Wzti(xv Z) :ftz gztz Z cqz zqi .’L’ 7 1= 17 2 ( )

The submatrice%,..., Z.., Z.., andZ_,. represent the reac-
(41) tion between two rooftop functions, as in the case of a voltage

gap generator. By reciprocity, these four submatrices form a
whereW. ,i(z, z) = [U(x — z4—1) — U(x — x)]g-1i(2). The Symmetnc portion of matrixz]. In the row matricesz,,;,, and
basic dlfference between these extra weighting functions a#fdi., ¢ = 1, 2, the fields due to rooftop basis functions are
those previously used is thatin [5], [13], and [19] it was assuméested by the extra weighting functiols..;. As these functions
that the extra weighting functions were symmetric, ig;,= are combination of rooftop functions (41), the element& f.

Az;, while in our case, they are not. Although it may look like @nd Z,,;. are obtained similarly foZ.,, and Z. .., respectively.
small modification, it does have very important consequence4.:; and Z..; are column matrices where the fields due to the
In the symmetric case, the length of the extra weighting funscattered traveling wave in parare tested by rooftop weighting
tions 2Az;) diminish as we increase the number of basis funf-nctions inz- andz-directions, respectively,

tions of the adjacent rooftop section. This leads to the situation

where the boundary conditions are imposed over a diminishing Latim; = <W’”"f’ Eo(T5%) (43)
portion of the traveling waveXz;) as we increase the number Z / < an OG*® A0: _ i g )

of rooftop basis functions. In the limit, the boundary condi- ~4r Jwes Ay IR Fo2
tions are no longer imposed over the traveling-wave sections. sca .

In our case, the traveling-wave sections are always being tested 3 (O‘"’ kZ)WTmf (an, —kz) dk. (44)
over a lengthl,,;, despite the number of basis functions used Zztim, = (Wmf, (25 (45)
in the adjacent rooftop portion. It was observed thatshould k. OG°

be bigger than one-tenth of the wavelength of the quasi-TEM Z / <w6 TA0z 4 GF0Z>
mode at the given port. In the symmetric case, that would re- n=1 2

guire the use of less than ten basis functions per wavelength in T2 (o, k- )ijf(ocn, —k.)dk. (46)
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whereJ*¢* and.J*s® are the sine transforms df<® of (32) and oo = T8z, 2) — 520055 (2, 2) (56)
JZ5 of (33) and are given by where. J*¢® and.J5¢ are given, respectively, by (32) and (33),
T (an, k) = F (o) = andJiz¢ is equal to
' Lé(szr/ﬁ)er} @ry 7= fe@d*E UG = a) + Rlze -2 (67)
i ' Azi(k=+p1)? After expanding the remaining portion of the circuit in
J25%(an, k) = Fiao(au, )e?k=2r2 rooftop basis functions and imposing the boundary conditions,
1— =3 (k—B2)Az we obtain a linear system given by
' |:7T6(/%Z_/32)+ AZQ(]CZ—[32)2 :| (48) Zwltl Zwlt2 Zwlac Zwlz 512 Vw1t2
9 M, Zwotr w2tz Lwze w2z —S22 | _ Viwate
Fz(an) = Cgi | COS (px i —COS(CYn.’L' Z) . Zactl th? Zacac Zacz Ay th?
' ace, ; ! [ ( (7_1)) ! ] Zztl Zzt? ern Zzz az szt?
(49) (58)

IN Zywirj, i = 1, 2, the fields due to the scattered traveling The [Z] matrix is the same as for the excitation from port
wave in portj are tested by the weighting functioii&..;. From 1, @nd the elements of the independent vefigrare obtained
(41), these elements are obtained similarlyZg; (46). The similarly to the previous case withl}® substituted by the sine
elements of the independent vecfu of (42) are given by ~ transform of./25¢ (57)

. Finc _ Jkzzpo
Vittm, = — (W, » Ea(J59) 50) 72 (am, k) = Fo(an)e’ et

oo - 1_6—] vz T 02 )A%2

a > o OGS0, . s Nwd(k, + B2) + } . (59)
N | <w— = —szGFo;) R e AL
B Jwe Y The elements of the auxiliary matrixare obtained directly
-3, k)WE (o, —k2) dk, (51) from the solution of the linear systems (42) and (58). Fhga-
I

Visim: = — (Wen . E.(Ji 5p) rameters are obtained from the elements of matas

tlmy < o<f> ( z1 )>k o (52) S by _I{ef\/Z_ol (60)
[=9] k. 5 3 ce 11 =— = e o = S11
n=1 B ref
- - b2 +IQ Z02 Z02
. jnc 5 _ S = — = = S 61
- %, bW, (O‘".’ kz) dk- (53) T gm0 A Z; |ipe—o Zo1 (61)
whereJ2}¢ is the sine transforms of}¢ (31), and is given by 5 by LN 7 ©2)
7inc jk.z = — = —u — — 3
T (o, ke) = Foa(on)e?t= (k. —f1)A P Gajam0 I8V Zo |7ine=0 Zop
1 _ 6] > —P1 )08z £
A\ wb(k, — 3 — . (54 b +1t/Z,

[” (ks = f) + Az (k. — 31)? } (54) Sop = = =2 2 (63)

om0 —IFN T ey
Similar to matrix[Z], the two first rows of[V] are obtained ! I17*=0

as a combination of elements of the foffi,. Once all the = AS We know thatSi, = Sy, for reciprocal networks, then
elements of the linear system (42) are known, the coefficiedf@M (61) and (62)

of the scattered traveling waves at ports 1 and 2 are obtained S12 = S21 = +/S12521- (64)
directly from the numerical solution of the given system. When

the circuitis excited from port 2, the current distribution far fronA. Numerical Evaluation of the Impedance Mat#x

it can be approximated by The elements of the linear systems (42) and (58) basically in-

J1 =512 (2, 2) (55) volve two kinds of reactions. The first is between two rooftop
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functions, which has already been described. In the second, t oss
fields produced by a traveling-wave basis functions are teste

by a rooftop basis function. There are three sources of nume .
ical instabilities when evaluating these elements: the poles of tt  os}
Green'’s functions, the oscillatory and slow decaying behavior ¢
the integrand, and the singularities of the traveling-wave bas
functions in spectral domain. The first two are common to ths
reaction of two rooftop functions, and are solved following the
same procedure. The singularities of the traveling waves a
treated analytically, as illustrated for the caseZof,. The sin- o4l __ Voltage Gap genesator
gularities of the sine transform of;* of (47) include a delta
function and a first order pole &t = —/;. It can be shown that
the contribution of the delta function is equaltefs, where 035, = = = = = = 5
R,@ is the residue of the integrandl@t — _/31. The remaining Number of longitudinal basis functions per wavelength

part should be integrated in the principal value sense. Removing _ _ .
the pole from the integrand Fig. 9. Convergence of the magnitudesyf; with the number of longitudinal

basis functions per wavelength.

=] —k.o oo
a . =
Zztlrnf = 4 E {jﬂR,ﬁ + </ +/k )Intztl dkz 1
n=1 oo —hz1

magnitude
[=]
&
T

- - Traveling Wave Excitation

—kz1 RB 0.9-*_0_Q,)?o_g_g__o~e;e—<}—:—o—e;e—o—-o);—e—e;o—-o—g-
+ Int.¢ — 4} dk 0.8t s21
k.o k. + B
_kzl RB 0.7 -
+PV. Pk, (65) os} ]
ks + 5 2
*kzZ z 1 2
‘go L1d S11
h E w; X P 5 @
wnere oal 2
—k. 0G?,, . os} g
Intztl _ z A0z + anGCFOZ + Kabhrizi x Yang
wez ay 0.2+ __ Delta Gap Generator o Traveling Wave Excitation —
Fsca i7s 01k
) ']zlp(an7 kZ)Wzrn_[ (afh _kZ) (66)
7 ikow L — ed (k= t01) Az % 55 s o5 10 T05 1 s 12
I (o, k) = By (o )e?™=7et (67) £ (GH2)

Azl(kz + /31)2 ’

As an alternative procedure we can IIB% 2 of (67) as the Fig. 10. Magnitude of5-parameters for a microstrip coupling.= 10 mm,
. P . ~Lp ( ) c b="7.62mm,hy = 6.35 Mmm,hy = hs = 0.635 MmM,e,.1 = 1,€,0 = 10.2
sine tr_ansform c_)f the rgflected trayellng wave at port_l;l_‘()_ ande., = 2.2, w, = 1.9 mm,w, = 1 mm, and = 1.5 mm.
and distort the integration path with a semicircle of infinites-
imal radius around the pole. = —/, in the third quadrant.

. - Fig. 10 shows the amplitudes of the reflection and transmis-
This would be similar to the approach used for the poles of th(laon coefficients as the frequency varies from 8-12 GHz, for

Green’s functions, and both approaches yield the same resuﬁt.oth excitation methods. The results are compared with those
of a parallel-plate waveguide with the same dielectric filling ob-
tained by Kahrizi [10] using space-domain analysis, and with
As an example, consider a stripline coupling shown in Fig. &hose for the case of infinite dielectric layers without top ground
The waveguide with dimensioms= 10 mm, andb = 7.62 mm plane by Yang [5] using the spectral-domain analysis. Despite
is filled with two dielectric layers of the same thickngss = the differences of the structures, thgparameters present very
hs; = 0.635 mm, and dielectric constants, = 10.2 and similar behavior, with a small discrepancy for thig of [5] due
er3 = 2.2. A stripline of widthw; = 1.9 mm at they = 0 to radiation losses.
interface is coupled with another of width, = 1 mm at the An interesting result is shown in Fig. 11. The magnitude of
y = —ho interface. The stripline overlap is 1.5 mm. When usingy; is shown as we vary the length of the extra weighting
a voltage gap generator, the striplines were truncated 32 nfumctions. This corresponds to the distance where the boundary
from the end, and for traveling-wave excitation, the rooftop secenditions are imposed on the traveling-wave section. From
tion extended for 8 mm from the end of the striplines. The cofig. 11, we observe two very distinct regions. One is for
vergence of the magnitude of the reflection coefficient at portsinaller than one-tenth of the wavelength, where the magnitude
(S11) with the number of longitudinal basis functions is showof S;; varies rapidly, and worsens for smaller valuesl gf
in Fig. 9. Only one transverse basis function was used. For tRer [, greater than one-tenth of the wavelength, the reflection
voltage gap generator, the convergence is reached with aboagfficient has a smooth variation. We have adopted the value
15 basis functions per wavelength of the dominant mogdg, ( /., equal to a quarter-wavelength as a convergence value, al-
while the traveling-wave generator required about 25 basis geough any value df,, in this second region will provide results
wavelength, for the same accuracy. within the expected numerical error. In this case, we have used

V. NUMERICAL EXAMPLES
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Fig. 11. Convergence of the magnitudeaf, with the lengthl,, of the extra

weighting functions per wavelength. Fig. 12.

30 basis longitudinal basis functions on the rooftop section -
which corresponds to a discretization lendth equal to 0.017 o} 1
wavelengths. If we had used symmetrical extra weighting s} Y 2
functions, it would have led to an error of approximately 5%.  , ' '

Consider now the microstrip stub shown in Fig. 12. The wave:
guide of dimensiong = 10 mm andb = 7.62 mm is filled
with a dielectric layer of constant. = 10.65 and thickness
h = 1.27 mm. The transmission line has width = 1.40 mm
and is placed at a distande= 3.6 mm from the closest ver-
tical wall. The stub has the same width as the line, and lengt °
L = 2.16 mm. Figs. 13 and 14 show, respectively, the magni- o
tude and phase of the transmission coefficient as the frequen:
varies from 7.5-12 GHz. Also shown are measurements an
theoretical results obtained by Jackson [2] for the unshielded _ _ _

. . . Fig, 13. Magnitude of5; for the microstrip stube = 10 mm,b = 10.62
microstrip case. It is observed that the results closely matchﬁ%’h —1.27mm.e, = 10.65, w = 1.40 mm, andL = 2.16 mm.
the quasi-static prediction of a phase jump of 18@ar the
resonance. This happens because at this frequency range, 1
guasi-TEM dominant mode is the only one that propagates ir
the structure. The open microstrip [2] case, on the other hanc
shows a reduced peak phase due to radiation or conductor loss
(measurement). A similar effect is also observed in Fig. 13 for
the magnitude of the transmission coefficient.

As a last example, consider the a microstrip gap with anj
overlay half-wave resonator, as shown in Fig. 15. The wave = -
guide has dimensions = b = 20 mm, and is filled with two —40
dielectric layers of the same dielectric constgnt= 2.33 and -e0
thicknessiz = 0.8382 mm. The transmission line has width
w = 2.3 mm, with a gap off = 1.0 mm. The parasitic resonator
is placed symmetrically over the gap, with the same width of
the transmission line, and length= 27.3 mm. The magnitude _ _ _
of the reflection and transmission coefficients are shown [rlp_ %4é_ Phase 0_521 for thg TICI’?SU’ID stuba :_10 mm,b = 10.62 mm,

. . . , = 1.27 mm, e, = 10.65, w = 1.40 mm, and. = 2.16 mm.

Fig. 16, together with numerical results and measurements
obtained by Yeung [9] for the case of an open multilayered
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structure. It is observed that the resonance frequency sh?gl

slightly toward 4 GHz.

VI. COMMENTS ON VOLTAGE GAP GENERATOR AND

TRAVELING-WAVE EXCITATION

nces. It is a consequence of the finite extent of the circuit

%ulting from the truncation. These points should be carefully

avoided to ensure the accuracy of the results. Our simulations
have shown that the condition number increases quickly as
we approach one of the resonant frequencies, but the system
is ill conditioned only within a very close proximity of those

One problem of the voltage gap generator is the conditigmoints. When using traveling-wave excitation, this problem is
number of the impedance matrj%] of MoM close to reso- not present, due to the infinite extent of the circuit. Another
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of the traveling-wave excitation diminishes as the matrix pencil
is a very quick and reliable procedure. As observed from the
numerical examples, the results from both excitation techniques
are very close and the same accuracy is obtained.

VII. CONCLUSIONS

This paper has presented a full-wave analysis of MICs in mul-

tilayer dielectric media in a rectangular waveguide. It shows a

Fig.
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Fig. 16. Magnitude ofSy; and S2; for the microstrip gap with overlay
resonatora = b = 20 mm,h = 0.8382 mm,e,. = 2.33, w = 2.3 mm,
g = 1.0 mm, andL = 27.3 mm. [5]

advantage of the traveling waves is the control we have onl®l
the incident wave on the circuit. For structures where the
dominant quasi-TEM is the only one that propagates, it really
does not make a difference, as all higher order modes aré’]
evanescent. However, when more than one mode propagates at
a given physical port, the traveling-wave excitation provides [g]
a way of separating the contributions due to each of them.
The traveling-wave excitation usually requires a small rooftop 9]
section between the traveling wave and circuits. Typically, a
half-wavelength-long rooftop section is sufficient for getting
stable solutions. This results in a smaller MoM linear systen{m]
than for the case of voltage gap excitation, where sections of
one to two wavelengths are required. Although the system iE1l
smaller, the computational time spent for the traveling-wave
excitation was found to be bigger than when using a voltag¢i2]
gap generator. In fact, around 2.5 times longer for the same
density of basis functions. This is a consequence of extensive
use of symmetry in the impedance matfi¥] when using [13]
voltage gap generator. Two elementd&f are equal when the
basis and weighting functions corresponding to one are shifted
versions inz-direction of the functions corresponding to the [14]
other. For the traveling-wave excitation, the same happens in
the rooftop submatrices’(.., Z.., Z.., and Z_.). However, 15]
no such redundancies are present for the reaction between tLe
traveling-wave basis functions and the rooftop testing func-
tions, and all the elements of the corresponding submatricgse,
have to be numerically evaluated. Theparameters are either
obtained directly from the solution of the linear system for them]
traveling-wave excitation, or by the use of the matrix pencil
technique for the voltage gap generator. The apparent advantage

procedure that permits an accurate and faster numerical evalu-
ation of the moment matrix, without the limitations of previous
FFT routines. Both voltage gap generator and traveling-wave
excitation have been used and compared. The use of asymmet-
rical weighting functions has been introduced in the latter, and
its importance for achieving convergence was discussed.
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