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Abstract

Cascaded coplanar waveguide discontinuities with
transverse dimensions in the order of some micrometers
are analyzed by the mode-matching approach based on
a full-wave analysis of the electromagnetic field also in
the metallic regions. Compared with full-wave analy-
sis assuming perfect conductors and a subsequent loss
computation based on the surface impedance model
the accuracy is considerably enhanced.

Introduction

In monolithic microwave integrated circuit design co-
planar waveguide (CPW) structures meet with growing
interest. In recent publications the influence of the me-
tallization thickness on the scattering characteristics of
cascaded CPW discontinuities is investigated [1], [2].
The results confirm that the finite metallization thick-
ness may significantly affect the electrical characteri-
stics of CPW circuits. However, these approaches are
based on field modelling assuming perfect conductors,
which is only valid for waveguides with transverse di-
mensions considerably larger than the skin depth. In
CPW’s with strip width and metallization thickness
in the skin depth’s order of magnitude conductor loss
influences the propagation characteristics of transmis-
sion lines [5]-[8] and hence the scattering behaviour of
cascaded discontinuities. A full-wave analysis is requi-
red considering also the electromagnetic field inside the
conductor. The mode matching method fulfills these
requirements. However, this method has been applied
up to now only to the computation of the scattering
characteristics of single step discontinuities [3]. In this
work the mode-matching method is extended to deter-
mine the scattering parameters of cascaded coplanar
transmission line discontinuities.
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Method of Analysis

Analyzing cascaded discontinuities by the mode-
matching method requires the calculation of the com-
plete set of eigenmodes in each waveguide. In Fig. 1 a
coplanar waveguide (CPW) with finite metalliziation
thickness inside a rectangular box with perfect elec-
tric conducting walls is depicted. Due to the symme-
try with respect to the plane x = 0, only half of the
structure has to be considered. The cross section is di-
vided into three layers. In each of the layers I the elec-
tromagnetic field is expanded into a series of partial
waves consisting of a combination of LSE, and LSH,
longitudinal section waves, respectively. Imposing the
same dependence in z-direction for each partial wave
the electric and magnetic fields E®) and HY) in the
layer | may be expanded in an infinite sum of LSE,
and LSH, partial wave components:

n, x EO = Z vz -n, x eP(z)-

. [Ag)ejks,{y 4 B,g)e—jkg',zy] Lemike2 (1)

ny X HO = Z \/Y,SI) ‘ny X hg)(z) .
. [Ag)ejkg,).y - Bg)e-jkg),y] ce~ika2 (9)

where eg) and hg) are the vector—valued expanéion
functions for the electric and magnetic field respective-
ly. ny is the unit vector in y~direction. The field expan-
sions in two neighbouring layers ! and k are matched
by applying the method of moments to the tangential
field continuity conditions ny x (E(" — E®*)) =0 and
n, x (H® — H(®)) = 0 at their horizontal boundary.
Hence we define the inner product

(u,v):/oau*'vdx 3)
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Figure 1: Coplanar waveguide cross section

Defining ég) and l'iﬁ,’) as the expansions functions of
the electromagnetic field which propagates in the —z
direction with e/*: # the following orthogonality relati-
ons hold:

<é£rlz)*’ny th)) = bmn 4)
€D ny x b)) = bmn (5)

Hence the coupling between the partial wave coeffi-
cients Ag), Aslk) and BS,’), B,(;k) can be described by a
symmetric generalized scattering matrix (GSM) pro-
vided the set of normalized partial waves is complete.
In the computation the field expansion must be trun-
cated to a finite number of partial waves. In order to
preserve the symmetry of the GSM we use the complex
. . . . = (1)«
conjugate magnetic field expansion functions h,’ as
electric field test functions and the complex conjugate
electric field expansion functions églk)* and as magne-
tic field test functions or vice versa. These two possible
sets of test functions lead to the following two different
linear systems of equations

A (B n, x (BO —EFY)) =
&%, ny x (HO — H®)) 0
B: (b n, x (ED —E®)) =

@0, my x (HO — HO))

Substituting (1) and (2) into these two sets of equations
it can be shown that modelling the boundary between
the layers ! and k by equivalent surface currents Jgk)
and Mgk) [11] leads to the same set of equations, if
correspondingly to the above set partition the currents
are related to the fields by

A: Jgk) =ny X H® and Mgk) =E® x n,
B: Jgk) =my X H®)  and Mgk) = E® « n,

Requesting fast convergence the test functions of set
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"B’ are to be preferred in the field matching procedures
between the layers { = 2 and k& = 3, because according
to the above stated correspondence the very small mag-
netic current on the surface of the metallization layer
can be faster approximated by this set. Accordingly
the field matching between the layers I = 1 and k = 2
is performed using the test functions of set "A’.

By combining all continuity equations and boundary
conditions at the horizontal waveguide walls at y = —d
and y = t+h sufficient relationships are obtained to de-
termine the complex propagation constants k, and the
unknown partial wave amplitudes of the fundamental
and higher-order modes. In the next step these eigen-
modes are matched at each waveguide discontinuity by
imposing the field continuity over the whole waveguide
cross section. The coupling of the incident and reflec-
ted eigenmodes on both sides of the discontinuity can
be described by a GSM. The scattering parameters are

i i

Figure 2: Cascaded coplanar waveguide discontinuities

again determined by applying the method of moments
to the field continuity conditions. The inner product of
two vectors is now defined as the integral of the scalar
product of these two vectors over the entire waveguide
cross section. Correspondingly to the one-dimenional
matching between two layers the test functions in this
two-dimensional case are analogously chosen to ensure
the symmetry of the GSM of the waveguide discontinu-
ity. Matching the eigemode expansion of waveguide a
and b in Fig. 2 we thus use the complex conjugate mag-
netic field expansion functions of waveguide b as elec-
tric test functions and the complex conjugate electric
field expansion functions of waveguide a as magnetic
test functions.

In the last step the scattering characteristics of casca-
ded waveguide discontinuities are calculated by com-
bining successively the GSM’s of the waveguide step
discontinuities and of the waveguide transmissions li-
nes between the junctions [12]. By using this approach
higher—order mode interactions between junctions are
included.



Numerical Results

First we calculated the propagation characteristics of
a CPW with a metallization thickness which is not lar-
ge in comparison with the skin depth. The CPW was
measured by R.B. Marks from the NIST. The experi-
mental data are taken from [7]. In Fig. 3 and 4 the fre-
quency dependence of the propagation and attenuation
constant is plotted and compared with the results of a
full-wave field analysis assuming perfect conductors. In
this case conductor loss is computed by modelling the
field inside the conductor by a surface impedance and
a surface impedance matrix description. In the surface
impedance matrix description the coupling of the fields
on top and bottom of the metallization layer is taken
into account. In Fig. (3) €, .y exhibits a negative slo-
pe over the whole frequency band. This behaviour can
only be modelled by field analysis taking into account
also the metallic losses.

We calculated the reflection coefficient of cascaded
CPW step discontinuities using the same parameters
as Alessandri et al [1], who considered the metalliza-
tion layer a perfect conductor and verified their re-
sults by experiments. The results of both calculations
are shown in Fig. 5. As can be seen, the results agree
excellently, thus confirming the validity of the mode—
matching approach described above.

Fig. 6 shows the dependence of the fundamental mode
scattering parameters of cascaded CPW discontinuites
on the distance L between the discontinuities for per-
fect and non-perfect conductors. The attenuation of
the fundamental eigenmode of the inner waveguide b
with an perfect metallization layer is hereby approxi-
mated by the two surface impedance models. The peri-
odic variation of the scattering parameter S11 in Fig. 6
indicates the existence of a standing wave between the
two cascaded discontinuities [2]. Fig. 6 shows that the
resonant behaviour in a CPW with transverse dimen-
sions, which are not large compared to the skin depth,
can be correctly modelled only by a self-consistent de-
scription of the metallic losses.

In Fig. 7 the transmission coefficient of a low-pass fil-
ter of 11th order is plotted over the frequency band.
Assuming perfect conductors the filtering behaviour
deviates strongly from the results obtained by a self-
consistent compution of the metallic losses.

Conclusion

A full-wave analysis has been performed to calcula-
te the scattering characteristics of cascaded coplanar
waveguide discontinuities. It was found that the trans-
mission and reflection coefficients are strongly affected
by metallic losses if the line geometries of the wavegui-
“de structure are in the order of the skin depth.
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Figure 3: Effectiv dielectric constant (s=9.9 pm, w=5.1um.
Subtrate: €,=12.9, tané = 1.10~%, thickness=1 mm. f=10 GHz)
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Figure 4: Attentuation (s=9.9 pm, w=>5.1uym. Subtrate:

€r=12.9, tané = 1 - 10™%, thickness=1 mm. =10 GHz)
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Figure 5: Comparison of computed return loss of double step
discontinuity in CPW. (Feeding line: width 0.5 mm, gap 0.2 mm.
Central line width: 0.2 mm. Distance between steps: ,=4.36 mm.
Substrate: ¢,=9.9, thickness 0.635 mm. Metallization thickness
35 um. Housing: WR28)
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Figure 6: S11 of cascaded CPW discontinuity {(s%=6.9 ym,
w®=10.1pum, s¥=9.9 pm, wP=5.1um, s°=6.9 um, w®=10.1ym,
Subtrate: ,=12.9, thickness=1 mm, tanf = 1-10~%, metalliza-
tion thickness t=0.2um. f=10 GHz)
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Figure T: |521| of low-pass filter of 11th order (Subtrate:
€r=12.9, thickness=500um, tan§ = 1.107*. metallization thick-
ness t=1.0m)
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