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Abstract

Finite width coplanar waveguide (FCPW) transmission line characteristics on semiconductor substrates are
presented. It is shown that the ground plane width may be varied to obtain a single mode transmission line
without resonances. The variation of the ground plane width has been found to have negligible effect on the
loss of the lines. In addition, it is shown that FCPW permits new circuit components useful for MMICs.
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Introduction

Coplanar waveguide is a useful
transmission line for Microwave and Millimeter-
Wave Integrated Circuits (MMICs) and hybrid
circuits due to the availability of the top side
ground planes which eliminates the need for via
holes and backside processing. In practice, the
MMIC will have a backside ground plane
intentionally added for heat removal or
inadvertently added by the package. It has been
reported that the addition of this backside ground
plane creates leakage from the CPW into the
parallel plate waveguide formed by the top and
bottom ground planes [1-2]. Furthermore, box type
resonances occur due to the finite size of MMICs
[3-4]. This effect is especialy critica in the
millimeter-wave frequency spectrum since the size
of MMICs do not decrease as fast as the
wavelength does for increasing frequency.

Severa methods have been proposed to
eliminate the leakage and resonance problems.
These include the use of via holes [4], absorbing
materials [5], and multiple dielectric layers [1].
Unfortunately, each of these methods is difficult to
implement in practice. A practical method of
avoiding the resonances is to reduce the width of
the ground planes or to use Finite Width Coplanar
Waveguide (FCPW) as shown in Figure 1. It has
been reported that this structure is overmoded.
Specifically, when d; is small, the FCPW supports
the desired CPW mode, a microstrip like mode

(MSL), and a coupled dlotline mode [6].
Alternatively, when d, is large or the lower ground
plane is removed, a CPW mode, coupled slotline
mode, and a CPW Surface-Wave-Like mode exists
[7]. If symmetry around the center conductor is
maintained or airbridges are used to equalize the
potential on the two top ground planes, the coupled
slotline mode is eliminated from both structures.
Therefore, it is the MSL and the CPW Surface-
Wave-Like modes that are may cause leakage and
resonances. Viewing the FCPW as a microstrip
antenna, it is obvious that the resonant frequency
may be moved out of band by reducing the total
width, D, of the FCPW.
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Figure 1: Finite width coplanar waveguide (FCPW)

Although FCPW has been theoretically
characterized [3][6][8-9], there has been very little
experimental characterization of FCPW.
Furthermore, no measured propagation
characteristics have been reported. In this paper,
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FCPW is characterized both experimentally and
theoretically to investigate the propagation
characteristics, attenuation and effective dielectric
constant, of the transmission line as a function of
the ground plane width and substrate thickness. All
of the circuits characterized are on GaAs or high
resistivity Si substrates of thickness commonly
used in the manufacture of MMICs. In addition, the

novel manner in FCPW are presented to illustrate
the usefulness of the proposed new transmission
line. These stubs are shown in Figures 2a and 2b
respectively.
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Figure 2: Short and open circuit series stubsin the
center conductor and the ground plane of FCPW.

M easurement Technique

All of the circuits were measured using a
network analyzer, probe station, and RF probes. A
full TRL calibration was performed using
calibration standards fabricated directly on the
wafers to eliminate the effects of the ANA, cables,
probes, and transition to the FCPW. Typically,
three to four delay lines with one of the delay lines

being over 1 cm long was used to cover the full
frequency spectrum presented in this paper. The
TRL calibration was implemented through the
program Multical [10] which utilizes all of the
delay lines through a weighting algorithm. One
advantage of the TRL calibration routine is that the
measured  effective dielectric constant and
attenuation of the transmission line may be derived
from the measurements of the delay lines. This
feature of the Multical program was used in this
paper. For characterization of the FCPW stubs, the
reference plane for the measurements is at the stub
itself as shown in Figure 2.

All of the circuits were fabricated using
standard MMIC fabrication techniques. Liftoff
technology was used to define the metal lines
which were Au with an adhesion layer of Cr or Ti.
The Si wafers had a resistivity of 2500 Ohm-cm,
whereas the GaAs wafers were standard semi-
insulating wafers. The backside ground plane,
when used, consisted of a Ti adhesion layer and 1.5
micron of Au. A description of the various
transmission lines used in this paper is given in
Table 1.

Results and Discussion

The effective dielectric constant and
attenuation were measured for each of the lines
shown in Table 1. In general, the measured
propagation characteristics followed the expected
trends. e4 decreased and the attenuation per unit
length increased as B decreased for all of the lines.
In addition, ey decreased as d; increased for the
lines where d,=0 due to the mode becoming more
CPW like and less MSL. Furthermore, the lines
became less sensitive to variations in B as d;
increased. For all of the cases measured though, the
variation in the propagation parameters was
surprisingly small. For the worst case, line |, e
decreased by only 0.2 as B reduced from 1045 to
232 micron.

Since most circuit elements are specified
as a function of the guided wavelength, the
attenuation per guided wavelength was calculated
from the measured propagation factors for each of
the lines. It was noted that within the accuracy of
the measurements, the attenuation per guided
wavelength was invariant to changes in B. This is
especialy true for frequencies above 20 GHz.
Figure 3 shows the measured attenuation for each
of the lines. Since the attenuation per wavelength
was invariant with respect to B and to obtain an
understanding of the attenuation as a function of d,
only a single case for each of the lines is included



in Figure 3. Note that comparing lines | and Il
shows a dlight increase in attenuation as d; is
decreased from 200 to 100 micron. Comparing
lines IV and V indicates that the presence of the
backside ground plane has no practical effect on
the propagation characteristics of the line once d;3
3(S+2W) which is an expected result [11-12].
Furthermore, the attenuation of the two Si lines has
the same frequency dependence as the lines on
GaAs indicating that conductor loss is dominating
these measurements. Also, the smoothness and the
shape of the curves, which is typical of conductor
loss,

indicates the lack of leakage, radiation, or coupling
to parasitic modes.
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Figure 3: Attenuation for five FCPW lines (line I,
B=232 micron; line 1lI, B=232 micron; line III,
B=160 micron; line IV, B=100 micron; line V,
B=100 micron)

To verify the single mode nature of the
FCPW transmission lines, a 2D-Finite-Difference
Time-Domain (FDTD) analysis[13] was performed
for line 1VV. Modes which have an electric field in
the plane of the substrate, coupled slotline type
modes, were not detected until above 120 GHz. It
was noticed that the cutoff frequency of these
modes increased as B was reduced.

A short circuit series stub and an open
circuit series stub were implemented in FCPW line
IV with B=100 micron in the center conductor asis
usually done [14]. In addition, to investigate the
characteristics of new circuit elements possible on
FCPW, series stubs were also incorporated into the
ground plane as shown in Figure 2. It should be
mentioned that although the short circuit series stub
in the ground plane has been investigated in CPW,
the open circuit series stub in the ground planeis a

novel circuit element possible only in FCPW.
When the open circuit stub is in the center
conductor, the magnetic wall along the symmetry
plane forces an equivalent open circuit. When the
slots are in the ground plane, the termination of the
slot at the ground plane edge provides the open
circuit. Therefore, these new series stubs behave as
if they were a slotline open circuit. All of the slot
widths in the stubs were 10 micron. Furthermore,
the slots in the ground plane were also 10 micron
from the FCPW slot to maintain the same
dimensions as the stubs in the center conductor. All
of the stubs were 1475 micron long when the short
feed lines are neglected.

The characteristics of the short circuit
series stubs are shown in Figure 4. There is a
narrower stop band at the resonant frequency for
the stub in the ground plane. This result is the same
as predicted for CPW lines when no losses are
present [15]. Furthermore, the plot of the loss
factor, 1-|Sy|*|Sx[?, shows there are lower losses
across the entire frequency band except at the
resonant frequency. It is expected that the
conductor losses would be lower when the stub is
placed in the ground plane due to a reduction in
current crowding which occurs when the stubs are
placed in the center conductor. Therefore, the lower
lossis entirely due to areduction in conductor loss.

The characteristics of the series open
circuit stub is shown in Figure 5. Note that the Q of
the circuit as measured by S;; is higher for the
series stub in the center conductor. Furthermore,
the shape of the passband characteristics is
different when the stubs are in the ground plane.
An examination of the loss factor for the series
open circuit stubs shows that the loss is
significantly greater when the stubs are in the
ground plane. Since the conductor loss should be
lower in this case as it was for the series short
circuit stubs, this higher loss must be due to
radiation loss. Specifically, radiation from the open
circuited slotlines into the substrate. Note that at
the resonant frequency where radiation from the
stubs into the substrate should be zero, the loss
factor is lower for the stub in the ground plane
which indicates alower conductor loss.
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Figure 4: S-parameters and loss factor for series
short circuit stub in FCPW (_c indicates stub in
center conductor, _g indicates stub in ground
plane)

The characteristics of these two stubs can
be utilized to construct new or better circuit
components. For example, in matching circuit
design where the stubs are not typically used at
resonance, it would be better to place the series
open circuit stubs in the center conductor and the
series short circuit stubs in the ground plane. In
filter design where the stubs are used at resonance,
it may be better to place the open circuit stub in the
ground plane and the short circuit stub in the center
conductor. Finally, the radiation from the open
circuited stubs in the ground plane may be used to
fabricate novel couplers.

Conclusions

FCPW transmission lines have been
experimentally and theoretically characterized on
semiconductor substrates with dimensions typical
of those used in the manufacture of MMICs. It has
been shown that FCPW can propagate a single
mode which is only weakly dependent on the
ground plane width and substrate thickness. In this
way, it is similar to CPW transmission lines. It has

also been shown that some novel circuit elements
may be made in FCPW which are not possible in
CPW.
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Figure 5: S-parameters and loss factor for series
open circuit stub in FCPW (_c indicates stub in
center conductor, _g indicates stub in ground
plane)

Acknowledgments

The work performed at the University of
Michigan was partially supported by Texas
Instruments and the NASA Center for Space
Terahertz Technology.

References

[1] R.W. Jackson, "Considerations in the use of
coplanar waveguide for millimeter-wave integrated
circuits," IEEE Trans. Microwave Theory Tech.,
Vol. 34, No. 12, pp. 1450-1456, Dec. 1986.

[2] M. Riaziat, R. Mgjidi-Ahy, and 1-J. Feng,
"Propagation modes and dispersion characteristics
of coplanar waveguides,"” IEEE Trans. Microwave
Theory Tech., Vol. 38, No. 3, pp. 245-251, March
1990.

[3] W-T Lo, C.-K. C. Tzuang, S.-T. Peng, C.-C.
Tien, C.-C. Chang, and J.-W. Huang, "Resonant
phenomena in  conductor-backed  coplanar



waveguides (CBCPW'S)," IEEE Trans. Microwave
Theory Tech., Vol. 41, No. 12, pp. 2099-2107,
Dec. 1993.

[4 M. Yu, R. Vahldieck, and J. Huang,
"Comparing coax launcher and wafer probe
excitation for 10 mil conductor backed CPW with
via holes and airbridges,” 1993 MTT Symposium
Dig., Atlanta, Georgia, June 14-18, pp. 705-708,
1993.

[5] K. Jones, "Suppression of spurious propagation
modes in microwave wafer probes," Microwave J.,
pp. 173-174, Nov. 1989.

[6] R. W. Jackson, "Mode conversion at
discontinuities in finite-width conductor-backed
coplanar waveguide,” IEEE Trans. Microwave
Theory Tech., Vol. 37, No. 10, pp. 1582-1589, Oct.
19809.

[7] M. Tsuji, H. Shigesawa, and A. A. Oliner,
"New interesting leakage behavior on coplanar
waveguides of finite and infinite widths," IEEE
Trans. Microwave Theory Tech., Vol. 39, No. 12,
pp. 2130-2137, Dec. 1991.

[8] G. Ghione and C. U. Naldi, "Coplanar
waveguides for MMIC applications: effect of upper
shielding, conductor backing, finite-extent ground
planes, and line-to-line coupling,” IEEE Trans.
Microwave Theory Tech., Vol. 35, No. 3, pp. 260-
267, March 1987.

[9] C.-C. Tien, C.-K. C. Tzuang, S. T. Peng, and

C.-C. Chang,” Transmission characteristics of
finite-width conductor-backed coplanar

Table 1:Description of FCPW transmission lines

waveguide,” IEEE Trans. Microwave Theory
Tech., Vol . 41, No. 9, pp. 1616-1624, Sept. 1993.

[10] R. B. Marks and D. F. Williams, "Accurate
electrical characterization methods for high-speed
interconnections,” IEEE Trans. on Components,
Hybrids, Manuf. Tech., Vol. 15, No. 4, pp. 601-
604, August 1992.

[11] Y. C. Shih and T. Itoh,
conductor-backed coplanar waveguide,”
Lett., Vol. 18, No. 12, pp. 538-539, 1982.

"Analysis of
Elect.

[12] R. A. Pucel, "Design considerations for
monolithic microwave circuits,” |EEE Trans.
Microwave Theory Tech., Vol. 29, No. 6, pp. 513-
534, June 1981.

[13] A. Asi and L. Shafai, "Dispersion analysis of
anisotropic inhomogeneous waveguides using
compact 2D-FDTD," Elect. Lett., Vol. 28, No. 15,
pp. 1451-1452, 1992.

[14] N. I. Dib, L. P. B. Katehi, G. E. Ponchak, R.
N. Simons, "Theoretical and experimental
characterization of coplanar waveguide
discontinuities for filter applications,” |IEEE Trans.
Microwave Theory Tech., Vol. 39, No. 5, pp. 873-
882, May 1991.

[15] N. 1. Dib, Theoretical characterization of
coplanar waveguide transmission lines and
discontinuities, Ph. D. Dissertation for the
University of Michigan, Ann Arbor, Michigan,
1992.

line | S(mm) [ W (nm) B (m) t (mm) substrate type | d;(mm) | d,(MM) | e,
[ 50 50 232£B£1045 15 GaAs 100 0
[l 50 50 232£B£1392 15 GaAs 200 0

[l 45 50 160 1.0 GaAs 600 0
[\ 50 50 50£B£100 15 Si 411 0
V 50 50 50£B£200 15 Si 411 2032 | 3.7




