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ABSTRACT

The paper presents lumped equivalent cir-
cuit models for several coplanar waveguide dis-
continuities such as an open circuit, a series
gap, and a symmetric step, and their element
values as a function of the discontinuity phys-
jcal dimensions. The model element values are
de-embedded from measured S-parameters. The
frequency dependence of the effective dielec-
tric constant was measured and compared to com-
puted values.

INTRODUCTION

A coplanar waveguide (CPW) on a dielectric
substrate (1) consists of a center strip conductor
with semi-infinite ground planes on either sides
(Fig. 1). Coplanar waveguide offers several advan-
tages over conventional microstrip line: it facil-
jtates easy shunt as well as series mounting of
active and passive devices, it eliminates the need
for wrap-around and via-holes, and it has a Tow
radiation loss. These, as well as several other
advantages, make CPW ideally suited for microwave
integrated circuit applications (2,3). However,
very little information is available in the litera-
ture on discontinuity models for CPW (4,5). This
lack of sufficient discontinuity models for CPW
has limited the extent of applications for CPH in
microwave circuit design.

This paper presents for the very first time
Tumped element equivalent circuit models for vari-
ous discontinuities, together with their element
values as a function of the discontinuity physical
dimensions. These element values are de-embedded
from measured scattering parameters of the discon-
tinuities. The discontinuities characterized in
this paper are a series gap in the center conduc-
tor, a symmetric step in the center conductor, and
an open circuit for two different center conductor
widths.

The characteristic impedance for both geome-
tries was 50 Q. The frequency dependence of the
effective dielectric constant, e(eff), was also
measured and is compared to computed values from
the literature.
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DE~-EMBEDDING DISCONTINUITY SCATTERING PARAMETERS

Precision CPW calibration standards such as
open circuits, short circuits, and 50 Q matched
loads for calibrating an automatic network analyzer
(ANA) are currently not available. Consequently, a
two-tier de-embedding technique which has been used
successfully to characterize active devices such as
GaAs MESFET's (6,7) was used to characterize the
CPW discontinuities. The two-tier de-embedding
technique consists of calibrating the ANA using
precision coaxial standards and then using the cal-
ibrated ANA to characterize the test fixture. A
CPW circuit whose characteristics are known is
placed in the test fixture during the fixture char-
acterization. The CPW circuit consists of a uni-
form section of a 50 Q CPW line terminated at both
ends by a linearly tapered CPW line which provides
impedance matching to a pair of coaxial connectors.
Thus, the CPW linear tapers and the coaxial connec-
tors form a part of the test fixture and are char-
acterized initially. The characterization is done
by measuring the four s-parameters on an HP8510 ANA.
The test fixture with a CPW circuit on 0.125 in.
RT-5880 Duroid is shown in Fig. 2.

A mixed lumped-distributed equivalent circuit
topology to model the fixture was developed by tak-
ing into consideration the physical nature of the
test fixture and the CPW circuit. The coaxial con-
nectors were represented by a section of a lossy
transmission line consisting of lumped elements in
series with a small section of a coaxial line. The
tapered CPW section was modeled as a multiple sec-
tion stepped impedance transformer. EEsof Touch-
stone's (8) model of CPW as a lossless transmission
1ine whose propagation characteristics are described
by Ghione and Naldi (9) was used throughout the
modeling experiment.

The elements of the equivalent circuit were
then optimized to match the measured S parameters
using the EEsof Touchstone circuit analysis and
optimization programs. The circuit model is shown
in Fig. 3. Figure 4 shows the measured and modeled
S11 and S21 characteristics for the test fixture
and thru line. This model was then used to de-embed
the discontinuity characteristics from the fixture
characteristics. The measured return loss with the
50 Q CPW circuit in place is better than 16 db over
the frequency range 0.045 to 18 GHz. However, for
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the purpose of de-embedding the discontinuity equiv-
alent circuit parameters, a 1 GHz band centered at
6 GHz was chosen.

EFFECTIVE DIELECTRIC CONSTANT

The e(eff) is determined from the physical
length of a pair of series-gap coupled straight
resonators which are terminated in a short circuit
and the measured resonant frequencies as described
in (10). Figures 5(a) and (b) show e(eff) for
50 Q CPW with two different strip widths over the
frequency range of 3 to 18 GHz. Also shown in
Figs. 5¢a) and (b) is e(eff) computed using the
expressions in (1), (9, and (11). Good agreement
is observed between the measured and computed
results above 6 GHz. The e(eff) does not appear
to be a strong function of the center strip width
for CPW lines of the same impedance.

CPW OPEN CIRCUIT

A CPW open circuit is formed by ending the
center strip a short distance before the slot ends,
thereby creating a gap, g1, as shown in Fig. 6. An
electric field exists at the open circuit between
the terminated center strip and the surrounding
ground conductor and hence gives rise to a capaci-
tive reactance. This reactance is seen at a plane
coincident with the open end of the center strip.
Thus the apparent position of the open circuit is
beyond the physical end of the center strip. The
open circuit capacitance, Coc, is a parallel combi~
nation of the capacitance due to the fringing fields
across the gap, g1, and those across the slot, HW.

The gap dependent capacitance varies proportionally
as 1/gl. The slot dependent capacitance is constant.
Figure 7 presents the de-embedded open circuit capac-
itance, Coc, as obtained from the measured S~
parameters.

SERIES GAP IN THE CENTER CONDUCTOR

A series gap of length g 1in the center con-
ductor of a CPW is shown in Fig. 6. The gap is
modeled as a lumped Pi-network consisting of a cou-
pling capacitance, C2, and two fringing capaci-
tances, Cl1. Analogous to the open circuit, the
capacitance across the gap, C2, decreases propor-
tionally as 1/g. The fringing capacitance, C1,
increases from the CPW line capacitance for g = 0
to the open circuit saturation capacitance for
large g. Figure 8 shows the de-embedded capaci-
tances obtained from the measured S-parameters as
a function of the gap width g.

STEP CHANGE IN THE WIDTH OF CENTER CONDUCTOR

A step change in width of the center conductor
of CPW is shown in Fig. 6. The step discontinuity
perturbs the normal CPW electric and magnetic fields
which give rise to additional reactances. These
additional reactances are assumed to be Tumped and
located in the plane of the step discontinuity.

The modeling experiments show that the reactances
can be modeled as a shunt capacitance Cs. The
influence of this capacitance is to effectively
Tengthen the Tower impedance CPW line towards the
higher impedance CPW line. Figure 9 shows Cs as
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a function of the normalized step width. As the
normalized step change, S1/S2, increases, Cs
approaches the open circuit saturation capacitance.

DISCUSSIONS

Although the results presented in this paper
appear to be self consistent, a mention of the
accuracy of the data is required. The two port
circuit element models are more accurate than the
one port circuit element models. This is because
the two port models are based on all four S-
parameters versus a single S-parameter for the one
port models. Furthermore, the open circuit model
is a function of the phase of S11 only. Therefore,
the open circuit de-embedded capacitance is sensi
tive to phase errors. To minimize the phase errors,
several precautions were taken. A1l measurements
were made in the frequency range at which the meas-
ured propagation constant was close to that used
by Touchstone. 1In addition, the line Tength from
the open circuit to the transition was kept short
to minimize the difference in electrical length
between the measured and that used by Touchstone.

To take into account the errors intrinsic in
printed circuit board fabrication, all line lengths
were measured to a tenth of a mil. Even with these
precautions, the error is believed to be 5§ percent
for the open circuit data. Further testing of a
larger sample of circuits should yield more com-
plete and accurate results.

CONCLUSIONS

The paper presents for the very first time
Tumped equivalent circuit models for the following
CPW discontinuities: an open circuit, a series gap
in the center conductor and, a symmetric step in
the center conductor. The model element values are
de-embedded from the measured S-parameters and pre-
sented as a function of the discontinuity physical
dimensions. The measured frequency dependence of
e(eff) is also compared to computed values and
found to be in good agreement above 6 GHz.
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FIGURE 1, - CROSS-SECTION OF THE COPLANAR WAVEGUIDE IN THE
TEST FIXTURE.
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FIGURE 2, - TRANSITION BETWEEN A 50-onM CPW AND COAXIAL CONNECTORS USING A LINEAR TAPER

TRANSFORMER.
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FIGURE 3. - A LUMPED ELEMENT EQUIVALENT CIRCUIT MODEL OF THE TRANSITION BETWEEN THE 50-onM CPW AND COAXIAL CONNECTOR.

FIGURE 4, - MEASURED (MEASCPW) AND MODELED (MODCPW)
S-PARAMETERS OF THE TRANSITION BETWEEN CPW AND
COAXIAL CONKECTOR.
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FIGURE 5. - MEASURED AND COMPUTED EFFECTIVE DIELECTRIC CONSTANT OF CPW AS A FUNCTION OF FREQUENCY.
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FIGURE 9. - DE-EMBEDDED LUMPED SHUNT CAPACITANCE FROM

MEASURED SCATTERING PARAMETERS AS A FUNCTION OF THE
NORMALIZED STEP WIDTH.
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FIGURE 6. - COPLANAR WAVEGUIDE DISCONTINUITIES AND THEIR LUMPED
ELEMENT EQUIVALENT CIRCUIT MODEL.
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