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Fast Full-Wave Analysis of Planar Microstrip
Circuit Elements in Stratified Media

Rong-Chan Hsieh and Jen-Tsai Kudember, IEEE

Abstract—The fast Hankel transform (FHT) algorithm isimple-  care of the Sommerfeld integral (SI), which involves a highly
mented in the mixed-potential integral-equation (MPIE) analysis oscillatory and slowly decaying kernel, the zeroth-order Bessel
of planar microstrip circuits in stratified media. The spatial- function of the first kind. Many contributions have been made

domain Green’s functions are accurately and quickly obtained . . .
by applying the FHT algorithm to the exact spectral-domain to this integral [7]-[13]. They fall into two categories. In the

counterparts. Therefore, the entire analysis procedure has high first or direct integration approach, the integration path can be
accuracy and efficiency. A nonuniform partition scheme is used the real axis [7] or a deformed path on the complex plane [8]. If

goﬁfri(ejdgi/se(lz)cl)nrgr?gi%le;heArag%ge(r::ﬁlznegde SOJpgllJe'f:gg;tg:;"g’(;ﬁ':t?:n the integration is performed along the real axis, singularities of
accounting for arbitrary termination conditions at both feeding the integrand should be found out and remqved via the regldue
and load ends is also derived. The proposed method is used tocalculus. As for the deformed path integration, the associated
design a single-stub band-stop filter and a compensated dc block Bessel function with complex arguments may cause difficulty

circuit. Experimental measurements are performed to validate jn obtaining accurate results.

the computation. The second category is an (asymptotic) approximation of

Index Terms—Fast Hankel transform, microstrip discontinu- the SI. The modal expansion method [11] is a canonical one.

ities, mixed-potential integral-equation method. The main limitation of this method is that the result converges
very slowly in the near-field region. Recently, a new type of
|. INTRODUCTION approximation called the complex-image method (CIM) has

been developed [9]-[13]. Only a few closed-form complex
images (images with complex amplitudes and locations) are
eeded to approximate the Sl over a moderate distance range

is a core issue in the design procedure. The discontinu . The two-level approach proposed by Aksun [13] can
can be characterized by the spectral-domain approach (S ' . bp prop y .
make the choice of the numbers of complex images and

[1], [2] or the spatial-domain technique [3]-[5]. When the

geometry of the circuit is complex, no matter which domaiﬁampling points and the endpoints of the sampling regions

is used, the active parts, i.e., conductors in a microstrip-ty %bUSt’ so that it provides accurate representation of the

problem or apertures in a slot-type problem, are divided in reeln S Ifunctlon .andt.ls much faster compared to the original
subregions for accurately determining the circuit paramete%e' evel approximation.

[1]-[5]. Theoretically, the reliability of characterization results In this paper, the fast Hankel transform (FHT) _algorithnj
will increase if the divisions are made finer. Using the SDAL4]: [15] is proposed to calculate the spatial-domain Green's

one has to deal with two-dimensional infinite integrals foinction. To the best of authors’ knowledge, it is the first time
setting up the final matrix [1], [2]. The contributions to the infhat the FHT algorithm has been employed to calculate the
tegrals from large spectral variables are important if the circ§gf€€n’s function in a layered dielectric medium. It will be
divisions are small. Therefore, numerical computation could FBOWN that the SI with a smoothed integrand can be reduced
expensive for circuits with fine geometries. On the other har@, @ discrete convolution. The convoluted SI result can be
in the spatial-domain technique, only multiple integrals dionsidered as.the system response of a digital filter due to
finite bounds corresponding to extents of each relevant divisifi#¢ Smoothed integrand. An efficient and accurate result can
are required for the computation of matrix entries. Hence, tRévays be achieved, since the filter coefficients associated with
smaller the divisions, the easier the evaluation of matrix. the Bessel function have analytic forms and are fast decaying.

The incorporation of the spatial-domain moment method The FHT is incorporated in the MPIE technique to char-
(MM) in the mixed-potential integral-equation (MPIE) formu-acterize the planar microstrip discontinuities. An improved
lation is a general and rigorous method for analyzing plan@#pplementary equation is derived to account for arbitrary load
MIC’s [3]-[6]. The core of the technique is the calculatiorfondition at the circuit terminals.

of the spatial-domain Green’s function, since one has to takeThis paper is organized as follows. Section Il describes
the FHT algorithm and its calculation of the spatial-domain
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} and Res 4 ¢(k4,q,.,) represent the residues «ffA,q at real

L polesk. q,..- In (2), Gﬁ,q are the potentials for propagating

N Source ; _surface waves or par.allel—pla_te waveguide modes, which d.om-
i — x.y'2) i inate (2) in the far-field region. From the modal expansion
method, the potential&’, , can be attributed to the contri-

h £ butions from thep-direction evanescent modes [11]. Since all

the p-direction evanescent modes lie on the negative imaginary
axis, G5, . can be expressed as

1 e .
Gi,q(p) = —(-2mj) Resa ¢(—ika,q,.)
/ 47
n=1
PEC

2 . .
Hi? (ka0 =5k g,)- (6)
Fig. 1. A point source embedded in the PEC's bounded multilayered planar o ) )
structure. The infinite series in (6) converge very slowly in the near-field
region [11], and become inefficient for circuit characteriza-

single-stub band-stop filter and a compensated dc block circ&fﬂn' However, the ‘maginary par(tQS) ﬁ;jq(p) will be zero,
Experimental measurements are also performed to validate $ece bothRes 4 o(—jka,q,,) andHy™ (—jk4,4,,p) are purely

calculations. Finally, the conclusion is drawn in Section V. imaginary if their arguments have zero real parts. Hence, the
imaginary parts oG4 ,(p) are those ofz%, (p).

Il. SPATIAL-DOMAIN GREEN'S FUNCTIONS B. Calculation of Spatial-Domain Green'’s
Functions by the FHT Algorithm

A. Representations of Spatial-Domain Green’s Functions It is known that (3) can be rewritten as [16]

In Fig. 1, an infinitesimal electric dipole of unit strength is 1 e
embedded in theth layer of a planar dielectric waveguide. The Gl = 2—/ G (kp)Jo(kpp)k, di, (7)
lossless dielectric layers are extended to infinity in bothuthe T Jo
and y-directions. Two perfect electric conductors (PEC’s) anehere .J, is the zeroth-order Bessel function of the first kind.
placed at the top and bottom of this structure. The spectrélecording to [15], (7) can be transformed to a convolution
domain Green’s functions for the vect@® 1) and scalatG,) integral

potentials can be readily obtained from the generalized re- oo
flection and transmission coefficients representations [3]. The G(v) = / Fw)H (v —u) du (8)
spatial-domain counterparts,, , are the Hankel transforms -
of Ga, where
Flu) =—¢ "G4 (e
Gaglp / Goaq(kp)HS (kyp)k, di, (1) - 21 ij_’q( )
Gv) =G5 4(e”)
H(u) =e*Jo(e) 9)

whereHéQ) is the Hankel function of the second kind of zeroth
order.éA,q in (1) have two important features [16]: they havevith « = —In %, andv = ln p. The convolution integral (8)
no branch-point singularity since the multilayered structure éan be further reduced to the following discrete one:
covered by two PEC’s, and their poles lie on the real and oo
imaginary axes, for the dielectric layers being lossless, andG*(mA) = ZF(nA +A)H*((m —n)A - Ag) (10)
appear as pairtk,;) sinceG 4 , are even functions of,,.

Before the application of the FHT, the real polesé’)jm
must be found out and removed. Let -

« u
Gaaulp) = Gy o) = G (0) @ wo= [ p(3)He-waa

— o0

where the filter coefficient functiof*(v) is defined as
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andG™ is the approximation of7. The sampling intervald is Both (15) and the first term in (16) are direct field potentials
usually expressed in terms &fpgc, the number of sampling from the point source, while the remaining terms in (16) rep-

points per decade, as follows: resent the potentials of the images resulting from the adjacent
ln 10 upper and lower dielectric interfaces. The expressior@?gt]
A= (12) in (15) and (16) are simpler than the quasi-static potentials in

Npec'
The sampling shiftAy is used to simultaneously shift the
sampling points of"(«) and H*(v) in (10). If the interpolation
function P(u) is chosen to be [15]

the CIM [9]. The reason these simpler expressions are adopted

is that the double integrals associated with  (p) can be

easily obtained [see (21)]. Note that batt, (p) and G}(p)

_ approach constant values aspproaches zero. In the region

Pu) = « sin(mu) (13) P < Pmins these constants are good approximationé?qu(p)
sinh(maw) and useful for evaluating diagonal elements in the final MM

where« is a smoothness parameter, the functidi(v) has Matrix. According to our experienc@uin = Ao/(2007) is
explicit series representations. This filter has two attractigficient, with Ao being the wavelength in free space.
features for numerical calculation: for a given accuracy, an

“optimized” filter with minimized length and sampling density  !!l- CHARACTERIZATION OF CIRCUIT DISCONTINUITIES

(1/A) can always be achieved by choosing a suitablelue ) -

according to the analytical properties of the input functioft: The Nonuniform Partition Scheme and

F(u), and the length of the shifted filter is one-third of thé=fficient Matrix Calculation

nonshifted one if an appropriatd, is introduced so as to In resolving the surface-current distributions of a microstrip
sample the filter function*(v) at its zeros as» becomes discontinuity, the partition scheme is critical for accuracy
large. Therefore, only a limited number of sampling valuesnd efficiency. It is because the currents rapidly change
F(nA + Ay) are needed to obtain accurately convergatear conductor edges and discontinuities, and it needs fine
G*(mA) at each sampling point,, = 10"/"pec, The spatial- discretization for accurate determination of circuit parameters.
domain Green'’s functions all over the interested distance ran@euniform partition is used, the final MM matrix may be-

can be obtained by interpolation. come unacceptably large. However, the cylindrical symmetry
property of G4, can greatly reduce the computation effort
C. The Green’s Functions with Extended Range in evaluating the full MM matrix if the entire circuit is

Now the Green’s function&?,, ,(p) are obtainable fop € uniformlly. partitioned [17]. A possible tradeoff is to adqpt
[Pmin, Pmax]- The value ofp..y is the maximal dimension of the partition as f(_)l_lows. In Fig. 2, parallel to the conducting _
the analyzed circuit, whil@,.;, can only reach a small nonzeroe_dgesj small_ partitions are_f_lrst made near these e_dges and their
value. If the source and observation points are located /€ dimensions are specified Hy= m§, wherem is called
different dielectric layers, the Green’s functions will approacii€ partition parameter antlis a small value. In this paper,
constants agp approaches zero. These constants are gopd 0-1 mm is adopted. The remaining portions of the circuit
approximations of the Green’s functions in the region belo@® further uniformly discretized to have maximal size less
pmin- ON the other hand, as the source and observation poitdn one-tenth of guided wavelength. Rooftop functions are

are located in the same dielectric layét, , can be treated as Used to expand the currents in these subregions. Symmetric
(Jz,Jy) and asymmetriqJ.,, J;,) pairs of basis functions

_ (O 1 . . : :
Gaq(p) = Gay(p) +Gay(p): (14)  are for adjacent elements with equal and unequal dimensions,
The near-field asymptotic expressions for the point source f@spectively. The half-rooftop functions,r, and J,r, are
Fig. 1 are used to model the possibly nonzero currents at the circuit
o 1o terminals, andJ, represents the impressed current. When the
Gilp) = ir Ry (15)  Galerkin procedure is used, fourfold integrals associated with
the basis functions need computing. These integrals can be
and . .
~ ~ reduced to two-dimensional ones [18]. For example,
1 1 R7 F4+1 R7 T—1
GO — _— Yyl iZ Nty 16 Ja;rn’n’ G%r Ja;rnrn
’I(p) 47r5i <R0 + Rl + R2 ( ) < A * >
where - / e dy Jorne (23)

Dy

Ry =V/p*+(z = 2)? (17) ' //

. 2 dl‘/ dy/ GZT('I - xlv Yy — y/)‘]xnln(xlv y/)
R = p2+<22hk—z—z’> (18) Dr
k=1 = // du dv G (u, v)CF(u,v) (21)
1—1 2
R2: p2+<2+2/—22hk> (19) Whereu:.’L'—x/,U:y_y/, and
k=1
- £; — 5]. CF(U'v U) = // dl‘ dy anl’n’(xvy)‘]wrnn(x — U,y — U)'
Riy=2"5 (20)

’ _Ei—i-f:‘j. (22)
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Fig. 2. Nonuniform divisions of the microstrip discontinuity and the rooftop basis functions for expanding the current distribution on the circuit,
d = mé, m = 2 here.

According to (14), the reduced twofold integrals (21) can ks automatically confirmed by the FHT algorithm since the

separated into two parts. The one corresponding to near-figitegration contour is the real axis and all sample values of

functions G?Lq(p) can be analytically derived [19], and the@f{,q(k,,) are real.

other can be calculated by numerical quadratures [3]. SinceThe choice ofA and A, is not critical to the accuracy

the Green'’s functions have been processed by the FHT, all gfethe FHT algorithm if A is sufficiently small [15]. The

matrix elements can be obtained accurately and efficiently.size of A is determined byNpgrc. The appropriate value
of Nprc can be estimated fromy,in/ Ao, Pmax/ Ao, @and the

B. The Improved Supplementary Equation number of poles in the Green’s function, since the oscillatory

Load of arbitrary impedance is often used to model tH‘},ehavior of the Green'’s function is dominated by these poles
termination scheme in a practical circuit. Therefore, accurdfe the far-field region. For all the case studies in this paper,
load modeling is important for any characterization method. fypec = 60 is used. An HP 735 workstation is used to perform

the spatial-domain MM, a supplementary equation is requirgbe calculation_s. , .
to deal with the extra load current coefficients fdyy,; The generalized pencil-of-function (GPOF) method [20]

and J,z,. Assume that there are only incident and reflectéd applied to extract the amplitudes and phase constants of

dominant mode waves on the line away from discontinuitied!® incident and reflected dominant mode waves at circuit
If load Z; is placed aty — L, the relation of currents at two terminals. The two-portS-parameters of the entire circuit
positions, e.g.y = y. andy = y1 — h, can be derived as can be calculated from the extracted amplitudes and phase

) constants [5].
1 —TIei?Pu
Jy (yl) = 3Bl _ ['ei 2By —ph) ‘]y(yl - h) (23)

where A. Spatial-Domain Green’s Functions from the FHT
_ 2= o—i28T. (24) Figs. 3 and 4 compare, respectivel§ily(p) and G}(p)
Zr,+ Zg obtained by the FHT algorithm with those by direct numerical

and 3 is the phase constant of the line. The supplementé egration. The magnitudes of the full Grgen's functions
equation in [18] can be obtained by simplifying (23) witH OA(P)| and|G,1(p)|1are also shown for comparison. Note that
9 peing replaced byl & jB3h — B2h2/2. Hence, (23) is Ga, (= Ga,q — G4 ) are analytic [see (15) and (16)] and
believed to be more general and suitable for accurate circQft plotted here. Three poles have been found for this layered
characterization. structure at 20 GHz: two TM modes &} /ko, = 0.7194 and
1.055 and one TE mode ak,/ko = 0.6708, where kg is
IV. RESULTS thg vyaven_umber in freg space. The FHT results (dqt points)
! , coincide with the numerical integration results (the solid lines).
In the near-field region, the real parts _GﬂA:'I(p) The total central processing unit (CPU) time used to compute
(Re[GA’q(p).]) are often several orders of magnitude greates | .(om) at 240 different locationgpuax/pmn = 10%) for
than the imaginary pants(lm[G.4,(p)]). However, the i hiots is less than 5 s. The complex constants used to
accuracy of the whole function is important for use in MMaytend the Green’s functions 0 < pmi Can be extracted
Note thatlm[G.4 4(p)] areIm[GY, (p)] (see Subsection II-A) .00 the flat parts of5%, () and G;_(p) curves.



HSIEH AND KUO: FAST FULL-WAVE ANALYSIS OF PLANAR MICROSTRIP CIRCUIT ELEMENTS 1295

5 ¢ 8 TABLE |
2 COMPARISON OF THEREAL AND IMAGINARY PARTS OF THE SCALAR POTENTIAL
. (G ()] GREEN' S FUNCTION (47e2G ) OBTAINED FROM THE FHT ALGORITHM AND
N [ __[\A ] ExAcT NUMERICAL INTEGRATION AT FIVE TYPICAL DISTANCES STRUCTURE
s Sp aW) 1.9 PARAMETERS ARE IN FiG. 3. THE RELATIVE ACCURACY ¢ = 107°
X u ]
& Re[ 47£,G, | Im[476,G, |
S 15 F 4 -10 E ol FHT Numerical FUT
E 3 ~ Integration
o’ S -
T - 1.017x107 | 8.749562x10' | 8.749565x10' | 1.985170x10™
- 1 = -
% 25 ¢ 1-11 2 1.017x107 | 6443125%x10° | 6.443128x10° |1.983287x10"
—é ] 1.017x107" | ~3.157622x107 | —3.157593x 1077 | 1.799537 x10™
1 ; b, & ] o 2 2 2.340615x 107
2 35 b mmmmmmmmmiy 112 1.017x10° | -5.197119x107 | -5.197116x 10 72
t Re[G,'(0)] § 1.017x10" | 5.146693x1072 | 5.146693x107% | 1.306768x10
_45 C sl h il Ll po1ceeaad _13
0.001 0.01 0.1 1 10
p/}\'o w lLI i
| —aF |
Fig. 3. The real and imaginary parts@f, (p) and the magnitude & 4 (p) L9 y1
for a horizontal electric dipole in a stratified medium. Parametgrs: 20
GHz, hy = 0.508 mm, ho = 0.254 mm, hz = 9.238 mm, ¢,,; = 10.2,
g0 = 2.2, and€,~3 = 1.0. o~
Xes)
et
1 1 15 =
f e f :
- i S
ER log,, |G (p)] 114
X _1 e — ]
_ - 05 leulated
_&/ i . —— ggcc‘.;:] sattrijcted after
E'_z I 03 e GPOF extraction
B r 91 41 13 Y
;'_37 01 Q; S NS . SN T P N IS S NS SU
= L o 3 ] 2 5 10 15 20 25 30 35 40 45 50
X L Exact 1 12 o
= N —=—FHT . S
?_;‘4,‘ -051234567891(12 - y (mm)
o - N Fig. 5. Calculated (with PEC top cover) and reconstructed current
x5 F Re[G,(P)] Ll AL ] distributions on the main line of a single-stub band-stop filter.
o« b e, 1 11 Parameters- = 8.5 GHz, m = 2,w = 1.56 mm, Ly = 4.68 mm,
[roeeeseres ' ] L=49mm, e =22, &g = 1.0, hy = 0.508 mm, hy = 7.492 mm.
-6 | h. &, ]
[ hl » &y
TTT707777 00200 21 T2 77770 1
- A L1 (10), the number of summation terms depends on the relative
0.001 0.01 0.1 1 10 accuracye [15]. Based ons = 107, as shown in Table I,
P, the real-part results have relative deviation less thar? 16

Fig. 4. The real and imaginary parts@fl(p) and the magnitude a¥4(p) €= 10_? IS u.sed, th? FHT results a,gree V_Vlth thpge obtained
for a horizontal electric dipole in a stratified medium. Parameters and dipd®y the direct integration to at least six decimal digits, and the
placement are in Fig. 3. CPU time is increased by 15%. Note that the full complex
Green's functions 4 , consist of the FHT results and the
As shown in Fig. 4, the Green’s functiaf(p) is quickly residues (5). Although the polds, . in (5) are realG’; |
oscillating in the regionp/\, > 5. It is obvious that the are complex in gene;al. It has been shown in Subsection II-A
number of FHT data points may not be enough to trace t atlm[G 4] = Im[G3 . The results ofm[dne;G,(p)] are
fast varying behavior for linear or simple interpolation. It cafl - listed in Table I for the sake of completeness.
ying p p
be improved by: 1) increasindnhrc; 2) using the far field
functions G%, . which dominate the full Green’s functionsB. Current Distribution of a Microstrip Discontinuity
in this range; 3) enhancing the interpolation technique; or 4)|n order to demonstrate the validity of the supplementary
using two separate FHT's with differenVprc values for equation (23), the current distribution on the main line of a
different ranges. single-stub band-stop filter at 8.5 GHz is plotted in Fig. 5.
Table | compares the real and imaginary partdafoG,(p) The partition parametern = 2, the structure parameters
obtained by the FHT algorithm and direct numerical integras = 1.56 mm, Ly = 4.68 mm, andL = 49 mm. The

tion at five typical distances. In calculating the convolutiosubstrate relative dielectric constant= 2.2 and the thickness
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TABLE I
CALCULATED AND MEASURED ,S-PARAMETERS OF THE SINGLE-STUB BAND-STOP
FILTER AT 8.5 GHz. SRUCTURE PARAMETERS ARE IN FIG. 5

Partition , ,
I1S,] S Z£8,, (degree)| £S,, (degree)

Parameter m
1 0.763 0.646 -158.83 111.57

2 0.761 0.651 -158.69 111.52
3 0.759 0.652 -158.40 111.62
4 0.759 0.653 -158.18 111.16

Measurcmeml 0.756 { 0.652 | -159.88 | 110.18

Magnitude (dB)

— Theory
L H Measurement (A)
330 W e Measurement (B)

hi = 0.508 mm. The air layer thickness, = 7.492 mm. The
y-direction impressed sourcé; is placed aty = 3.92 mm
and two termination loads are gt= 0 andy = 49 mm, e
respectively. The dashed lines;at 29.6 mm andy = 31.16 40 5 7 9 11 13 15 17
mm represent the reference planes of the discontinuity circuit. F(GHZ)

The rapid current change within these two planes indicates

that the major current changes its flow direction from th&9- 6- _The theoretical (with PEC_top‘cover) and experimeﬁtphrame_ters
of the single-stub band-stop filter in Fig. 5. (- - - -)—Measuremetjt \ith

main line (‘]y) to .the_ Stl'_'b(‘]w)' The real and imaginary partSPEC top cover. (- - )—MeasurementB) without PEC top cover.
of the current distribution fory >31.16 mm have identical

magnitudes, but a phase difference of 98s expected for a
traveling wave. The current distribution reconstructed by the 0
GPOF method (dotted line) is also shown in Fig. 5, and it is
indistinguishable from the MM result. 5

C. Choice of Partition Parametet. -10 |

Theory
_______ Measurement

The performance of the nonuniform partition is examined
in Table Il by comparing the measureétiparameters of the
single-stub band-stop filter with the calculated results usingg »
m = 1,2, 3, and4. The deviations of the magnitudes and phase £ 20 [~

(dB)
R
»n

T

angles of theS-parameters for these calculations are within Ec NI v .G
1%. This reflects the fact that only a small number of fine s -25 | i 5\
partitions along the edges of the microstrip lines and around N T I

the discontinuities are required for circuit characterization. For -30 |
the analysis herein, the partition parameter= 2. ’

D. Measurements

) . ) X X ) oo b b e
In the theoretical characterizations of the microstrip discon- -40 l ‘

tinuities in this paper, a PEC cover is always placed 7.492 mm
above the circuits. Fig. 6 plots the calculated and measured F (GHz)
S-parameters of the single-stub band-stop filter in Fig. 5. Fromy. 7. The theoretical and experimentstparameters of the compen-
the theoretical and measured (with PEC top cover) resultsted d049b£00k circuit. Inset—(a)2 ;ide vie\ifla1 0= Ihz =( k?).254 mm,
P : : = 7492 mm, e,1 = &2 = 2.2, &,.3 = 1.0. Inset—(b) top view,
it indicates that the center frequency is accurately predlctéﬁ: 0.5 mm. Ly = 8.5 mm. L = 7T1.2 mm. w = 1.56 mm.
and both frequency responses agree well. As the top cover
is removed from the circuit, the center frequency is lowered

about 90 MHz. with FHT have good agreement with the measurements. In

In Fig. 7, the response of a dc block circuit with @ cOMg,e measurements, the top cover has negligible influences on
pensation overlap coupled patch is investigated. The cenfgl circuit

frequency is designed afy, = 11.5 GHz. The gapG and

the length of the overlap patcl,; are 0.5 and 8.5 mm,
respectively. The strip widthy = 1.56 mm and the circuit lon-
gitudinal sizeL = 71.2 mm. The dielectric layers underneath The FHT algorithm is proposed to deal with the highly

the gap have,; = ¢, = 2.2 andh; = hy = 0.254 mm. The oscillatory and slowly decaying SI’s for calculating the spatial-

air layer thicknessis is 7.492 mm. As expected, the circuitdomain Green’s functions. Both the real and imaginary parts
has good insertion los§.52;|) at the center frequency. Forof the Green’s functions can be accurately and efficiently
the frequencies away fronf, the predictions by the MPIE calculated over a broad distance raf@g.../ o = 10).

V. CONCLUSION



HSIEH AND KUO: FAST FULL-WAVE ANALYSIS OF PLANAR MICROSTRIP CIRCUIT ELEMENTS 1297

A generalized supplementary equation to account for thee] M. 1. Aksun and R. Mittra, “Derivation of closed-form Green’s functions

possibly nonzero currents at circuit terminals is derived. for a general microstrip geometry/EEE Trans. Microwave Theory
h if fiti h for th ticul Tech, vol. 40, pp. 2055-2062, Nov. 1992. o
In t € nonuniform partition scheme, 1or the particular Caggs) m. I. Aksun, “A robust approach for the derivation of closed-form
study in Subsection IV-C, the characterized circuit parameters Green’s functions,1EEE Trans. Microwave Theory Teghol. 44, pp.
; i i 651-658, May 1996.

are found insensitive to the value of _partltlon paramete[;:ml] H. K. Johansen and K. Sorensen, “Fast Hankel transfor@sgphys.
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