1336

||

Fig. 7. S-parameters for multilayered capacitor.

An important part of the modeling procedure was the interface of
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I. INTRODUCTION

the 3-D model for the SMD’s with the surface-current model of A considerable number of investigations have been performed
the metallizations forming the planar circuit. Using this method, wen the radar cross section (RCS) analysis for the geometries with
investigated homogeneous and multilayered SMD capacitors withihannels, grooves, and cracks in a perfectly electric conducting (PEC)
a microstrip circuit. For the homogeneous capacitor, we could n#igbstrate. This is due to the fact that these local guiding structures
observe any resonances, although the shortest wavelength in iy excite internal resonances, and they sometimes yield scattering
dielectric was shorter than the length of the capacitor. For tl@ntribution which cannot be obtained with other ordinary geome-

multilayered capacitor with larger capacitances, we found resonantégs. The electromagnetic scattering effect from a square groove

with

(1]

[2] T. F. Eibert and V. Hansen, “3D FEM/BEM—Hybrid approach for

(3]

frequencies dependent on the capacitance values. in a PEC substrate has been treated in [1] and a semicircular one
treated in [2]-[4]. However, a scattering solution is not available for

semielliptic channels in a PEC substrate. In this paper, TM scattering
REFERENCES from semielliptic channels is solved with different eccentricities

M.-J. Tsai, C. Chen, N. G. Alexopoulos, and T.-S. Homg, “Multiple@nd permittivities in a PEC plane by employing the separation of

arbitrary shape via-hole and air-bridge transitions in multilayered strugariables and mode-matching method. In elliptic cylinder coordinates,
tures,” [EEE Trans. Microwave Theory Teclvol. 44, pp. 2504-2511, separation of variables leads to Mathieu’s equation, which has
Dec. 1996. solutions in the form of Mathieu functions [5]. Although the familiar

planar layered media, Electromagn.,vol. 16, no. 3, pp. 253-272, orthoggnallty relatlonshlps at Fhe.lnterface cannot be applleq for Fhe
May/June 1996. scattering problem of dielectric-filled geometries, an analytic-series

—, “3-D FEM/BEM—Hybrid approach based on a general formusolution to electromagnetic scattering by dielectric-filled semielliptic

lation of Huygens' principle for planar layered medidEEE Trans. channels is presented in this paper.
Microwave Theory Techyol. 45, pp. 1105-1112, July 1997.

Il. FIELD REPRESENTATIONS

The problem is formulated with respect to elliptic cylinder coordi-
nates¢ andn wherex = d, cosh (, cos 5, y = d, sinh {, sin 7,
and d is the semifocal distance in Fig. 1. The semielliptic inter-
face between Regions | and Il is represented by the relagion
(e = 1/cosh (o = d/a). The eccentricitye is represented by
/1 —(b/a)?, and ¢« and b are semimajor and semiminor axis,
respectively. The normalization factors adopted by Ince [6] are used,
and Mathieu functions are computed using the algorithms in [7].
Throughout this paper, the’** time—harmonic factor is assumed
and suppressed. ThHEM. plane wave impinges on a dielectric-
filled semielliptic channel in a PEC substrate at the incident angle
of ¢; with respect to the:-axis, as shown in Fig. 1. The semielliptic
channel has a wavenumbgi (= w,/uo€oe, ). When the incident
wave impinges on the channel in a PEC substrate, a surface scattering

Manuscript received August 1, 1997; revised January 26, 1998.

The authors are with the Department of Electrical Engineering, Korea
Advanced Institute of Science and Technology (KAIST), Taejon 305-701,
Korea (e-mail: nhmyung@eekaist.kaist.ac.kr; bwj@cais.kaist.ac.kr).

Publisher Item Identifier S 0018-9480(98)06156-0.

0018-9480/98$10.00 1998 IEEE



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 9, SEPTEMBER 1998 1337

ty by
o EXG ) =3 AMsP(C g0)sen(n, g0) €)
Region 1 : z n=1
: éi o 4
ko b ' where M.sf,l)(ﬁ ¢o) is the Mathieu function which corresponds to

CCo

the Hankel function of the second kind in circular cylindrical coor-
; dlnates and has the relationship ’dfs“)(a qo) = MsS )(( qo) —
n=n Region 11. ig n=0 X ]Z\le )(C qo). Then, the total field in Region | is represented by

k1 El(¢.n) —Ei(c: n) + EL(C n) + EX(Cn)

Z 4(y "]\Issll) (¢, q0)sen(n, qo)sen(di, q0)

n=1

Fig. 1. Geometry of a dielectric-filled semielliptic channel in a PEC sub-

strate. + Z A, _Msgfl)(g qo)sen(n, qo0). (4)
n=1

I&] Region 11 (¢ < o, 0 < n < 27), the transmitted electric field

process takes place, resulting in scattered, specularly reflected, an
may also be represented as

transmitted fields.
In Region | (¢ > ¢, 0 < n < =), the total field may be . _ PO -
decomposed into three parts: the incident, specularly reflected, and (Cm) = Z BuMen (¢ ar)een(n, a1)

scattered fields [8]. The incident and specularly reflected fields are = o
represented by + 3 CaMsP(C a)sen(n, ). (6)
') n=1
B¢ ) = Z?(J')"MSS)(C-/ 0)5€n (1, 4o)sen (i qo) From Maxwell’s equations, thg-components of the magnetic field
B ' may be represented as
& 0 \ i aElun
+ 2 2(j)" MclP (¢, qo)een (1, qo)een(dis o) (1) 2,0, n) = Ry AT (6)
EZ(C,n) = —EL(C,n) with ¢; — 27 — ¢; (2) whereL = dy/cosh® { — cos? 7. In (3)=(5), An, B, andC, are

unknown coefficients to be determined with the boundary conditions
wheregq; = (k;ae)®/4 fori = 0, 1, andko is the wavenumber in free at ¢ = ¢, of zero tangential electric field on the chaniel < 7 <
space. The even and odd angular Mathieu functions of orde@nd 27) and field continuity across the apertue< n < ). Applying
the first kind are denoted by, (1, i) andse,(n, ¢;), respectively. the orthogonality condition of the angular Mathieu functions and
A/Ic,(f)((, qi), Ms's ((, ¢;) for s = 1 and 2 are the even and odd eliminating C,,, the simultaneous equations, shown in (7)—(14), at
radial Mathieu functions of theth kind. The scattered field in Regionthe bottom of this page, can be obtained in termstgfand B,, for
| may be given by imposing boundary conditiéli = 0 on the PEC m > 1, wherep = 1, 4. The prime in the above equations denotes
substrate sincee, (1, go) = 0 atn = 0 andw, and it is represented the derivative with respect tg. In the case of a hollow channel,

Z Bn‘//rCE,ILZL(CO, ql))(rnn - Z *4 VS’E,“L(CU (JO mn
n=0 n=1
= Z 4(‘]')71“7857&21(C07 qO)Sen(@iv qO)ZWm (7)

n=1

Z Bn{LTC’SL)n (COa (11)an - —I\'ICE}) (COv ql)y;nn} - Z -4n US%)n(COa (_[O)Zmn
n=0 =

= 24(‘7)"[75571121 ((03 qO)Sen (fbn (IO)Zmn (8)
n=1
o M (G, ,
Us, C’sz?z(@a go,1) = 19(1),(7(})(11) Ms, 0533) (Cos CJO,1) 9)
7\[Snf (CO (11)
Vs, c8) (Cor q0,1) = Ms, i (Go, qo,1) = Us, ¢ (Cov go.1) (10)
CondM s T 60 = 30 {4 M (Go, g0) +4G)" M (Go, q0)sen (91 40) } Zu -3 BMAY (G )X (1)
n=1 n=0
Xon = / cen(n, q1)sem(n, q1)dn (12)
0
2T
Yon = / cen (), q1)sem(n, q1) dp = —Xmn (13)

Zmn = / sen(n, ‘10)56771(7la q1)dn (14)
0
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Fig. 3. Normalized backscattered field verskga for a dielectric-filled

Fig. 2. Normalized backscattered field verdys: for a hollow semielliptic channel §. = 3, &; = 1 = 90°).

channel k1 = ko, ¢; = n = 90°).

@ = qo and Z,.,, = (7/2)8,n, Wheres,,,, is the Kronecker delta, 12 i T ! i i ' . _1' —001|—~
and (7) and (8) can be reduced to A‘: . E:1j§;0j90 -
oo 10 ;=60 Er=4,e=001 ----
, e Er=4,e=090
Z B Wi (Cos 40) Xnn W /" semi-circular ¢
n=0 ) _ 8F '} )
=27(j)" Qmn(Co, q0)5€m (0i, 70) dimn (15) c
T, i i
-"1m 3‘ 5&3% (COa QO) bmn 5 6
- L
= Z Bn"”rcgl(fo, QD)an 4+
n=0
= 2m(§) " Vsiah (Go @o)sem (G 00) mn (16) L
W (Cos g0) = M (G, go) + Ul (Gos go) LA .
I CY) o L L L 1 I L
- Domnleo 0)y () (Goa0) @) 0 WM w0 W10
VSmm(Cm (_IO) n

— 17D
Qmn(Go: g0) =Usin Eg’ 1) Fig. 4. Scattered field versus scattering anglér a semielliptic channel
L/Ysmn s - (ko(l = 27I', (Dl = 600)'
- (1)(76010) v b(nlez(Coq (JO)- (18)
‘fg'mh(@(]a qO)

The infinite series involved in the solution are convergent, and trésattered field for thee = 0.01 case agrees well with that of
makes it possible to truncate after a certain number of terms @aosemicircular channel, which can be considered as the limiting

determine the unknown coefficients,, B,,, andC,,. geometry of the semielliptic one. Although the scattered field for
the different eccentricities shows similar patterks; for maximum
ll. FIELD COMPUTATION and minimum points of scattered-field magnitude increases as the

To ghec_k the accuracy and_convergence of the formulanon devg jtoff wavenumber of the elliptic waveguide, increases as eccentricity
oped in this paper, the numerical results of the normalized scatter reases [10]. Fig. 3 shows the behavior|Bt1, go)| versuskoa
field mag.n.itude|F(7,, ¢o)| are calculated ar!d compared with thos‘?or the four different eccentricities with normal incidence and= 3.
of a semicircular channel [3]. The formulations for the scattered f%rrom Fig. 3, it is seen that a presence of the dielectric loading tends

field as a function of; are given by [9] to decrease the period of the resonance veksus The effect of

;&centricity increases. This implies that, which corresponds to the

M (oo 2 —j(kgdsinh ¢—((2n+1)7/4)) (19) increasing the eccentricity is the same as that of Fig. 2. In Fig. 4,
n wkod sinh ¢ |F(n, q0)| is plotted versus the scattering anglewith ¢; = 60°,
Jsinh ¢—oco koa = 2w, ande, = 1, 4. It is noted that the main lobes exist at
dsinh ¢ = p the forward directions and their magnitudes and directions depend on
EX(C, n) 6z 2 ij(kopf(w/ﬂx))F(,,h @) (20) eccentricitigs. It is(glso worth noting thalt, = Bn(i 0 from (15)
mkop and (16) sinceMs» ' (0, q0) = Qumn(0, go) = Vsmn(0, q0) = 0
yo from (9), (10), and (18) in the case ef= 1(¢, = 1). Therefore, the
F(n,q0)= Y ()" Ansen(n, qo)- simple reflection of a plane wave incident on the PEC infinite plane
n=1

is obtained from (4). In Fig. 5(a), the behavior |&. (¢, )| in the
A plot of the normalized scattered-field magnitudd, ¢o)| versus neighborhood of the hollow channel is plotted for = 90°, ¢, =
koa for a hollow channel at normal incidence is shown in Fig. 2, e = 0.5, andkqa = 4.28 corresponding to the cutoff wavenumber
for four different eccentricities. As one can see from Fig. 2, thef the odd TM,; mode [10], [11]. The same plot is repeated in
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Fig. 5. Equiamplitude contour plots fE. (¢, )| near: (a) a hollow semiel- Ji Zheng and Zhengfan Li

liptic channel goa = 4.28, ¢, = 1, e = 0.5, ¢; = 90°) and (b) a
dielectric-filled channelipa = 1.42, ¢, =9, e = 0.5, ¢; = 90°).
Abstract—in this paper, a novel method is presented for calculation of

the capacitance matrix of two-dimensional (2-D) interconnection lines em-
0.5, and kpa = 1.42. The bedded in layered dielectric media. In this method, Paé8 approximation
is used to accelerate the convergence of Green’s function, which leads
obvious improvements of computational efficiency for interconnect
rameters. The obtained results show good agreement with those in
previous publications.

Fig. 5(b) for ¢p; = 90°, ¢, = 9, e
field pattern inside the channel is similar to the cfidl;; mode.
From Fig. 5(a) and (b), it is seen that the boundary condition on t[éog

conducting plane is satisfied.

Index Terms—Capacitance, Green’s function, interconnections.
IV. CONCLUSION

An analytic-series solution based on the mode-matching method
for hollow and dielectric-filled semielliptic channels is introduced
in this paper. The validity and accuracy of the numerical results
are examined by comparing the scattered-field pattern with those' O 2" , . .
the semicircular channels, which can be considered as the limitif egrated circuits (IC’s) are interconnection delay and crosstalk,

geometry of the semielliptic one. The resonances in surface scattefing o than the device sw_nchmg spee_d. Parameter extraction for
with the semielliptic channels are seen to depend not only on . rconnects is a key step in the analysis of such delay and crosstalk

size of the _cl‘_lannel anc_i .permlttIVIty of the ‘?"e'eC"'C loading, but on Manuscript received October 4, 1996; revised December 5, 1997. This work
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much on the eccentricity of the semielliptic channels. J. Zheng was with the Department of Electronic Engineering, Shanghai Jiao
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Today, with increasing integration scale and clock frequency, the

INTRODUCTION

REFERENCES

[1] T.B.A. Senior and J. L. Volakis, “Scattering by gaps and cracksEE
Trans. Antennas Propagatpl. 37, pp. 744—750, June 1989.

0018-9480/98$10

University, Shanghai 200052, China.
Publisher Item Identifier S 0018-9480(98)06157-2.

.00 1998 IEEE



