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Full-Wave Segmentation Analysis of
Arbitrarily Shaped Planar Circuit
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Abstract—This paper presents a novel full-wave segmentation  The full-wave segmentation method published in open lit-
method for analyzing a complex and large microwave planar erature applied the MM technique by properly dividing a
circuit which is divided into several smaller segments with corre- 3-D passive microwave component into typical well-known

sponding multiport network parameters. They are obtained by a . . . . .
full-wave space-domain integral-equation technique in connection Waveguide sections [4]-[7]. Strictly speaking, the conventional

to a proposed excitation model based on the equivalence princi- MM method applied to the cascaded step discontinuity prob-
ple. The integral equation is solved numerically by Galerkin's lems of the microstrip [10], [11] and the finline [12] also
procedure resulting in the generalized scattering-matrix (GSM) pelongs to the segmentation technique since it combines the
descriptions of all the subcircuit segments. The combination of ¢ ions for the cascaded junctions and the interconnecting
these GSM's yields an overall network characterization of the i . b h h . h lized
composite circuit. Rigorous convergence studies and extensive Ine Septlon et_ween them—however, using the generalze
validity checks confirm the reliability and accuracy of the pro- ~Scattering matrix (GSM). Here we propose an alternative
posed method. The novel technique immediately demonstrates its full-wave segmentation approach to solve a planar circuit of
obvious application .for qUantltathe Character_izat.ion_of hlgher Compncated geometry_ We invoke the Space_domain integra'-
order modes associated with a microwave-circuit discontinuity ¢, ati0n technique to solve individual smaller segments and
problem. Finally, very good agreement is obtained in a com- h in th val i K | f h
parative study of an arbitrary planar structure analyzed by our ~then obtain the equivalent multiport network model for eac
segment using the GSM representation, from which the net-

full-wave method with and without segmentation, respectively.
work parameters of the entire microwave circuit are a direct

Index Terms—Equivalence principle, equivalent source exci-
tation, full-wave segmentation method, generalized scattering
matrix (GSM), higher order modes, multimode, near disconti-
nuity de-embedding, space-domain integral equation.

1)
I. INTRODUCTION

HE segmentation method has been extensively developed

in the past for the analyses of two-dimensional (2-D)
planar microwave circuits [1]-[3]. Sorrentino and his co- )
workers extended this method to solve three-dimensional (3-D)
electromagnetic (EM) problems such as waveguide circuits
[4], [5], via-hole grounds in microstrip [6], and coplanar
waveguide (CPW) discontinuity problem [7], and further to
develop an efficient optimization tool for the design of wave-
guide components [8], [9]. The segmentation method applies
the concept of subdividing a microwave circuit into several
smaller portions called segments and analyzes these segments
individually by field-theoretic means such as the planar-circuit
approach (PCA) [1]-[3] and mode-matching (MM) method 3)
[4]-[7]. To facilitate the tangential fields matching along the
interfaces between all the segments to obtain a complete
solution of the entire microwave-circuit, equivalent network
representations of the segments in terms dEcattering) [1],
Z (impedance) [2], [3], and” (admittance) [4]-[7] matrices
allow analysis of the complicated microwave circuit by linear
network manipulation.
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result of combining all the GSM'’s.
The full-wave segmentation method presented here has the
following advantages.

The segmentation of a complicated microwave circuit
has, in general, no limitation to the geometry of the
circuit, while the EM fields over the interface planes
between adjacent segments can be precisely defined.
This makes the method very flexible and versatile.
Adoption of the GSM representation for the solution
obtained by the present method facilitates quantitative
analysis of higher order modes or multimodes without
the need to know their characteristic impedance. Further-
more, the reference plane for extracting the scattering
parameters can be arbitrarily defined unlike the discon-
tinuity junction in the conventional MM method. Thus,
much fewer normal modes are required in our technique
than the MM method, resulting in much less numerical
effort in evaluating the additional modes.

The method is especially suitable for analyzing a com-
plicated and large microwave circuit. Each segment
of the circuit in the segmentation procedure is solved
individually with less memory storage, which overcomes
a memory problem in solving a large microwave circuit,
and less central processing unit (CPU) time in particular.
Total computational time for all individual segments is
considerably reduced according to our extensive nu-
merical studies, when compared with the CPU time
needed for analyzing the entire circuit as a whole. In
many circumstances, only one or a few segments in
a microwave circuit need modification when tuning or
optimizing the circuit without resorting to changing all
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Fig. 2. Equivalent magnetic-current sources as the excitation model for a
physical two-port discontinuity problem.

knowing the merits of the segmentation approach. Fig. 1
pictorially illustrates the proposed segmentation model. As-
suming that a planar microwave circuit of arbitrary shape is
printed on a system of stratified substrates [Fig. 1(a)], one
may divide the printed circuit into, say, four smaller segments
denoted as blockd, B, C, andD, respectively. Two external
ports are connected to block4 and B, respectively. The

_ o . o interconnections between various segments can be uniform
Fig. 1. (a) An arbitrarily shaped printed planar circuit to be analyzed by ﬂ}f smission lines in the form of microstrip or multiple cou-
proposed full-wave segmentation method and (b) the equivalent segmen T%n . . "
multiport GSM model. pled microstrips. Four additional reference planes are placed
across the interconnecting lines between the adjacent blocks

the segmented networks. When this is the case Jeudefine the input or output ports for the respective segments.
only need to iteratively obtain the new GSM'’s of thesa—he coupling _bgtween d|agonal prckS(B) qu c(D) is

fewer segments, and then evaluate the overall circm‘fﬁ?sumed qegl|g|ble. The'EM fields in the individual segments
performance by combining the new GSM's with th&an pe uniquely d_etermlned by knowledge of the tangential
previously saved GSM's of the unaltered segments. Th%ectrlc (or magnetic) fields over the corresponding reference

makes our method very appealing as part of an efficieRgnes: Therefore, using the equivalence principle [13], we
full-wave EM optimization tool. character.lze each segment by the mtegral—equatlon technique
Section 1I-A will describe a model that enables us to extra(";;‘tS a muItlpqrt network,_ as shown in Fig. 1(b), in terms of GSM
: o ) representation. At the interface plane between any two blocks,
the GSM representation of an arbitrarily shaped mlcrowaﬁg 1(b) illustrates multiple electric ports in terms of modes
discontinuity problem. A space-domain integral equation for >, o .
. . . . . . rather than the physical interconnection line(s).
the equivalent model is derived by using the reciprocity theo-
rem and the equivalence principle, and is solved subsequeery
by Galerkin’s procedure of the moment method. These will be
presented in Section 11-B. An extensive convergence study forFig. 2 depicts the fundamental underlying concept of the
a particular circuit is reported in Section lI-A to examine th€quivalent EM model of a certain smaller segment of Fig. 1.
accuracy and reliability of the novel full-wave segmentatiohor convenience of illustration, we use a typical two-port
technique. A comparison of our theoretical results with othéifcuit as an example of the segment. Applying the equivalence
available results for the same circuit is shown in Section IlI-Brinciple [13], we place two fictitious electric walls at the refer-
which also illustrates the quantitative behavior of higher ordénce planest’1 and RP2, respectively; equivalent magnetic-
modes excited near the discontinuity of the circuit. Section licurrent sourcedZ{" and M are, therefore, imposed on the
C further reports a self-explanatory result to validate thHespective walls to retain the original EM field of the structure.
present method. Finally, in Section IV, the numerical resulféhe current sources are directly related to the incident waves
of applying the full-wave segmentation technique to a complé@ad reflected waves, which are both represented in terms of

structure are presented to demonstrate the usefulness @@tmal modes on the interconnecting lines. They are given as

(b)

Equivalent Source Excitation of a Segmented Circuit

potential of the proposed method. A discussion about the novel M1
segmentation method is given in Section V. MO =i, x EY|pp1 = —iiz X Z(agl) FE® )
=1
[I. MODEL AND GSM SPACE-DOMAIN . Lo M2 , o
INTEGRAL-EQUATION METHOD M =i, x Et( )|RP2 =, % Z(ag )+ bg ))@( ) 2

In this paper, we attempt to develop a full-wave seg- . =1
mentation approach to accurately and efficiently investigatéere the superscripts (1) and (2) denote the refe)rgnce planes
a complicated microwave planar circuit. Undoubtedly, oret physical port one and port two, respectivelif’” is the

may be inclined to directly analyze the entire circuit withoutormalized transverse vector electric field ofmemode;ag”)
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andbg”) are the complex amplitude coefficients of thiemode Green'’s function, one may also derive the well-known integral-
incident on, and scattered from, physical pertrespectively, equation formulation reported by Jansen (see the Appendix).
(v =1,2). Each physical port supports electrically multiple  The excited surface current distributiop can be expanded
ports for modes: = 1 to My as illustrated in Fig. 1(b). by the conventional rooftop bases denoted by

The expansion number of modédy, in theory, should be Ny N
infinite to represent the total transverse electric fiﬂﬁ’) J = Zlyjjyj(y7 )ity _;’_lejjzj(y’z)az (5)
at the reference plane. However, in practice, we apply the = =

first few dominant and higher order modes to approximate the .
total field. This assumption is valid so long as the referen¥'€re,,; and I, ; are unknown current coefficients of the

plane is not very close to the discontinuity. Note that tH&©ftop expansion functiong, ; and J. ;, respectively, and
equivalent sources also serve as an excitation mechanid @nd Nz are the total numbers of the rooftop bases. Sub-

for the discontinuity problem in our method. Besides th&fituting (1), (2), and (5) into (4), and applying the Galerkin's
antenna and scattering problems, a similar concept of app|ym|§>cedure where the testing currehtis in sequence identical
the equivalence principle was also reported elsewhere in fQe¢ach of the bases that expand the cursenive may express
literature [5], [6], [14], [15]. the unknown current expansl|on c2:oeff|IC|ents |n2 terms of the

Careful manipulations of (1) and (2) should be exercised fgnknown modal amplitudega(™, a(>), b, andb{”) at both
obtaining accurate scattering parameters provided the surfRé¥sical port one and port two as follows:

waves [16], EM radiation [17], or leaky modes [18] are BOWa®1 4+ 5O = BO1(1a@7 + @

excited at discontinuities. However, the discontinuity problems [ ]([aA]+[A ) I[ (a1 + D)

or models defined in the paper do not exhibit the above- = {Ayy Azy} {Iey} = [A][L] (6)
mentioned leakage phenomena since the test circuits are placed yz zz ] L7ex

in a rectangular waveguide tube. where [a(*)] and [6] are column vectors with elements of

the unknown complex modal amplitude&é/) andbg”), respec-

. tively, fori =1,2,---, My andy = 1 or 2. Column vectors
Let a testing current, be applied on the location where the 7., ] and[I..] consist of the unknown current coefficierts;

arbitrarily shaped conducting strips reside, as shown in Fig.ahd!. ;, respectively. The elements of other matrices are given

The resultant electric and magnetic fields are denoted:py by

and ﬁtt, respectively. On the other hand, an induced surface

B. GSM Space-Domain Integral Equation

current.J. on the conducting strips caused by the impressed (Apg)ij :// By (Jeq,itiq)Jep,j ds
sourcgsMS(l) and MS(Q) helps contribute the total electric strip
field £, that vanishes on the conducting strips. Applying the p,q € {y,z} (7a)
reciprocity theorem [13], [15], the reaction relation for the two ®) . . ()
sets of sourcesMS(l), M2, J.) and J, becomes (BY)ij :// H(Jeyitiy) x &7 ds (7b)
S,
///ES Jedr (B))itny, :// H(Jez jiiz) EJ(V) ds
v SV
:///[Ett"fe —ﬁtt-(Ms(l)—i-Ms(Q))] dr. (3) v=1or2 (7c)

where E,(J.q it,) is defined as thep component of the
Since the total tangential electric field on the conductinglectric field arising from the current sourcg, i, and
strips must be zero, the left-hand side (LHS) of (3) vanishesimilar definitions are fof (.J. ;i) andH(J.. ;ii.). Finally,

Simplifying (3), we obtain we impose the continuous tangential magnetic fields at the
L L reference planedtP1 and RP2, respectively, yielding the
// By - Je ds following two equations:
strip N1
— | fuii@ase || Bedi@®as @ 07 DAY =HOLD) + AL + B,
j=1
S 5 at the plan&RP1 (8)
where S,, (n = 1,2) is the cross section at physical pert N2

Note that referring to Fig. 2, one may wish to place magneti%Z(_ag?) + 552)),;52) =H(MWV) + HM®) + H(JL),

walls at the reference planes instead of electric walls, and;=

two sheets of electric currents are imposed over the walls at the planeRP2 9)

to set up an alternative equivalent problem to Fig. 2 [13]. Lo Lo Lo

The electric(E,;) and magnetiqH,,) fields in (4) can be whered (M), (3 ), andH(J,) represent the magnetic
obtained by the principle of superposition when the dyaditelds caused by the magnetic or electric current sources of
Green’s functions of the boundary-value problem are knowieir respective arguments. Next, we take the inner products
Using (4) and applying the reciprocity property of the dyadiof (8) and (9) with the known transverse modal fieﬁ;ié) for
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Fig. 4. Dispersion curves of the microstrip line in Fig. 3(a).

Making use of (10), (11), and (6), and eliminating the
unknown vector of{l.], we can obtain the GSM from the
following:

b | =@ w-@e |

1
"l sl w0
with
o [?1] =[P+ [B(;)}I )[ﬁl]; [?;)(]2) (i:?
9.3 ki soymtic ot ot s otcany 277 T LD S
o LS mma =T o 6, anad =5 mm (Z] = [Qa) + BOV A B (150

and[I] is the identity matrix. Each partitiof;; is a submatrix,
m=1,---,N1 andg,(f) forn =1,---, N2, receptively, over Where every element;; (m,n) represents the scattering
the corresponding cross sections, leading to parameter of thenth mode scattered at physical partor
the nth mode incident on physical pojt Finally, the overall
] = Y] =[A]([@M] + BV]) - [Q1]([@@]+ [B])  generalized scattering parameters of the composite planar
+ [B(l)]t[le] (10) circuit of Fig. 1, with respect to the two physical external ports,
(2) 21 _ (1) (1) (2) (2) are readily obtained by combining the four GSM’'s computed
—[a'\’] + ] =[P:]([a¢**] + [b - a‘“’|+[b
™)+ =1 212(2) t]I O] = (@)™ +1 111 using (14) and (15). The present method is versatile in that it
+1 I'[L] (11) can be reduced to solve physical one-port circuits or extended
where the superscriptrepresents a matrix transpose operatidie" Physical multiport circuits. When a great number of basis
and functions are needed in analyzing a large printed circuit, most
CPU time is spent calculating the elements of matiky «
(Py)ij :// (?i(”) X H((?j(l))ds (12a) [(6) and (7)]. If the circuit is divided inta» segments, then
the total CPU time requirement will be reduced approximately
by a factorn, showing one of the advantages of the method

(Qu)is I// & x H@Pyds, wv=1lor2. (12b) efficiency.
S,

Sy

- - . . IIl. NUMERICAL RESULT
H((?}l)) andH((?j(Q)) are the magnetic fields arising from the _ v ¢ . SuLTS .
Before entering the segmentation procedure for analyzing a

magnetic sources with the same distributiorﬁé@ and 81(2)’ omplicated planar circuit, we have to validate the developed
respectively. The inner product satisfies the modal orthog% Pl P cireutt, w ve to valld velop
nality given as method. Here, a simple shielded microstrip structure of an

approximately 502 meander line with its cross-sectional

() L W) s g oo view and top view shown in Fig. 3(a) and (b), respectively,
" x hy - z2ds = 6 a3 . . _ . .
J is investigated. This structure is clearly asymmetric. Fig. 4
S plots the dispersion characteristics of the boxed 50riform

where 6;; is the Kronecker delta function. microstrip line. There are three modes plotted in Fig. 4. The
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1 08 within 0.6% when the number of bas@ér per wavelength

e is greater than 34 while the value @&f is greater than 2.
The results shown in Fig. 5 manifest the absolute convergence
e property in our formulation in the same manner reported earlier
for the study of waveguide and scattering problems, where
the converged solutions were obtained by a sufficiently large
number of satisfactory basis functions coupled with a large
inner-product truncation point [20]. Therefore, in the following
————————————————————————————— A === computations of GSM’s, we are confident of applyibhg= 2

' and Nr = 34 for the converged and correct solutions.

Magnitude of GSM [S.,|

B. Validity Check Against the Spectral-Domain
Approach Program

We continue validating the present method by compar-
ing our results with those obtained from tHANMIC+
e — packagé which employs the SDA [spectral-domain approach
2 25 3 35 4 45 5 (SDA)] for the same circuit of Fig. 3. Fig. 6(a) and (b) plots
Scaling Factor k and compares the magnitude and phase of the scattering
Fig. 5. Convergence study for the GSM values over the scaling faatdth parameters, respectively. V,ery 900‘?' f_;\gre(_ament 'S, Obtalned
the discretization resolutioVr as a controlling parameter. for both methods. Only slight deviation in magnitude is
observed throughout the wide frequency span below 20 GHz

dominant mode and the second higher order mode areWRile the phase agrees excellently. Notice that the simulated
even symmetry, whereas the first higher order mode is in o§Bvironments for our method and LINMIC are different in
symmetry. We will use only three modes to approximate tfgat the former assumes two semi-infinite long microstrip lines
total fields at both reference plan&s1 and RP2 [Fig. 3(b)]. enclosed by the rectangular shielding of Fig. 3(a), whereas the
The truncated values af/1 and M2 in (1) and (2), equal to latter assumes a fully enclosed electric box. The former allows
three, reflect the assumption that all the rest of the higher ord@f higher order modes to either decay or propagate outside
modes generated in the discontinuity problem have negligitf¢ reference planes. We speculate, this is the reason for the
contribution to the total fields at the reference planes. small discrepancy in thg-parameter’'s magnitude.

We next focus our attention on the data between 20 and

A. Convergence Study for a Partial Segmented Printed Circdip ©Hz in Fig. 6, where the first two higher order modes
become influential. Referring to Fig. 4, we realize that the

The dya?“C Green's f_unctions are intro_duced in (7) anajtoff frequencies of the first two higher order modes are
(12) to derive the electric and magnetic fields. The GreenSeated at approximately 20.7 and 22.9 GHz, respectively.
functions for the shielded structure of Fig. 3 can be represen meander line under analysisdsymmetric resulting in
by double infinite sums of the Fourier series [15], whergtaneous excitation of these two higher order modes with
the summation terms (spectral terms) must be truncated {fjgerable amount at higher frequencies. Not surprisingly,
practice. Ideally, on the other hand, the numbgr; of the roo_ftgpe transmission parametess; (2, 1) and Sy, (3, 1) extracted
_basesNy and Nz in (5) have to also be infinite. Thus, tfrom the GSM show peak values approximately at the thresh-
is necessary to study the convergence property of the G frequencies. The first (second) higher order odd (even)
against the numbers of the Fourier series and the rooftop baﬁﬁ)%e transmitted from the reference plafi@2 has about
simultaneously. To this end, we define a resolution fadter _; 4g (=11 dB) in magnitude at the cutoff frequency. These
as the number of subsections per guided-wave wavelength {@f,es are significant, resulting in a noticeable impact on the

circuit_discretization. In the process of gridding, we assume tlggl(L 1) at higher frequencies where our results start to depart
mesh is a square. Therefore, the mesh has dimedsioequal 5m the LINMIC’s results.

to Az, or the ratio of the dominant mode’s guided wavelength 1,4 power conservation and the reciprocity condition as-

Ag to the resolution factorVr. The numbers of the doublegqizteq with the GSM of the particular problem of Fig. 3
summation terms in computing the dyadic Green’s functionge inyestigated. The reciprocal network mandates the GSM
are expressed dsx b/Ay andk x ¢/Az, wherek is a scaling s symmetric. The assumed loss-free problem requires that
factor and has been investigated elsewhere [15], [19]. i, gach column of the GSM, the sum of the squares of the
With these notations, Fig. 5 shows the convergence PropPglaments corresponding to the scattepedpagatingmodes

ties of the computed transmission coefficiefs(m,n) at 21 due to an incidenpropagatingmode must be equal to unity
GHz usingNr andk as controlling parameters. For any giveTZl]_ This is expressed by

value of the resolution factoiVr, the values ofSy;(1,1),

S591(2,1), and Sy, (3,1) converge quickly aftek: greater than Z(|Sij(p7(])|2+|sjj(p,q)|2:1, i,j=lor2(i%j) (16)
1.5. Increasing the value df means the number of spectral =

terms is increased. On the other hand, the magnitudes of the

scattering parametefS,; | converge to almost the same values *LINMIC+/N, Jansen Microwave, Ratingen, Germany.
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Frequency (GHz) 0 1 2 3 4 5 6 7
@) Reference Plane Location d (mm)
200 Fig. 7. Comparison of the transmission parameters of the calculated GSM
b GSM: —— LINMIC: (indicated by various symbols) at different reference planes and three predicted
[ D . straight lines directly obtained from the dispersion curves of Fig. 4.
150 |
B . S11(1,1 . : .
£ 00| 1N computing the GSM of Fig. 3 at 21 GHz, the magnitude
5 / and phase of the transmission parameters at the physical
® g5 port two for all three modes are plotted in Fig. 7 with three
2 . sets of symbols, against the distan¢eneasured right from
E ol the discontinuity. The three modes include two propagating
S modes and one evanescent mode at 21 GHz. WRé&t2
» 50 moves, as seen in Fig. 7, the transmitted propagating modes,
pt [ S21(1,1) andS,;(2, 1), should maintain their field magnitudes
§ -100 |- and experience phase delays only. In contrast, the transmitted
o i evanescent modés;(3,1) should preserve its phase rather
-150 than magnitude. Fig. 7 also plots three straight lines drawn
from the location of the discontinuity with slopes directly eval-
200 T 1‘0 s o ,s uated from the corresponding propagation constants of Fig. 4.
For the two propagating modes, the slopegs x 180/x) are
Frequency (GHz)

—69.9/—-4.1°/mm, respectively. For the evanescent mode, the

(b) line with slope(—« x 8.686) of —1.82 dB/mm is obtained.
Fig. 6. Comparisons of the-parameters obtained by the present method anhn€se three lines coincide with the computed GSM data very
by LINMIC. (a) Magnitude of the scattered dominant mode and the transmigrell. As a result, the data obtained from the GSM show
sion parameters of the first two higher order modes at higher frequencies.&?bat agreement with the predicted data from the dispersion
Phase of the scattered dominant mode. L. . .

characteristics of the various modes. It is noted that larger
where p and ¢ are the indexes for the scattered and théiscrepancy will occur whed approaches zero for the three
incident propagatingmodes, respectively. Careful numericastraight lines, and hence, more normal modes are required
studies show that the computed GSM'’s are indeed reciprodalthe formulation to obtain accurate solutions. On the other
and satisfy (16). We also analyze a variety fmmetric hand, in this particular case, three modes are sufficient to
planar structures such as the cascaded microstrip step dis@pproximate the transverse fields éss 1 mm away from
tinuities and coupled microstrips-to-microstrip transition usingie discontinuity. According to the experience gained in a
the present method. Assuming that one propagating even/eWtnber of studies, the excited higher order evanescent modes
mode is incident on any physical port, we find no generati@f magnitude below—25 dB at the reference planes may
of the odd/even modes, whether above or below cutoff. Thiegligibly influence the computed GSM of lower order modes.
agrees with our physical expectation.
V. FULL-WAVE SEGMENTATION APPLIED WITH GSM

C. Shifting Reference Plane for Near-Discontinuity SPACE-DOMAIN INTEGRAL-EQUATION METHOD

Characterization In the previous section we learn that the GSM space-domain

By shifting the reference planBP2 gradually away from integral-equation method is a powerful approach for obtaining
the discontinuity while fixing the position of planeP1 and the GSM network representation of arbitrarily shaped segment,
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Magnitude (dB)
3

Fig. 8. Example of a complex circuit structure, which is unintentionally
divided into three segments for the full-wave segmentation method. Various Ty
widths and lengths of the circuit are; = we = 0.6 mm, w3 = 0.3
mm, wy = 0.45 mm, L; = 1.2 mm, L, = 1.8 mm, Lz = 0.9 mm, and S
Ly = 3.3 mm.

—o— No segmentation

—X%— By segmentation

200000 P RIS AR | -
in contrast to the conventional PCA and the MM segmentation 2 4 6 8 10 12 14 16 18

method requiring regular shapes. By means of direct algebraic Frequency (GHz)
manipulation of the GSM’s of various segments according to (@)
the interconnection lines between the segments [10], [12], the
complete GSM representation of the whole network can be 200
obtained by spending almost negligible CPU time. While ma- :
nipulating the GSM’s algebraically, we are in effect matching 150
the fields across the interfaces between the various segments
in a network sense. Fig. 8 shows a test example to illustrate
how the full-wave segmentation technique proceeds. It consists
of a 5042 microstrip line with an enlarged step discontinuity
followed by coupled microstrip lines, and combined to form
the output port with two bends. This complex two-port printed
circuit is placed in a waveguide tube as shown in Fig. 3(a).
Fig. 8 depicts how we unintentionally divide the structure
. , -100
into three segments in cascade. Totally, there are four reference %
planes in Fig. 8, namelykP1, RP1—2, RP2 -3, andRP3. 150
In view of the results shown in Figs. 6 and 7, we apply the '
GSM space-domain integral-equation method to obtain the -200 ‘ : s 1 w ' ;
GSM'’s of the three segments using three modes within the 2 4 6 8 10 12 14 16 18
frequency band up to 17 GHz. Since the segments are in Frequency (GHz)
cascade configuration, the overall scattering parameters can ()
be obtained by Sfe_quentla”y combining two GSM’S' The ne\é{g. 9. Comparison of (a) the magnitude and (b) the phase of the GSM’s
GSM after combining segment and segmenB (Fig. 8) can  optained by analyzing the circuit of Fig. 8 with and without the segmentation
be derived using a straightforward procedure [10] and givenproach.

100

S21(1,1)

Phase(degree)
o

—6— No segmentation

—X%— By segmentation

by [12]
S11 =87 +5145Bysy (17a) Thus the three-mode approximation of the GSM is a good
S, =S4 (I 1+ SBYSi)\SB 17b assumption in our test study and good tangential field matching
. 1;( —: nY52:)512 (17b) by the network interface is achieved.
So1 =85571Y S5 (17c¢)
S22 =Sy + SRV 351 (17d) V. CONCLUSION
where A novel full-wave segmentation method is presented, em-

(18) ploying the full-wave space-domain integral equation for ob-
taining the GSM’s of the various subcircuit segments, then
and S;;, 5, and SE for i,5 = 1 or 2, are the submatri- followed by network matching the fields across the interfaces
ces of the new GSM and the old GSM’s for segments between the interconnected segments to form the complete
and B, respectively. Fig. 9(a) and (b) plot the magnitudeetwork description of an arbitrarily shaped multiport printed
and phase of the transmission and reflection coefficients afcuit. The GSM space-domain integral equation is well
the dominant mode for the comparative studies of the fulbuited for obtaining the GSM of any multilayered planar or
wave segmentation method against the full-wave analysis qfasi-planar printed circuit. A series of validity checks of
the entire network without segmentation. The two solutiotke GSM space-domain integral equation confirms that all
almost coincide with each other without noticeable differencthe data presented in this paper are converged and correct

Y =(I-5550)7"
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solutions. The criterion for obtaining such converged solutioi&nce the testing current, is arbitrary on the conducting
for the GSM is reported in Section IlI-A, while the results irstrips, the expression inside the bracket of (A-4) has to
Section 11I-C imply that only three modes are required to yieldanish, which is the commonly used integral equation [19].
satisfactory network matching the fields between the variolifis signifies that total (tangential) electric field on the strips
segments for the particular case study. contributed by both the impressed sour¢es™ and J{?)

A printed-circuit test example of Fig. 8 is divided at randorand the induced curren(tfe) must be zero. The integral
into three segments. The combined results of connecting &guation (A-4) is viewed as a result of the weighted residuals
individual GSM’s of each segment agree excellently with thﬂocedure with a testing (weighting) functionjit Whenj; is
scattering parameters obtained by analyzing the complete ngtpanded by known basis functions, (A-4) leads to the method

work without segmentation for the complex and large circuibf moments, and to the Galerkin’s method fﬁrequa| to the
The proposed full-wave segmentation method demonstraigssis functions.

the following features, namely: 1) approximately 65% saving

in CPU time for analyzing the structure of Fig. 8 with three

segments as compared to that required for the whole circuit ACKNOWLEDGMENT

without segmentation; 2) estimated two-thirds in memory The authors are deeply grateful for the comments from two
reduction for the same test case; and 3) the capability @fviewers of this paper regarding the absolute convergence
near discontinuity de-embedding of higher order modes properties, number of modes and location of segmentation
multimodes. Furthermore, the efficiency of the segmentatigersus the strongly coupled subcircuits, surface waves, and

method increases with the complexity and dimension of theany other details.

circuit under analysis, as well as the number of segments.
Although the full-wave segmentation method using three-
mode approximation works well for all the case studies re-
ported here, it is highly possible that a great number of modeg]
are needed to faithfully represent the transverse field across
the segmentation plane between two subdivisions to obtaig
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4 o [8]
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