
1790 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 11, NOVEMBER 1998

GaAs Versus Quartz FGC Lines
for MMIC Applications

John Papapolymerou, Jack East, and Linda P. B. Katehi

Abstract—The performance of finite-ground coplanar (FGC) lines on
GaAs and quartz for high-frequency monolithic-microwave integrated-
circuit (MMIC) applications is experimentally investigated in this paper.
The FGC lines on GaAs are covered with a thin layer of polyimide
for passivation purposes. Permittivity and attenuation characteristics
for these lines up to 118 GHz are presented and compared with the
corresponding characteristics of FGC lines on a quartz substrate, which
are commonly used for millimeter-wave applications. The impact of
different characteristic impedance values in attenuation properties for
both GaAs and quartz is also addressed. Results indicate that the loss
on the lines does not depend on the substrate material, but rather
on line geometry. All the lines tested show low-loss and low-dispersion
characteristics.

I. INTRODUCTION

The finite-ground coplanar (FGC) transmission line is a modified
coplanar waveguide (CPW) structure with improved performance
at millimeter-wave frequencies [1]. It consists of three strips, one
for the signal and two for the ground, similar to the CPW line,
but with ground strips that are narrow. A backside conductor is
optional for the FGC line since the characteristics are independent
of backside metallization. The main advantage of the FGC lines is
that they do not support parallel-plate waveguide modes and, as
a result, do not require via holes for ground equalization. These
vias introduce parasitics and increase fabrication complexity. The
permittivity and attenuation characteristics of FGC lines on GaAs and
Si have been extensively investigated by several researchers [2]–[4].
Experimental results show that a nearly TEM mode propagates
over a wide frequency range (2–118 GHz) and that loss is mainly
ohmic. The use of full-thickness substrates and the elimination of
via holes for mode suppression will reduce the cost and complexity
of monolithic-microwave integrated-circuit (MMIC) design and fab-
rication at millimeter-wave frequencies. The purpose of this paper is
to discuss the effect of polyimide passivation on these lines and to
compare lines with different dimensions on both GaAs and quartz
substrates. The results confirm the excellent performance of the FGC
lines on GaAs.

High-performance line structures are an important part of MMIC
design and fabrication at millimeter-wave frequencies [5], [6]. For a
given substrate thickness and cross section, conventional microstrip
lines have increasing dielectric loss with frequency. One solution
to this problem is to use a low-loss material, such as quartz, as a
substrate. However, this requires bonding active circuits onto the
quartz, which increases fabrication complexity, especially at higher
frequencies, while at the same time, the requirement for thinned
substrates for microstrip or via holes for CPW’s is still important
to satisfy. FGC lines are conductor-loss dominated, thus, the use
of semiconductor substrates will have a small effect on the line
loss properties. Furthermore, passivation is also an important part
of MMIC fabrication. Polyimide is a well-characterized dielectric

Manuscript received October 8, 1997; revised May 8, 1998. This work was
supported in part by the Office of Naval Research under Grant N00014-95-1-
1299, and in part by NASA/Jet Propulsion Laboratory under Contract 961 125.

The authors are with the Department of Electrical Engineering and Com-
puter Science, The University of Michigan, Ann Arbor, MI 48109-2122 USA.

Publisher Item Identifier S 0018-9480(98)08012-0.

Fig. 1. FGC lines on GaAs with a polyimide overlay.

material that has been extensively used in the past as a passivation
layer and substrate for the fabrication of microstrip lines [7]–[9]. In
this paper, we investigate the effect of a thin-polyimide coating on top
of the GaAs FGC lines and compare their performance with low-loss
quartz-based lines. The cross section of the fabricated FGC lines can
be seen in Fig. 1. Four configurations have been fabricated and tested:

1) FGC lines on GaAs withZ0 = 40, 50, and60 
;
2) FGC lines on GaAs with a 2-�m-thick polyimide overlay and

Z0 = 50 
;
3) FGC lines on GaAs with a 3-�m-thick polyimide overlay and

Z0 = 50 
;
4) FGC lines on quartz withZ0 = 70, 90, and100 
.

II. FABRICATION

FGC lines have been fabricated on a 525-�m-thick semi-insulating
GaAs wafer and a 165-�m-thick quartz wafer. The FGC line signal
strip (w), slot (s), and ground strip(wg) widths are 50, 45, and
160�m, respectively, and correspond to a 50-
 line for GaAs
substrate and to 90
 for quartz substrate. The lines have been created
by using a standard liftoff process with a total metal thickness of 1
�m. After the lines are formed, polyimide Pyralin PI2545 is spun at 4-
and 2.5-K r/min on top of the lines for two GaAs wafers, in order to
get a thickness of 2 and 3�m, respectively. The precure temperature
for the polyimide film is 140�C and the hard-cure 200�C, while the
baking time is set to 30 min and 3 h, respectively. At the beginning
and end of the FGC lines, the polyimide is chemically etched in
order to allow the probe tips of the measurement system to be in
electrical contact with the lines. The relative dielectric constant of
the polyimide film is 3.5. The test FGC lines consisted of a thru line
with a length of 1.0 mm, a short with a length of 0.5 mm, and three
delay lines with 1.388-, 4.106-, and 10-mm length, respectively.

III. RESULTS AND DISCUSSION

All of the measurements for the FGC line characteristics have been
performed with an HP8510 network analyzer and a probe station
using a variety of RF probes. Deembeding is achieved by performing
a thru-reflect-line (TRL) calibration with the help of multiCal,1 a mea-
surement program available from NIST. This program also provides
the effective dielectric permittivity and attenuation characteristics of
the lines-under-test, from the delay-line measurements.

1R. B. Marks and D. F. Williams, “Program multiCal,” rev. 1.00, NIST,
Boulder, CO, Aug. 1995.
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Fig. 2. Effective dielectric constant versus frequency for the various FGC
lines.

Fig. 3. Attenuation per physical length versus frequency for the various FGC
lines.

The effective dielectric constant of the various line configurations
is shown in Fig. 2. As can be seen, the nearly constant behavior of
�e� over the entire frequency range indicates the propagation of a
nearly pure TEM mode. In addition, we observe that the thin film of
polyimide is responsible for a slight increase in�e� for both the 2-�m
polyimide (1.4%) and the 3-�m polyimide (2.8%) when compared to
that of bare FGC lines. This increase is more pronounced at higher
frequencies.

Fig. 3 shows the attenuation per physical length for the four
different cases. The straight line between 60–70 GHz represents a gap
in the data. As can be seen, the polyimide increases the attenuation
constant with the effect being more pronounced inW -band (12%)
and for the thicker polyimide (23% inW -band). The quartz has the
smallest attenuation for all the lines. This lower loss when measured
in decibels/centimeters is due to the lower effective dielectric constant
and higher characteristic impedance of the FGC line on quartz (90


compared to 50
 for GaAs). The results of Figs. 2 and 3 are in
very good agreement with similar results shown in [2]–[4] and [7].
Since, in most microwave circuits, lengths are expressed in terms of
guided wavelengths, the attenuation per guided wavelength for the
four different lines has been evaluated and is shown in Fig. 4. The

Fig. 4. Attenuation per guided wavelength versus frequency for the various
FGC lines.

TABLE I
GEOMETRICAL CHARACTERISTICS FORFABRICATED LINES

results are comparable for all four cases with GaAs (bare or with
polyimide) being slightly better than quartz. This indicates that the
loss of FGC lines is ohmic in nature and independent of the substrate
material. As a result, FGC lines are very good candidates for high-
frequency application circuits. Furthermore, we can conclude that the
thin layer of polyimide which covers the FGC lines on GaAs for
passivation purposes does not increase the total loss of the lines.

Since the characteristic impedances for the lines investigated
were different for GaAs and quartz, additional lines with varying
dimensions and impedances have been fabricated. The impedance
range for the two substrates corresponds to a convenient range for
line fabrication. The line dimensions and the correspondingZ0 can be
seen in Table I. From the measured attenuation per physical length,
the attenuation per guided wavelength has been evaluated and can be
seen in Fig. 5 for GaAs and Fig. 6 for quartz. From Fig. 5, we observe
that the 50- and 60-
 lines have practically the same attenuation,
while for the 40-
 line, there is an increase of about 100% at 60 GHz,
which is the center of the entire frequency range. Similarly, from
Fig. 6, we observe that the attenuation for the 90- and 100-
 lines
is almost the same, and that the 70-
 line exhibits a 60% increase
from the other two lines at 60 GHz. We should note here that the
small ripple observed in the 90- and 100-
 lines is due to ripple in
the mismatched measurement system.

In order to better understand the behavior of the FGC lines versus
impedance, the measured attenuation per physical length data have
been curve fitted to aa+ b

p
f function, and the extracted functions

have been used in order to evaluate the attenuation per guided
wavelength for three different frequency points in the center of each
measured band. The final results can be seen in Fig. 7 for both
quartz and GaAs. From these figures, we observe that the attenuation
decreases as the impedance increases in a nonlinear way, as expected
[10]. In terms of loss in dB/�g a 50- or 60-
 line on GaAs is
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Fig. 5. Attenuation per guided wavelength for lines on GaAs with different
Z0.

Fig. 6. Attenuation per guided wavelength for lines on quartz with different
Z0.

equivalent to a 90-
 line on quartz. However, we should note that the
50- and 60-
 GaAs lines have the same geometrical dimensions with
the 90- and 100-
 lines on quartz, respectively, indicating a strong
dependence of the total line loss on the geometrical characteristics
rather than the substrate material and thickness. This feature makes
FGC lines ideal for high-frequency MMIC’s.

Having found that, in terms of loss, GaAs and quartz are equivalent
for the same FGC geometry, the choice of material for a substrate
depends on other design criteria. If low cost is a major issue, then
quartz can be chosen with the active devices being flip-chip bonded
to it. On the other hand, if the active devices must be monolithically
integrated with the rest of the circuitry, then GaAs is more appropriate
with a thin overlay of polyimide for passivation. GaAs is also more
suitable for applications above 120 GHz where the flip-chip bonding
process increases fabrication complexity considerably.

IV. CONCLUSIONS

FGC lines on GaAs with a thin overlay of polyimide have been
fabricated and tested. Experimental results show a negligible increase
in the effective dielectric constant and a small increase in the
attenuation per physical length when compared with bare FGC lines

Fig. 7. Attenuation per guided wavelength versus characteristic impedance
Z0 for lines on GaAs and quartz at three different frequencies:
f1 = 19:1 GHz, f2 = 50 GHz, andf3 = 94 GHz.

on GaAs. The attenuation per physical length of FGC lines on GaAs
with or without polyimide is higher than that of FGC lines on quartz.
However, the attenuation per guided wavelength is almost the same
for all types of lines investigated in this paper, indicating that the
total loss of FGC lines with the same geometry is independent of the
substrate material. This allows for the use of a thin layer of polyimide
over FGC lines on GaAs without increasing the total loss in actual
circuits, while providing passivation at the same time. In addition,
the attenuation of the lines decreases in a nonlinear fashion versus
characteristic impedance. Finally, FGC lines with a polyimide overlay
can be used in millimeter-wave receivers and transmitters fabricated
on GaAs, where the active devices are monolithically integrated with
the other circuitry and do not need to be flip-chip bonded, as in the
case of quartz.

ACKNOWLEDGMENT

The authors acknowledge the help of Dr. I. Mehdi, Jet Propulsion
Laboratory, Pasadena, CA, for providing the quartz material used in
these experiments.

REFERENCES

[1] F. Brauchler, S. Robertson, J. East, and L. P. B. Katehi, “W -band finite
ground coplanar (FGC) line circuit elements,” inIEEE MTT-S Int. Symp.
Dig., San Francisco, CA, June 18–20, 1996, pp. 1845–1848.

[2] M. Y. Frankel, S. Gupta, J. A. Valdmanis, and G. Mourou, “Terahertz at-
tenuation and dispersion characteristics of coplanar transmission lines,”
IEEE Trans. Microwave Theory Tech., vol. 39, pp. 910–916, June 1991.

[3] F. Brauchler, “Finite ground coplanar passive and active circuits,” Ph.D.
dissertation, Dept. Elect. Eng. Computer Sci., Univ. Michigan at Ann
Arbor, Ann Arbor, MI, 1996.

[4] N. H. Huynh and W. Heinrich, “FDTD analysis of submillimeter-wave
CPW with finite-width ground metallization,”IEEE Microwave Guided
Wave Lett., vol. 7, pp. 414–416, Dec. 1997.

[5] F. Brauchler, J. Papapolymerou, J. East, and L. P. B. Katehi, “W -band
monolithic multipliers,” in IEEE MTT-S Int. Symp. Dig., Denver, CO,
June 8–13, 1997, pp. 1225–1228.

[6] G. Ghione and C. U. Naldi, “Coplanar waveguides for MMIC applica-
tions: Effect of upper shielding, conductor backing, finite-extent ground
planes and line-to-line coupling,”IEEE Trans. Microwave Theory Tech.,
vol. MTT-35, pp. 260–267, Mar. 1987.

[7] G. Ponchak, A. Downey, and L. P. B. Katehi, “High frequency inter-
connects on silicon substrates,” inRF Integrated Circuits (RFIC) Symp.,
Denver, CO, June 1997, pp. 101–104.

[8] H. Ogawa, T. Hasegawa, S. Banba, and H. Nakamoto, “MMIC transmis-
sion lines for multilayered MMIC’s,” inIEEE MTT-S Int. Symp. Dig.,



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 11, NOVEMBER 1998 1793

Boston, MA, June 1991, pp. 1067–1070.
[9] S. Banba and H. Ogawa, “Small-sized MMIC amplifiers using thin

dielectric layers,”IEEE Trans. Microwave Theory Tech., vol. 43, pp.
485–492, Mar. 1995.

[10] K. C. Gupta, R. Garg, I. Bahl, and P. Bhartia,Microstrip Lines and
Slotlines. Norwood, MA: Artech House, 1996.

An Alternative Method for End-Effect
Characterization in Shorted Slotlines

G. Duchamp, L. Casadebaig, S. Gauffre, and J. Pistre

Abstract—In this paper, we propose an alternative method to charac-
terize the end effects in shorted slotlines. Using a commercial software
to model the transition, a simple mathematical expression of the end
impedance, valid for a given substrate family and in a wide frequency
domain, was achieved. Several dielectric substrates were considered and
the obtained results were compared with experimental ones. A correct
agreement was observed. This approach can also be useful in more
complex simulations relative to multilayer structures.

Index Terms—End effect, slotline.

I. INTRODUCTION

THE development of microwave and millimeter-wave integrated
circuits (MIC’s) has increased and plays an important role in

more recent mobile and satellite communication systems. Thus,
the use of planar structures in interconnects is of greatest inter-
est, especially microstrip lines because of their simple structure
and their well-developed characterization. As a consequence, more
sophisticated multilayer circuits must be considered in order to
reduce the dimensions. Hence, the study of transitions between
different planar transmission lines becomes necessary. For many
years, several computational methods have been developed to solve
electromagnetism equations in complex structures.

Two main approaches are investigated. One, generally based on
semianalytical formulations, uses the method of moments and the
spectral-domain approach [1]–[9], the second one considers essen-
tially numerical algorithms like the finite-difference time-domain
(FDTD) or the transmission-line matrix (TLM) method [10]–[17].
The respective benefits of these two approaches have already been
discussed in the literature [3], [8], [14], [15].

In this paper, we consider the slot–microstrip transition. A rigorous
study of such a structure needs to take into account the end effects
which appear on these transmission lines and depend on the work-
ing frequency and linewidth. These end effects have already been
characterized as capacitive or inductive according to the type of line.
For microstrip lines, simple calculated models have been proposed
[20]–[22]. They give a good evaluation of capacitive effects at the line
termination. For the slotlines, the existing calculations are somewhat
heavy and they are not so easy to use for circuit design. Furthermore,
many experimental measurements have been made for different
substrates and different linewidths at given frequencies in order to
obtain families of charts. However, all these proposed measurement
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Fig. 1. Shorted slotline and its end equivalent circuit.

techniques [23], [24] need a large number of experimental circuits,
although the results are necessarily limited because of the time needed
for experiment. Using a relatively more simple method based on MDS
Momentum simulation [18], we achieved and propose an efficient
analytical model of end effects in a slot line, which can be simply
used for many applications and more general computations.

Our results are then compared to those obtained both by experimen-
tal approaches [23], [24] and by sophisticated numerical computations
[25].

II. THEORETICAL APPROACH

As has been shown in the literature [25], slotline termination can
be considered as a simple equivalent circuit such as a resistance and a
serial inductance (see Fig. 1). Hence the expression ofZe, the slotline
end-effect impedance, isZe = Re + jXe whereRe represents the
radiation losses andXe represents the inductive phenomena at the
line termination.

ConsideringZs the slotline characteristic impedance, due to the
non-TEM nature of the transmission mode in slot lines,Zs cannot
be defined uniquely [19], but in the present approach, we simply use
the results given by the simulator. LetZ be the line impedance at a
given point andz = Z=Zs be the normalized impedance at this point.
z can also be writtenz = (1 + �=1 � �), where� represents the
corresponding reflection coefficient. With our simulator, it is possible
to set a port at a given point and find� asS11. In the case of a single-
port measurement, the literal expression of the input impedance is
then given by

zin =
(1 + S11)

(1� S11)
:

Let us consider a line of lengthl. For a given frequency, linewidth,
and type of substrate, two simulation steps are necessary. The
first one determines the characteristic impedanceZs and the slot
guided wavelength�s. In the second one, the MDS Momentum
optimization module gives theS11 maximum value (corresponding
to the maximum VSWR) in accordance to a determined length
l = � + (�s=2) where � � (�s=2). Therefore, the impedance at
the input port(zin) is calculated and the end-effect impedance of the
shorted slotlineze is determined as

ze =

zin � jtg
2��

�s

1� jzintg
2��

�s

:

Normalized resistancesre and reactancesxe are plotted versus
frequency for different widthw and different substrates. Each curve
can be simply fitted with a linear equation. Therefore, for a given
substrate with a thicknessh and a dielectric constant"r, we obtain
a single expression of end reactance, which can be simply used
to accurately take into account end effects in the slot for mixed
microstrip–slotline structures.
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