TH3F-N2

Micromachined Self-Packaged
W-Band Bandpass Filters

Stephen V. Robertson, Linda P. B. Katehi, and Gabriel M. Rebeiz

The University of Michigan
Radiation Laboratory
Ann Arbor, MI 48109

Abstract — Experimental and theoretical results are pre-
sented for membrane supported W-band bandpass filters
which utilize silicon micromachining technology to create
self-packaged, shielded circuits. A coupled line shielded
microstrip implementation of a 5-element 0.5 dB equal ripple
Chebyshev filter achieves a minimum insertion loss of 3.4 dB
with a 6.1% bandwidth centered at 94.7 GHz. The measured
filter performance shows very sharp cutoff with out of band
attenuation better than 25 dB and input return loss better
than 8 dB. Results are also presented for a 5-element filter
that achieves a minimum insertion loss of 2.2dB with an
11.3% bandwidth centered at 94.7 GHz, and a 3-element filter
with 1.3 dB insertion loss and 16.4% bandwidth at 94.9 GHz.
Efforts to model filter performance using commercially avail-
able software and FDTD techniques are discussed.

I. INTRODUCTION

Planar microwave and millimeter-wave circuits take
advantage of microelectronics processing technology to
realize compact, low-cost, high-performance applications.
As the operating frequency increases, however, planar cir-
cuits fabricated on typical silicon and gallium arsenide sub-
strates begin to suffer from power loss through substrate
modes and dispersion caused by the discontinuity in per-
mittivity at the dielectric/air interface. At even higher fre-
quencies, these problems become prohibitive and
realization of microwave circuits such as filters and cou-
plers becomes very difficult.

Recently, efforts have been made to reduce or eliminate
these problems by utilizing silicon micromachining tech-
niques. One method employs selective silicon etching to
remove the substrate underneath planar circuits which are
then supported by thin dielectric membranes in free
space [1]. This technique has resulted in a new type of
transmission line called microshield line which has very
low loss and nearly zero dispersion up to frequencies as
high as a few terahertz [2]. Circuit components realized in
microshield line have shown excellent performance com-
pared to conventional ones [3],[4], and microshield line
has shown excellent performance in planar W-Band low-
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pass filters [5]. In addition, silicon micromachining allows
for the development of miniature self-packaged compo-
nents appropriate for densely packaged microwave and
millimeter-wave circuit applications [6].

In this work, we present a series of self-packaged band-
pass filters which have been realized in W-Band using
micromachining techniques. The filters are implemented in
shielded microstrip coupled line geometries and employ
dielectric membranes and micromachined shielding cavi-
ties. Measured results presented here show very high per-
formance, low loss bandpass filters that are centered at
approximately 94 GHz and have bandwidths ranging from
6% to 16.4%. The filters were designed using commer-
cially available software and low frequency scale model-
ing. Finite difference time domain analysis [7] was used to
verify the design and confirm the measurements.

II. FILTER DESIGN

The filters were designed for coupled line shielded
microstrip implementations using the commercially avail-
able software package PARFIL [8] running on an IBM
compatible PC. Filter parameters were calculated for a
ground plane spacing of 100 um and an upper shielding
height of 500 um. The designs used an internal impedance
of 90 Q and assumed an air dielectric everywhere. Three
94 GHz filters were designed using PARFIL, with two 5-
element filters designed for bandwidths of 4.3% and 8.5%,
and a 3-element filter designed for 12.8% bandwidth.

The filter designs were optimized by constructing a 47:1
scale model of the 4.3% bandwidth 5-element filter
designed for 2.00 GHz. A 76 pm thick polyethylene film
was suspended over an aluminum sheet metal ground
plane, with circuit metallization patterns defined on the
polyethylene using copper tape. Measurements of the
model filter on an HP 8720B 2-port network analyzer
revealed a filter center frequency of 1,958 GHz, and mea-
sured bandwidth of approximately 3.5%, which agreed
fairly well with the calculated performance. Through fur-
ther experimental iteration, it was found that the resonator
lengths required shortening by 5.3% to shift the center fre-
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Fig. 1. The Klopfenstein taper as a CPW-to-microstrip transition.

quency up to the desired value. FDTD analysis at 94 GHz
verified the findings of the low frequency modeling experi-
ment.

To facilitate on-wafer probing measurements, a match-
ing network was designed to transition from a CPW-style
probe pad to microstrip. Since the filter design impedance
was 90 Q and the probing system was matched to 50 € the
CPW-to-microstrip transition had a dual purpose: (1) to
transform the circuit impedance from 50 Q to 90 & and (2)
to transfer the fields from a horizontally opposed CPW
type distribution to a vertically oriented microstrip distri-
bution. To accomplish these two tasks, a Klopfenstein taper
and a microshield line geometry were chosen. The
Klopfenstein taper was geometrically desirable since it
promoted a gradual transfer from the CPW mode to the

microstrip mode, and microshield line has been shown to
support both of these modes [9].

The taper was designed using a point matching method
(PMM) algorithm [10] to calculate the characteristic
impedance of the microshield line for various 2-dimen-
sional geometries. For a 220 pm constant width center con-
ductor, it was found that varying the slot width from 10 um
to 290 pm produced the desired range of impedances from
55 Q to 81 Q. These results were used to design the taper
shown in figure 1 based on the method found in [11]. At the
beginning of the transition, the narrow slots of the
microshield line promote a high horizontal field concentra-
tion which is compatible with the wafer probe geometry. At
the end of the transition, where the impedances approach
the higher range, the siots of the microshield line are much
wider (as wide as twice the height above the ground plane),
forcing the fields to concentrate in the area between the
center conductor and the lower ground plane, like a
microstrip mode. At the end of the taper, the CPW upper
ground planes are terminated, and the pure microstrip
mode is launched.

III. MEASUREMENTS

The filters were fabricated on 500 um thick high resistiv-
ity wafers with dielectric membranes grown on both sides
using anisotropic silicon etching [5] (see figure 2). Three
stacked wafers form the self-packaged shielded microstrip
assembly, which is illustrated with a 2-dimensional cross-
section in figure 3 . Micromachining of the ground plane
wafer was implemented using a two step etch process [6]
which allowed the creation of windows for on-wafer prob-
ing measurements (figure 4).

The measurements were performed using an HP 8510C
Vector Network Analyzer with Model 120 Picoprobe

Fig. 2. Photograph of the 4.3% designed bandwidth coupled line filter after selective removal of the silicon substrate. The membrane area

appears darker than the surrounding silicon support rim.
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Fig. 3. Two-dimensional geometry of the micromachined
shielded microstrip.
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Fig. 4. A 3-dimensional view of the self-packaged membrane
microstrip geometry, showing the micromachined probe window
and exposed CPW probe pad.

150 pm pitch coaxial probes. A through-reflect-line (TRL)
calibration was performed using the NIST de-embedding
software and the following circuits: a 4 mm thru line, a
6 mm delay line, and a 2 mm offset open.

The measured response of the 5-element, 4.3% band-
width filter is shown in figure 5. The filter achieves an
average passband insertion loss of 3.4 dB and a wider than
designed bandwidth of 6.1% at a center frequency of
94.7 GHz. The plot in figure 6 compares the measured
insertion loss with that predicted by the FDTD analysis.
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The discrepancy in bandwidth occurs since the FDTD anal-
ysis does not consider the effect of the thin dielectric mem-
brane. The presence of the membrane slightly increases the
capacitances of the even and odd mode impedances in the
coupled line sections, thereby increasing the bandwidth
and the center frequency of the filter. Previous measure-
ments of microshield line components have shown that the
membrane does influence the response of membrane sup-
ported circuits [3].PARFIL is used to include conductor
loss in the filter analysis, since the FDTD code does not
treat the finite conductivity of the metal. A value of
2.44x10°® Q-cm for the resistivity of gold is used, and the
surface roughness is assumed negligible since the gold was
evaporated. The loss tangent is taken to be zero in the air
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Fig. 5. Measured S-parameters of a S-element bandpass filter
with 3.4 dB insertion loss, 6.1% bandwidth, and 94.7 GHz center
frequency.

-5 B )(\
10 - : ‘ |
o —-+.-Measured , \ H
z .15 b Predicted : \
o ] (FDTD) ’ \ :
8 20 | : !
= H
5 5 ’ \
2 {; ‘ 7
=30 F-3 % X At
Riva | i .N'\; ‘:.'
a5 [y it b | s
vosds \ JL A \I
.40 L. il. | I S il
75 80 85 90 95 100 108 110

Frequency (GHz)

Fig. 6. FDTD results compared with the measured insertion loss
of a 5-element bandpass filter.
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Fig. 7. Measured S-parameters of a 5-element bandpass filter
with 2.2 dB insertion loss, 11.3% bandwidth, and 94.7 GHz cen-
ter frequency.
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Fig. 8. Measured S-parameters of a 3-element bandpass filter
with 0.6 dB minimum insertion loss, 16.4% bandwidth, and
94.9 GHz center frequency.

dielectric. The loss in the filter is observed to be due
entirely to conductor loss, since the measured insertion loss
of 3.4dB agrees very well with the calculated value of
3.3dB.

The measured S-parameters of two other filters are
depicted in figures 7 and 8. The response plotted in figure 7
of a 5-element filter designed for 8.5% bandwidth indicates
a passband insertion loss of approximately 2.2 dB with an
11.3% bandwidth centered at 94.7 GHz. Measurements of
a 3-element, 12.8% designed bandwidth filter are shown in
figure 8. This filter has a passband insertion loss of 1.3 dB,
a center frequency of 94.9 GHz, and a bandwidth of
16.4%.

IV. CONCLUSIONS

We have presented high performance planar W-Band
bandpass filters which are fabricated using silicon micro-
machining and membrane technologies. Micromachining
of multiple wafers provides a shielded assembly which can
be integrated as a self-packaged unit. The filters display
excellent performance as measured on a W-Band probe sta-
tion, including low passband insertion loss and high out of
band signal rejection. The theoretical results match the
measurements very well.
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