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A Vertically Integrated Micromachined Filter
Lee Harle and Linda P. B. Katehi, Fellow, IEEE

Abstract—A 10-GHz filter constructed of slot-coupled micro-
machined cavities in silicon is presented. The novel character of
the filter lies in its structure, which consists of a microstrip feed to
cavities via slot apertures and three vertically stacked slot-coupled
cavities. The cavities are essentially reduced-height waveguide res-
onators. The measured results are presented and compared to a fi-
nite-element-method model. The simulated model has a bandwidth
of 4% with an insertion loss of 0.9 dB at 10.02 GHz. The measured
filter yields a 3.7% bandwidth with a deembedded insertion loss
of 2.0 dB at 10.01 GHz. Various loss mechanisms are examined to
explain the difference between simulated and measured insertion
loss.

Index Terms—Filter, micromachined cavity, microwave.

I. INTRODUCTION

M ICROWAVE filters are traditionally made of metallic
rectangular or cylindrical waveguides that yield a high

quality-factor and excellent performance, but are heavy in
weight and difficult to integrate with monolithic circuits. Planar
filter configurations have been investigated over the past few
years and have been found to have a performance limited only
by conductor losses of the resonator sections, but are limited to
relatively wide bandwidth [1], [2]. Transmission lines tend to be
lossy in planar form and, hence, have a low[3]. The unloaded

of a generalized transmission line is inversely proportional
to guide wavelength. For a high, a small guide wavelength
is needed, which requires higher dielectric constants. To avoid
loss to substrate modes due to these higher dielectric constants,
thinner substrates and narrower transmission lines must be
used. However, the narrower the transmission line, the higher
the ohmic loss. Excellent work has been done in the area of
micromachined planar filters, where the micromachining has
been employed to produce membrane-supported microstrip
lines and micropackaging. These techniques yield reduced
dielectric loss, reduced dispersion, reduced radiation loss,
and better isolation between circuits [4]–[7]. In this paper,
however, the micromachining technique is used to produce the
three-dimensional cavity, which is the resonant component of
the filter.

A study at the Jet Propulsion Laboratory (JPL), Pasadena,
CA, has shown the ohmic loss of micromachined waveguides
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at 75–110 GHz to be 0.133 dB/cm, which is comparable to
machined metallic waveguides [8]. Micromachined cavity res-
onators can be the building blocks for a filter design that is low
loss, narrow in bandwidth, and small in size, and can be inte-
grated into a monolithic circuit design.

A low-loss high- resonator cavity fabricated in a planar
environment using standard micromachining techniques was
demonstrated in [9]. This paper presents the first demonstra-
tion of a three-pole filter using this high- micromachined
resonator. A filter synthesis is developed and the validity of
the process is demonstrated as a filter that consists of three
slot-coupled vertically integrated resonators, as shown in
Figs. 1 and 2. The reduced-height micromachined waveguide is
a unique three-dimensional concept in silicon. A high-filter
constructed of these resonators yields high power-handling
capabilities as the surface currents are distributed over a large
conductor area.

II. DESIGN AND SIMULATION

The design is accomplished with the aid of Ansoft’s High Fre-
quency Structure Simulator (HFSS) FEM modeling package.1

A Chebyshev filter with a 0.1-dB ripple, three resonators, and a
4% bandwidth is chosen as a demonstration vehicle for the pro-
posed concept.

The external , i.e., , is defined as the that would result
if the resonant circuit was loss free and if only loading by the
external circuit was present [10]. This relationship can be used
to determine external coupling. First, values are determined
using

(1)

where is the external coupling from the input microstrip line
to the circuit, is the external coupling from theth or last
resonator to the output microstrip line, is the prototype corner
frequency (taken to be ), is the fractional bandwidth,
and the are the parameters of the low-pass prototype [3].
For an odd number of resonators, as in this study, thevalues
are symmetric, thus, .

Through the simulations of a microstrip line coupled via a slot
to the micromachined cavity [see HFSS model cross section in
Fig. 3(a)], the relationship between the length of the external
slots and the phase response of is determined using

(2)

where is equal to the unloaded, i.e., , for very weak cou-
pling and the loaded , i.e., , for stronger coupling, is the

1HP85180A HFSS, ver. 2.0.55, Ansoft Corporation, Pittsburgh, PA, 1999.
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Fig. 1. Cutaway view of CPW-microstrip fed slot-coupled three-cavity filter. View is to scale.

Fig. 2. Side view of three-cavity filter. View is not to scale.

difference in frequency between90 and 90 phase of ,
and is the resonance of the coupled resonator at 0phase.

approaches as coupling increases, which occurs with an
increase in slot length. Simulations are run for slots of constant
width, but varying length,and the external quality factor, as
determined by (2), is plotted versus slot length (Fig. 4). Non-
linear regression is used to determine a curve fitted to the data
and a slot of 5.6 mm 0.635 mm is chosen. Hence, external
coupling, as determined by slot length, is related tofrom
(2), which is related to the desired prototype, as determined
by (1).

The desired internal coupling coefficients between the
and resonators are calculated using

(3)

The design of the internal coupling coefficientis well un-
derstood (see Zakiet al. [12] and Honget al. [13]). The cou-

pling coefficient is defined in terms of equivalent-circuit ele-
ments, which can be related to the mode splitting that occurs
for even- and odd-mode excitation when electric (or short-cir-
cuit) and magnetic (or open-circuit) walls are alternately placed
at the plane of symmetry between the resonators. This relation-
ship is given by

(4)

where denotes the lower resonance frequency and
denotes the upper resonance frequency.

Through the simulation of two coupled cavities fed simply
by waveguides via slots [see HFSS model cross section in
Fig. 3(b)], the relationship between the length of the internal
slot and the pole-splitting of the resonance frequency is de-
termined. Simulations are run for slots of constant width, but
varying length, and the coupling coefficient, as determined by
(4), is plotted versus slot length (Fig. 5). Nonlinear regression
is used to determine a curve fitted to the data and a slot of
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(a) (b)

Fig. 3. HFSS cross-sectional models for: (a) external quality factorQ and (b) internal coupling coefficientk.

Fig. 4. ExternalQ versus slot length, curve fit to HFSS simulation results. Slot
width held constant at 0.635 mm.

Fig. 5. Coupling coefficientk versus slot length, curve fit to HFSS simulation
results. Slot width held constant at 0.706 mm.

5.921 mm 0.706 mm is chosen. Hence, internal coupling,
as determined by slot length, is related tofrom (4), which is
related to the desired prototype, as determined by (3).

The 10-GHz resonant frequency of the dominant mode
dictates the dimensions of the cavity by

(5)

where , , and are the width, height, and length of the cavity,
respectively, and , are the indexes for the 101
mode. A square cavity (2.12 2.12 cm ) is chosen for max-
imum possible unloaded, as determined by

(6)

where is the wavenumber, is the free-space impedance,
is the surface resistivity of the gold cavity walls, the index
for the dominant mode,, , and are the cavity dimensions
as stated above, and is the of a cavity with lossy con-
ducting walls. reduces to for air-filled cavities [3].

With the slot lengths and cavity size determined, the complete
filter is modeled in HFSS with the slots placed 1/4 of the cavity
length from the sides and with a microstrip stub length of ap-
proximately at 10 GHz for maximum coupling to the slot.
The simulated results are shown in Fig. 6 with a bandwidth of
4% and insertion loss of 0.9 dB at 10.02 GHz. The theoretical
insertion loss of a filter

(7)

with , as determined by the number of resonator el-
ements and passband ripple, and , as determined by
the size and conductivity of a single resonator cavity from (6),
yields a theoretical best insertion loss of 0.6 dB [11]. The HFSS
theoretical model is within the limit imposed by (7).

The HFSS modeled filter is identical to Fig. 1, but without a
coplanar waveguide (CPW) to microstrip transition on either the
top or bottom wafer. The model consists of seven silicon wafers.
The top wafer is 400-m thick and has a microstrip feed line on
the top side coupled to a slot aperture in the ground plane on
the bottom side. This slot feeds a cavity in a 500-m wafer. A
slot in a 100- m wafer serves as the transition between the top
and middle cavities and also between the middle and bottom
cavities. The three cavities are identical. The bottom wafer is
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Fig. 6. HFSS simulation of three-cavity filter.

Fig. 7. CPW to microstrip transition in a back-to-back through-line
configuration. The CPW is on the top of the wafer, the microstrip is on the
bottom of the wafer.

500- m thick with a microstrip on the bottom side and a slot
aperture in the ground plane on the top side, coupling to the
bottom cavity.

The model has microstrip feed lines on the top surface of
the top wafer and on the bottom surface of the bottom wafer.
However, the laboratory measuring facility requires that the feed
lines for both ports be CPW and on the same side of the cir-
cuit. For this reason, it is necessary to design a transition for the
bottom microstrip line to a CPW line on the top of the wafer after
the fashion of [14] and as shown in Fig. 7. Several back-to-back
through-line transitions (CPW to microstrip to CPW) are sim-
ulated in IE3D2 and fabricated on high-resistivity 400-m sil-
icon wafers in order to determine the loss per transition and per
length of microstrip line. The simulated and measured results
for the filter frequency range of interest are shown in Fig. 8. The
loss per transition is found to be 1.2 dB at 10 GHz. One of these
transitions is used on the bottom wafer to transition the feed line
as seen incorporated into the final filter design in Fig. 1.

The difference between measured and simulated results for
the back-to-back through line is partially explained by the way
in which IE3D models ohmic loss. To confirm that, a 50-
through line was modeled in IE3D and found to have a predicted
loss of 0.16 dB/cm at 90 GHz. However, the same through line
was fabricated, measured, and found to have 0.28-dB/cm loss at

2Zeland IE3D, ver. 5.01, Zeland Software, Fremont, CA, 1998.

Fig. 8. Simulated and measured results for CPW to microstrip transition in a
back-to-back through-line configuration.

90 GHz [15]. Although a finite conductivity of 4.1 10 S/m is
used in the model presented in this paper, the program approx-
imates the conductors by the surface impedance of an infinite
conductor in the direction perpendicular to the flow of trans-
verse current component and does not attempt to compute the
fields inside the conductors [16].

III. FABRICATION

The filter is fabricated using high-resistivity silicon wafers
with . Thermally deposited SiOis used as an etch
mask. The micromachined cavities are etched using tetramethyl
ammonium hydroxide (TMAH) wet chemical anisotropic
etching. The internal coupling slots are etched using potassium
hydroxide (KOH) wet chemical anisotropic etching due to
its ability to define small fine features. The microstrip lines,
CPW lines, and top and bottom wafer ground/slot planes are
gold electroplated to approximately 3m (3–4 skin depths at
10 GHz). All surfaces of the etched slot and cavity wafers are
gold electroplated to a similar depth. The wafers are aligned
and thermal-compression bonded in the vacuum bond chamber
of an EV 501 Manual Wafer Bonder at 350C with 750 N
of pressure in a vacuum chamber [17], [18]. The overall
dimensions of the finished circuit are approximately 5 cm long

3 cm wide 2600 m high, as illustrated in Fig. 1.

IV. RESULTS AND DISCUSSION

The finished filter is measured on an HP8510C Network Ana-
lyzer3 using a thru-reflect-line (TRL) calibration [19]. The CPW
calibration moves the reference planes to the CPW taper transi-
tion on both the top and bottom wafers. The overall shape of the
filter response compared favorably with the simulated model.
The measured losses were found to be higher than expected.
These losses are due in part to the CPW–microstrip transition
and line lengths. As mentioned above, the transition and line
losses are determined from through lines of various lengths.
Also, equipment malfunction during the bonding caused an un-
expected rapid rise in temperature, which created a gold-silicon

3Agilent Technol., Palo Alto, CA.
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Fig. 9. Expanded plot from 9–11 GHz comparing simulated and deembedded
measured return and insertion losses.

eutectic and resulted in additional loss. A detailed investigation
into the transmission line performance of a gold-silicon eutectic
indicated that a reduction in the conductivity of the gold was in-
duced by the creation of the eutectic. In the future, a lower target
bond temperature will be used.

All of these losses were calculated as a function of frequency
and deembedded from the measured insertion loss data. An ex-
panded plot of a comparison of the simulated and deembedded
measured insertion-loss results is shown in Fig. 9 with a band-
width of 3.7% and a calibrated deembedded insertion loss of
2.0 dB at 10.01 GHz, with reference planes located approxi-
mately at the center of the external slots. The measurement re-
peatability error is on the order of0.1 dB. Despite the deem-
bedding of the feed-line loss, the insertion loss of the filter is
more than 1 dB higher than the simulated model insertion loss of
0.9 dB. Each of the three cavities has a gold-plated surface area
of approximately 9 cm. The reduction in conductivity induced
by the gold-silicon eutectic on these surfaces likely accounts for
this discrepancy.

The losses due to the CPW–microstrip transition and the
gold-silicon eutectic were not deembedded from the measured
return-loss data. The difference between simulated results and
measured data are attributed to these losses.

Fig. 10 shows the deembedded measurement of the filter from
2 to 20 GHz. Out-of-band insertion loss is around 60 dB below
and 40 dB above the passband, while the rejection above the
passband was expected to be at least 20 dB lower. The differ-
ence between measured and expected values is attributed in part
to excitation of spurious surface waves in the substrates, as de-
scribed below, and is in part due to noise in the measurement
equipment.

As shown in Fig. 10, several resonances are observed in the
measured data. To understand these resonances, the transcen-
dental equations for a grounded dielectric slab, representing the
top microstrip wafer, are solved [3]. It is found that, at 9 GHz,
a surface wave with a zero cutoff frequency has a reso-
nance in the top microstrip wafer, which behaves like a dielec-
tric cavity. The surface wave can be launched from the radiating
stub end of the microstrip (refer to Fig. 1). Simply changing the
wafer dimensions and adding packaging can eliminate or move

Fig. 10. Deembedded measurement of three-cavity filter. Note the resonances
at 9 and 16.5 GHz.

Fig. 11. Simulated and measured return loss.

Fig. 12. Simulated and deembedded insertion loss.

this resonance to another frequency. The resonance at 16.5 GHz
is attributed to the , the next higher order cavity mode.
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For ease of comparison, the simulated and measured return
losses are shown in Fig. 11 and the simulated and deembedded
insertion losses are shown in Fig. 12.

While the of this filter is not measured, the theoretical
for the mode for a filter with air-filled cavities of this size
is 565 from (6). A single weakly coupled cavity model in HFSS
yields a of 558 at 10.175 GHz. Earlier work with rectangular
cavities has yielded a measured of 506, compared to a theo-
retical of 526 [9], [20]. In addition to this work, it has been
shown recently in [21] that a micromachined metallized cavity
etched in 1000-m silicon and weakly coupled yielded a mea-
sured of 890 at 20 GHz, compared to a theoretical value of
approximately 1000. All of these results have demonstrated the
ability to experimentally achieve very close to the theoreti-
cally calculated , using the appropriate conductivity value.

V. CONCLUSION

A multiple-pole micromachined vertically integrated band-
pass filter has been successfully demonstrated for the first time.
It is lightweight, of compact size, and may be easily integrated
into a monolithic circuit. Loss is introduced because measure-
ment of the circuit requires complex feed structures and the gold
surfaces suffered a loss of conductivity during fabrication. In
spite of these issues, the measured results show a filter response
that is otherwise in very good agreement with the simulated
model.
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