IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 9, SEPTEMBER 1993

1625

A 3-D Mode Matching Technique for the Efficient
Analysis of Coplanar MMIC Discontinuities
with Finite Metallization Thickness

Ferdinando Alessandri, Gianluca Baini, Mauro Mongiardo, and Roberto Sorrentino

Abstract—A technique is proposed for the efficient analysis of
CPW discontinuities including finite metallization thickness. The
transverse resonance technique (TRT) is modified by introducing
an impressed source that allows a cavity of fixed, instead of
variable, dimensions to be analyzed (impressed source technique,
IST). At the same time, as with TRT, the field analysis of
only homogeneously filled waveguides is required so avoiding
the computation of frequency dependent as well as complex
modes as with the conventional mode matching technique. On
this basis, an extremely efficient code for the analysis of CPW
discontinuities, applicable also to interacting discontinuities, is
obtained. The same code, which incorporates the modal spectrum
of L-shaped waveguide, can be used to compute a large class
of CPW discontinuities including steps, gaps, open ends, etc.
Computed results are shown to be in remarkable agreement
with the experiments and confirm that the finite metallization
thickness may significantly affect the electrical characteristics of
CPW circuits.

I. INTRODUCTION

INCE ITS INTRODUCTION [1], coplanar waveguide

(CPW) has received increasing attention. Compared to
microstrip, it has a number of attracting characteristics. It
allows easy mounting of active and passive devices both
in shunt and series connection, eliminating the need for via
holes and reducing the associated parasitic inductance. Fragile
semiconductor substrates need not be made excessively thin,
and reduced radiation loss is present. Such advantages appear
to overcompensate the necessity for air bridges to suppress
the spurious slot mode [18].

Early theoretical investigations were concerned principally
with the evaluation of the propagation characteristics of the
uniform CPW [2]-[6]. (See also [7] for an extensive review
of the literature on this topic). A high accuracy can be attained
with relatively modest effort taking into account both the finite
metallization thickness as well as the correct edge singularity
satisfied by the field components [7].

Because of its attracting features, the CPW has been em-
ployed in practical RF circuit design [8]—[13], while the most
common discontinuities were characterized only experimen-
tally. For example, the open circuit, the series gap in the central
conductor, the step change in the width of the center conductor
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and the right angle bend have been investigated experimentally
in [11]. CPW to slotline transitions have been characterized
experimentally in [14], where the simultaneous use of CPW
and slotlines for uniplanar MMIC’s has been proposed.

The theoretical modeling of CPW discontinuities has re-
cently become an important research topic [15]-[28] to de-
velop accurate CAD tools. Apart from any consideration of
discontinuities involving currents perpendicular to the sub-
strate, such as air bridges, some the most common discontinu-
ities studied in the literature are shown in Fig. 1. The effect of
metallization thickness has been taken into consideration only
very recently [29] using mode matching technique. It is pointed
out that neglecting the effect of finite metallization thickness
in MMIC design may result in substantial inaccuracy.

The mode-matching technique requires the knowledge of
the spectra (discrete or continuous [28]) of both sides of the
discontinuity. The computation of the modes of the CPW
however is by itself a considerable task. Because of the
presence of different dielectric layers in the cross section,
quite heavy computational effort is involved. Dispersion of
the modal fields in fact requires the entire spectrum to be
computed again at each spot frequency, and roots must be
searched for in the complex plane, since the spectrum generally
contains complex modes.

To alleviate the computational effort, the Transverse Res-
onance Technique (TRT) was proposed [30], [31]. With this
technique, one looks for the resonances of a cavity containing
the discontinuity under investigation. At each frequency, the
dimensions of the cavity are changed until resonances are
found. From the knowledge of the resonant dimensions the
relevant parameters are calculated. The basic advantage of
TRT is that the analysis can be performed in terms of modes
travelling in the direction perpendicular to the substrate, so
that only homogeneous waveguides are to be considered and
no complex modes are to be searched for.

In spite of these advantages, the TRT still involves a con-
siderable computation time since it requires repeated analyses
at each frequency. These can be avoided by the Impressed
Source Technique (IST) recently developed for the analysis
of microstrip via holes [32]. The IST can be viewed as a
modification of the TRT to solve a deterministic instead of an
eigenvalue problem. Accordingly, just two analyses at each
frequency are required to compute the parameters of a two
port discontinuity, without having to change the dimensions of
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Fig. 1. Some common CPW discontinuities.

the cavity. In addition, modes need to be calculated just once
for the entire frequency band with considerable advantages in
terms of computation time.

An additional advantage of this technique is that it closely
models the actual operating conditions of packaged circuits,
accounting for possible interaction with the package. The IST
can also be applied in conjunction with other methods other
than mode-matching, such as finite element or finite difference.

II. METHOD OF ANALYSIS

A number of typical CPW discontinuities are sketched in
Fig. 1. When symmetry is taken into account, all can be
reduced to an L-shaped geometry. As an example, the double
step of Fig. 1(c) can be reduced to one fourth, as depicted
in Fig. 2(a). For the EM analysis, we will therefore limit our
attention to the L-shaped circuit of Fig. 2(a), since the analysis
can immediately be extended to all other geometries.

In the direction perpendicular to the metallization (z-
direction of Fig. 2(a) the structure is seen as the cascade of
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Fig. 2. Reduced structure of a double step in the central strip of a CPW.
Symmetry planes have been replaced by electric or magnetic walls. (b)
Generalized equivalent network of (a) excited by an impressed source on
the -boundary of region C.

three waveguide sections, two of rectangular cross section (A
and C, top and bottom), the central one (B) with an L-shaped
cross-section. The modes of the L. waveguide can be obtained
by a standard procedure [30]. They are frequency independent,
since the waveguide is homogeneous.

The application of the mode matching technique to the
cascade of the three waveguide sections reduces the problem
to the analysis of the equivalent generalized circuit of Fig. 2(b)
where each multiport network represents a waveguide section,
each port being associated to a mode propagating in the
central waveguide. The relevant equations characterizing the
equivalent circuit of Fig. 2(b) are

(1] =
[I2]

~[y4wi] €N
~[ve] vl )
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and

=[5 Blle] e

where [I1] [I3], [Vi], [Va] are current and voltage vectors
associated with modes of region B, [Y4], [Y*] are the
generalized admittance matrices of regions A and C seen from
the openings at z = £, 0 respectively; [Yzf] are diagonal
admittance matrices associated with region B. As shown in
[33], [34], the admittance matrices are calculated analytically
without any matrix inversion. Various expressions of the
dyadic Green’s function can be found in [35] and their
numerical behavior is described in [36].

The homogeneous system of linear equations (1)—(3) has
non trivial solutions when the coefficient matrix is singular. In
physical terms, this corresponds to the cavity being resonating.
The resonance condition depends on both the frequency and
cavity dimensions. To extract the parameters of the disconti-
nuity the transverse resonance technique can now be applied
[31]. At each frequency point repeated field analyses are
performed in the numerical search for the resonant dimensions

of the enclosing cavity. In spite of the advantage of working -

with homogeneous regions, thus with frequency independent
modes, each time the cavity size is varied modal spectra must
be computed again.

To reduce the numerical expenditure, the impressed source
technique (IST) has been developed in [32]. Rather than
an eigenvalue problem, a deterministic field problem is for-
mulated by introducing a magnetic current source. This is
impressed on some aperture produced on the cavity wall. In
terms of generalized network representation, the aperture cor-
responds to a set of additional ports, where voltage generators,
each for one waveguide mode, represent the impressed source.
This is shown schematically in Fig. 2(b), where the voltage
generator (for simplicity only one generator is considered)
corresponds to an impressed magnetic current on the side wall
of the C waveguide of Fig. 2(a).

In this ‘manner, the known voltage Vs and an additional

unknown current Is are introduced in vectors Vs, I in .

equation (2). An inhomogeneous system of equations must
now be solved. The great advantage is that only one analysis
per frequency point is required. Moreover, for any given
structure, the modal spectra of each waveguide length must be
computed only once. A further advantage is that the enclosing
cavity (in contrast with the TRT it has now fixed dimensions)
can simulate the actual enclosure, so accounting for package
interaction. ,

The source should be chosen in such a way as to excite
the dominant CPW mode impinging on to the discontinuity.
To prevent higher order interaction between the source and
the discontinuity, the former must be placed far enough to
allow higher order modes to die out. Observe that the closer
the source distribution to the dominant mode, the closer the
source can be put to the discontinuity.

To compute the scattering parameters of the discontinuity,
it is sufficient to determine the incident and reflected wave
amplitudes of the fundamental mode. In a region far enough
from both the impressed source and the discontinuity, higher
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Fig. 3. Theoretical and experimental scattering parameters of the reduc-
tion-type double step discontinuity in CPW. Feeding line: width 3.22 mm,
gap 0.1 mm. Central line width: 1.0 mm. Distance between the steps 15 mm.
Substrate: ¢, = 2.2, thickness 0.254 mm.

order modes have negligible amplitudes so that the electric
ficld £, along z has the form

V(z) = VTe P2 4 V=eife, )

The phase constant 3 of the CPW being computed in advance,
the values of V+, V™ are evaluated by a least square approach
using sampled values of V(z). The scattering parameters are
then computed by a straightforward analytical procedure.
Although not specifically considered in this paper, the case
of an interacting discontinuity can also be considered by
computing its generalized scattering matrix. The necessary
information on higher order modes can be extracted from
the electric field distribution by precomputing the relevant
propagation constants and using an obvious extension of (4).

II. RESULTS

A computer code has been developed according to the
approach described in the previous section and several CPW
discontinuities have been investigated. Because of the symme-
try considerations pointed out in Section II, the same computer
code can handle all types of discontinuities.

A comparison with experimental data is shown in Fig. 3 for
a double step discontinuity in the inner conductor (Fig. 1(d)).
A 70-ohm line length of approximately A/2 at 9 GHz is
inserted between two 50 ohm lines. The CPW structure was
manufactured and measured at the University of Ulm [37].
The agreement is remarkable up to 12 GHz and can be
considered very satisfactory in the whole frequency band.
The discrepancies observed over 12 GHz can be abscribed
to imperfect coax-to-CPW transitions and losses. Another
source of discrepancy can be due to the measurements being '
performed on an open structure, while a WR28 enclosure was
assumed in the theoretical simulations.

The influence of the metallization thickness on the behavior
of the double step of reduction type of enlargement types
in the central strip is demonstrated in Fig. 4 and Fig. 5,
respectively. The computed return losses [sq1| are plotted
versus the frequency for three metallization thickness. The
thicker the metallization the higher the frequency of the
reflection zero because of the higher reactance associated with
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Fig. 4. Computed return loss of a reductlon-type double step dlscontmmty
in CPW for three metallization thicknesses. Feeding line: width 0.5 mm, gap
0.2 mm. Central line width: 0.2 mm. Distance between the steps 4.36 mm.
Substrate: € = 9.9, thickness 0.635 mm. Housing: WR28.
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Fig. 5. Computed return loss of an enlargement type double step discontinu-
ity in CPW for three metallization thicknesses. Feeding line: width 0.5 mm,
gap 0.2 mm. Central line width: 0.7 mm. Distance between the steps 4.36 mm.
Substrate: &, = 9. 9 thickness 0. 635 mm. Housing: WR28.

the dlscontmulty These results confirm that even at relatively
low frequencies, the metalhzatxon thickness can have a notable
influence in effecting the performance of CPW circuits [29].
Such effects become extremely important in high density
monolithic circuits.

All the analyses have been perforrned on a IBM 320 RISC
6000 and the computation of the scattering parameter at each
frequency point takes approximately 2 seconds. The same code
has also been used on a 486/33 MHz IBM compatible PC. In
this case, the computation of the scattenng parameters takes
approximatively 8 seconds per frequency point.

IV. CONCLUSION

“A. procedure has been developed for the efficient analy-
sis of CPW " discontinuities ‘including the finite metallization
thickness. The transverse resonance technique (TRT) has been
modified by introducing an impressed. source that allows a
cavity of fixed dimensions to be analyZed. At the same time;
the advantage of TRT of performing the field analys1s of only
homogeneously filled waveguides is retained. This avoids the
computation of frequency dependent as well as complex modes
as with the conventional mode matching technique. On the
contrary, the modal spectra need to be computed just once.
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On this bases, an extremely efficient code for the analysis
of a vast class CPW discontinuity that includes double step
discontinuiti,es, gaps, open ends, stubs, etc., has been set up.
Excellent agreement with experiments has been demonstrated.
Numerical results confirm that, as already observed in [29],
the finite metallization thickness may play a significant role
especially at higher frequencies.
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