498 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 4, APRIL 1997

Capacitance Computation for CPW Discontinuities
with Finite Metallization Thickness
by Hybrid Finite-Element Method

Chien-Wen Chiu and Ruey-Beei Wiember, IEEE

Abstract—A variational equation is derived for the capacitances in general, smaller than 5% over the frequency band up to
of coplanar waveguide (CPW) structures with finite metallization 70 GHz for common CPW structures with a line dimension
thickness. The equation is expressed in terms of the static poten- smaller than 10@m [3], [7]-[9]. Ironically, there are examples

tial in the slot region and is solved by applying the hybrid finite- . . o .
element method (FEM). In case of small metallization thickness, §howmg that insufficient cell division and poor convergency

it is reduced to a perturbation formula for the incremental in the full-wave analyses may result in larger error than the
capacitances. Numerical results for the equivalent capacitances negligence of dispersion in the quasi-static approximation.

of various discontinuities with finite metallization thickness are Being direct in extracting element values of equivalent
presented and compared with measured data. The reasonable circuit models, analyses based on the quasi-static approxima-

agreement between the measured data and the theoretical results,. . . .
validates the present approach. Being simple and computationally tion have been employed to deal with CPW discontinuities.

efficient, the method is suitable to deal with extensive cPw Naghedet al. applied the three-dimensional (3-D) finite differ-
discontinuity problems where the metallization thickness is not ence method (FDM) to calculate equivalent capacitances and
negligible. inductances of various CPW discontinuities [10], [11]. The
Index Terms— Capacitance, Cop|anar Waveguidesy FDM Ca||S fOI‘ the Solution Of the f|e|d diStribution at the gr|d
finite-element method (FEM), transmission-line discontinuities.  points of the 3-D space such that it may exhaust the available
computation memory but still have an insufficient amount of
resolution to model the field in the slot region, which is of
essential concern. To alleviate the computation load, a new
HE COPLANAR waveguide (CPW), which offers somemethodology which requires only the solution for the field
advantages over the conventional microstrip line, hagstribution on the slot aperture of the metallization plane
become an alternate in the design of monolithic microwavgas proposed to calculate the capacitances and inductances
integrated circuit (MMIC) devices. Its planar dimension cagf CPW structures with zero thickness [12], [13]. Being very
be shrunken substantially while maintaining the propagatie@onomical in memory usage, it allows an increase of the
characteristics, which depend mainly on the strip-to-slot-widtesolution in mesh division until satisfactory convergence
ratio. Comparatively, the effects of the metallization thiCknems been reached. The methodo|ogy has been found very
are not negligible and should be taken into account. As sUfiiccessful in the design and simulation of complicated CPW
micron IC technology develops, it will soon become commogircuits, such as bandpass filters [14].
that the metallization thickness is comparable to, or even largerThis paper generalizes the methodology to the capacitance
than, the width. computation for CPW structures with finite metallization thick-
Recently, several papers have been presented to chafiss. The variational equation in terms of the scalar potential
terize CPW discontinuity structures with finite metallizatiogjistribution in the slot region is derived in Section Il. It is
thickness [1]-[6]. Although able to include some dispersivéolved by applying the hybrid finite-element method (FEM).
characteristics of CPW discontinuities, these full-wave metfly the case of small metallization thickness, the equation is
ods are, in general, quite time consuming. As a result, theduced to a simple perturbation formula for the incremental
numerical analysis does not allow sufficient cell divisiogapacitances in Section Ill. The hybrid FEM is applied to deal
for satisfactory convergency. Moreover, the calculated resuligh uniform CPW and open-end discontinuity in Section IV.
reveal that the dispersion of CPW structures is much smaliffie results are compared with those predicted by the perturba-
than that of the microstrip. By a survey of the literature, fjon formula to depict the applicable range of the perturbation
is found that the error due to the neglect of dispersion ignalysis. Numerical results for extensive CPW discontinuities
based on the perturbation formula are presented in Section V.

Manuscript received March 18, 1996; revised December 24, 1996._Tip'§na||y, brief conclusions are drawn in Section VI.
work was supported in part by the National Science Council, Republic of
China, under Grant NSC85-2221-E002-022.
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Fig. 1. Cross section of CPW structures with finite metallization thickness . A T v Y

X "8

capacitance” can be found from the total stored electrical o T "X

energyW, in the whole space. It is a variational formula forF. . . .
. 5 . . . ig. 2. A typical element used for scalar potential modeling.
capacitance” = 2W./V?* = 2W, if a unit voltage drop is
impressed between the central signal strip and grounds.
Consider a general 3-D CPW discontinuity structure withote that this shape function takes on valuat node 1, and
the cross section shown in Fig. 1. The whole space can @t all other nodes. Then, over this eleméhpt — z,| < 3
divided into the upper spad@®, the lower spac€, and the Az, |[y—uo| < 548y, |2—2| < $A.), ¢(z,y, 2) is defined

slot region{2. The total electric energyVv. is as
1 - = 8
_ u l - .
We =Wt Wet3 /QE E a0 @) $a,y.2) = D fal@.y, 2)n. @

n=1
whereW* andW! are the electric energy stored in the upper - .
and lower regions, respectively. It deserves mentioning that the present approach can be applied

) ) = ) to deal with complicated CPW discontinuities of arbitrary
Introducing a vector electric potential. and following a

- L2 ) @ shape. One need only employ more general hexahedral ele-
similar derivation procedure in [12], the stored eneidy*

. - ments, for which the shape functions are available in textbooks
and W, can be related to the scalar potential on the slgf, FEM, (e.g., [16]).

u l i
apertured™ andI™ by [12, eq. (7)]. Hence, the total electric - g,pituting (4) into (2), the Ritz procedure is applied for
energy can be expressed in terms of the scalar potentiglying the variational equation for the unknown nodal values

¢(p,2), 0 < z < t, by ¢»’s. As the impressed voltage is known at the nodes on the
1 N - boundary of the slot regions, the internal naglg and then
— U . p! — . . .
We = 5 / / G (P PV, (P2 =1) the capacitance, can be obtained from that equation. Thus, the
d)(i/ = 8)r dr equivalent capacitance of CPW discontinuity can be extracted.
VP’ P2 =
+ % / Gl(?; ?’) \V d)(?, z=0) [ll. PERTURBATION ANALYSIS
1 1
: F_/ , , Although capable of treating CPW structures with finite
Vpd(p', 2 =0)dldl metallization thickness, the hybrid FEM analysis for solving

+1/ 6V¢(?, z)-mb(?,z)d(l (2) the 3-D ¢(?,0 < z < t) is numerically intensive. The
2 Jq time-consuming analysis is not indispensable in tackling those
whereG* and G are the space-domain Green’s function fofomplicated 3-D problems.

the upper and lower spaces, respectively [12], andenotes Itn sngtl)\l/lMIC appl|cat|8ns.,t:]h§1th|ﬁk?e§$hsn_'ll_all, :.hou.?h
the position vector in the-y plane. not negligible as compared wi e slot width. Treating it as a

It is well known that the variational equation (2) can bgerturbatlon, the capacitance can be writteias Co +1C1,

solved by applying the Ritz procedure. Consider a general 3! ereCo is the capacitance obtained at a zero-thickness limit.
structure with the cross section shown in Fig. 1. In applyin atis,

the Ritz procedure, the first step is to choose a basis for the _ = i -
unknown potential distributiows(z, %, z). In the light of the Co = /r/r [G (P3P +G (P p )} Vp $o(P)

FEM [15], the solution region is divided into a lot of small -, ,

rectangular prisms, the so-called finite elements. The potential "V do(P?) dl' dl (5)
distribution¢(z, ¥, ) over each element, say the one shown in -

U | —
Fig. 2, can be modeled as a linear combination of first—ord‘tl-:\-llherer — I" =T ast — 0 and¢o(») denotes the scalar

shape functions. For example, the first-order shape functigﬂteqt'altgn the slt?tttﬁyr:;ace m. the zerc:-tlhlcknests “rﬁHa t
for node 1 shown in Fig. 2 is enotes the per-unit-thickness incremental capacitance due to

the stored energy in the slot region. It can be expressed as

At = (3+ 522 (34 152) (5+ 252 90 0
WHY2) =\ T A, 2 A, 2 A ) Clz/evp¢o-vp¢odf+/e %0 000 . (6)
3) r r

Oz 0z
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Fig. 4. The incremental capacitance ratio of a uniform CPW versus metfig. 6. Calculated effective length extension of open-end CPW by
lization thicknesst/w. guasi-static approximation as compared to those by FDFD [3] with

metallization thicknesg = 3 pm.

The Ritz procedure can be applied toward solving the varia- _
tional equation (5) for the unknown scalar potengial # ) and uniform CPW. The results by the hybrid FEM are presented

the capacitance’, [12]. Note thatpo( 7 ) is a two-dimensional and compared with those in [18]. Agreement between these

(2-D) field and the numerical solution is much simpler. Therqesults is observed with some difference. This difference may

Be contributed to the inaccurate modeling for the singularities

¢o(P) could be used to directly evaluate the incrementglr the field near the edge in both methods and the slow

capacn_anpe’]l_by (6). Numerical aqalyse; f‘?r unitorm CPVVconvergence of the series expression for the Green’s function
transmission-line and open-end discontinuity show that ti [18]

second term in the right side of (6) is negligible as comparedFig_ 4 shows the incremental capacitance ratio of a uniform

with the first term. Finally, the equivalent capacitances . .
CPW structures with finite metallization thickness could b(gPW versust/w with s/w as a parameter. The solid and

estimated from the perturbation formua= Cy + £Cy. ashed curves stand -for the results obtalqed by the finite
element and perturbation analyses, respectively. It is worth

noting that the contribution of the second term in the right-
IV. NUMERICAL RESULTS FORHYBRID hand side (RHS) of (6) can be neglected since the longitudinal
FEM AND PERTURBATION FORMULA component of the electric field is much smaller than the
In the numerical computation, the mesh division is chosen ti@nsverse component. In the case of thick metallization, the
be nonuniform in bothr- andy-directions using the sinusoidalincremental capacitance tends to be that between the two
scheme [17], while uniform in the-direction. Numerical parallel sides of the slot. The propagation characteristics are
tests have been conducted by increasing the number of céibrid of the CPW and parallel plate modes. In the case of
in each direction to assure that satisfactory convergency tsisall metallization thickness, sajw < 0.15, the perturbation
been achieved. Fig. 3 shows the effects of finite metallizati@malysis is found to yield satisfactory results and the error lies
thickness on the effective dielectric constang(t) of a below 0.5% ofCp.
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Fig. 7. (a) Metallization plane of a typical CPW discontinuity. (b) Its equivalent capacitance circuit, and (c) two auxiliary structures.

Fig. 5 shows the incremental capacitance ratio of an open- TABLE |
end discontinuity versus/w with central conductor widts COMPARISON OF CPW (HARACTERISTIC IMPEDENCE
CALCUALTED BY FDM, CMM, AND THE PRESENT FEM
and gap widthy as parameters. The extraction scheme for the

equivalent capacitance of open-end discontinuity from the 3-D'ckness  FOM 'm,'_?[r)?\‘/l’ed CMM FEM
capacitance can be referred to in [12]. The calculated resuits; — g 46.01 48.20 49.74 49.65
show that the increment of the open-end capacitance due tot =3 41.35 42.65 44.00 43.73
metallization thickness is below 10% in a MMIC structure. s =15 pm, & =12.9, h =200 pum

In case of thickness ratityw = 0.15, the increment is about
3.5%. Itis found that the effect of finite metallization thickness.
ized grid may be of considerable error. For example, Table

on the_equwalent capacr[ance_ is not S|gn|f|car_1t and can F)ecompares the characteristic impedance of uniform CPW
approximately evaluated by using the perturbation formula Bhiculated by a conventional FDM, improved FDM, conformal
typical MMIC cases.

. . apping method (CMM) and the present FEM, where the
Fig. 6 compares the rg;ults .based on the hybrid FE M results are extracted from [19, Figs. 4 and 5]. The error
and those by using the finite difference frequency doma

) ; Yt the results obtained by conventional FDM employed in [3]
(FDFD) method [3]. The equivalent length extension of 4 found to be 10%—20% (i.e., the same order of that depicted
open-end discontinuity is defined &5 /C>, whereCs, is the

transmission-line capacitance of uniform CPW. The results Fig. 6).

by these two method exhibit a similar tendency, but the

comparison shows a noticeable discrepancy. This discrepancy+ COMPUTATION FOR VARIOUS CPW DISCONTINUITIES

may be partly due to the error in extracting the capacitancesin case of small metallization thickness, &.4v < 0.15, the

by using the FDM. It has been recently demonstrated thariational equation (5) at the zero thickness limit can be easily
the capacitance calculated by the FDM with a reasonabbgpplied to solve the CPW discontinuity with more complicated
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geometric configuration. Then, (6) is used to predict the finite 20
metallization thickness effect. The approach is useful and 1
beneficial to deal with general CPW discontinuities which have
more than one output port. However, the extraction scheme for
the equivalent capacitance is different from that proposed in
[12]. It is briefly described as follows.

Consider a general CPW discontinuity structure shown
in Fig. 7(a). To facilitate the analysis, the discontinuity is

:
TWT ;

A/ 4
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by d ( fF/mm )
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assumed to be connected to two ports of uniform CPW's which E_’, = 0. um

are of lengthd; andl,, respectively. As the length becomes -3 g b 129

large, the electric potential distribution(s) at the two s = 0.4 ;gg pm

truncated ends will tend to be proportional to that of infinitely ~ © 1 H

extending uniform CPW’s, (i.ed;élD)(a:) and¢§2D)(a:)). Let the Ot

voltages imposed on the two CPW’s bBeand V%, the electric ot 0z 03 04 2;5 / %’6 07 08 03 10
potenFlald)( p) on the slot apertures will satisfy the Vanatlonaliig. 8. Calculated equivalent capacitances of symmetric step change divided
equation by total linewidthd versussa /d with t as a parameter.

Wolisil)= / /S / /S G(B: 7). $(P) - Tup(P))dS'dS 0
(7) |

subject to the boundary conditions thﬁtﬁ) equalsV; -¢§B (z)
and V5 - ¢§2D)(37) at the two truncated ends.
According to the equivalent circuit shown in Fig. 7(b), the

& = .
stored electric energyV. in (7) can be written as —20 hZ 20k
1 1 1 "= 55?" l;m ¥
2 = . mm
We = V(- O + D + ) ~30 "= 2887." um
2 T t = 1.6 um

Magnitudes of S—parometers ( dB )

1 1
+ 51/22(12 -C% +0@ + Caa) + 5012(‘/1 — Va)?

_404 — M t
end R e E ... Simultion results
8
@) /- . ) ) -804 T T T T T
whereC5 /(i = 1,2) is the per-unit length capacitance of the 10 15 20 25 30 35 40

. O . Frequency ( Ghz )
ith CPW andC_ ., is included to model the contribution due

to the truncatednend where the soutceapplies To eliminate Fig- 9. Measured-parameters are compared with the simulation results for
. i) . R the double step-change.
the undesired’; ', two auxiliary structures shown in Fig. 7(c)
are considered. Each structure consists of a uniform CPW WIthFig. 8 shows the equivalent capacitance of a symmetric step

finite length2/; (i = 1,2). Applying (7) to the two auxiliary o ,n06 in width versus, /d with ¢ as a parameter. The present
structures can solve the electric potential distribution and yiei‘flructure is a two-port capacitance system and the equivalent
the stored electric energy

7 circuit is applied. Here, the two ports must have the same
] ) L voltage V; = V, such that the shunt capacitance is given by
242 Gyp). i=12 O Cstep = C11+ Caa. For typical MMIC configurations with the
Subtracting (9) from (8) de-embeds the two CPW sectio&tal linewidth in the order of 10@:m, _the shunt capacitance
and gives a realization of the desired equivalent capacitancgsabout several fF. The shunt capacitance tends to zesg as

w2l = 2V ()

end

ie., tends tos;.
) ) ) Fig. 9 shows the measuresi-parameters for the double-
CuVr + CoVy + Cr12 (Vi = V2) step change. The capital lettéfsand7” denote the reference

= lim [2W.(Iy; 1) — W) - w®(21,)]. (10) planes at which the measurement is performed. The measure-
filz—eo ment is performed on a Cascade Microtech probe station using
If the imposed voltagesif, V) are chosen as (1,0), (0,1), andan HP8510 network analyzer based on the thru-reflection-line
(1,1), the obtained values from (7) will k&; + C15,C52 + (TRL) calibration technique. The authors chdse 2.887 mm
Ci2 and C1; + Cae, respectively. The desired equivalenso that the resonance frequency for the minimum reflection
capacitance€’;;, Cs2, andCy, can thus be obtained. coefficiency is about 20 GHz. The dotted lines also shown in
The above procedure can be applied to deal with motiee figure are the results simulated by the EEgaickage. In
general discontinuity structures with multiple ports. For the simulation, the step change is modeled by a symmetric
discontinuity structure withV ports, there ar%N(N + 1) lumped x-model which includes series inductance [13] and
equivalent capacitances;;(i,7 = 1,2,---,N). They can be shunt capacitance obtained by the present approach. The CPW
solved from N(N + 1) realizations by choosing N (N + 1)
independent combinations of the imposed voltages. 1EEsof is a trademark of Hewlett Packard software.
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Fig. 10. (a) Complicated edge coupled stub structure in conventional CPW configuration, (b) its equivalent circuit model, and (c) calculatat equival
capacitances divided by the total linewidth versus the strip widthse with s, w;, andws as parameters.

section is modeled by a transmission line with attenuatidfEM. In case of small metallization thickness, the equations
constante being about 0.2196 dB/mm at 20 GHz, which i€an be reduced to the perturbation formula, which is much
extracted from the measured data in the TRL calibration. ftore numerically efficient. From the comparison with the
is found that the simulation results can predict the frequenogsults by the FEM, it is found that the error due to the
response satisfactorily. perturbational analysis lies below 1.5% for typical MMIC

The same approach can be employed to deal with ottgructures with thickness-to-linewidth ratigw < 0.15. The
more complicated CPW discontinuities. For example, considegrturbation formula is then extended to deal with more
a complicated edge-coupled stub shown in Fig. 10(a). Tkemplicated CPW discontinuity problems. Numerical results
structure is useful in the filter application [14]. The equivalerfor the equivalent capacitances of various discontinuities have
circuit of discontinuity can be constructed as Fig. 10(bheen presented and compared with measured data. The ob-
which includes three equivalent capacitances. Fig. 10(c) shotased equivalent circuit based on the quasi-static analysis is
the calculated results versus the parametgrwith ¢ as a applicable up to millimeter-wave frequency range for practical
parameter but with total linewidth of the structutk = CPW discontinuity structures in MMIC's.
s1 + 2w, fixed. Due to the choice of reference planég;
is comparable ta’; 3 since it includes the contributions from
both the discontinuity and a transmission-line section of length
g. On the contrary(’ss is far smaller tharnC;3 and could be [1] C. w. Kuo and T. Itoh, “Characterization of shielded coplanar type
omitted in the circuit design. The quasi-static circuit model tra_nsmission line junction discontinuities_ incorporating the finite met-
has been applied in the design and simulation of a ribbon-of- igzatlon tTckness effect,JEEE Trans. Microwave Theory Teghvol.

, pp. 73-80, Jan. 1992.

brick-wall (RBW) filter and the results are in good agreemen{2] T. W. Huang and T. Itoh, “The influence of metallization thickness
with the measured data [14]. on the characteristics of cascaded junction discontinuities of shielded
coplanar type transmission lind EEE Trans. Microwave Theory Tech.
vol. 41, pp. 693-697, Apr. 1993.
[3] K. Beilenhoff, H. Klingbeil, W. Heinrich, and H. L. Hartnagel, “Open
V1. CONCLUSION and short circuits in coplanar MMIC'sJEEE Trans. Microwave Theory
In this paper, variational equations for the 2-D and 3-D__ Tech, vol. 41, pp. 1534-1537, Sept. 1993.

. , . . . . 4] A. M. Tran and T. Itoh, “Full-wave modeling of coplanar waveguide
capacitances for the CPW's with finite metallization th|cknes§ discontinuities with finite conductor thicknes$ZEE Trans. Microwave

are employed and subsequently solved by applying the hybrid Theory Tech.vol. 41, pp. 1611-1615, Sept. 1993.
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