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Variable MEMS Capacitors Implemented
Into RF Filter Systems

Robert L. Borwick, 11, Philip A. Stupar, Jeffrey F. DeNatale, Member, |EEE, Robert Anderson, and
Robert Erlandson, Member, |EEE

Abstract—A microelectromechanical systemsanalogtunableca-
pacitor has been designed and fabricated for implementation into
a two-pole UHF filter. Recent developments on the capacitor have
improved the RF device performance significantly, and have re-
sulted in improved UHF filter performance. In the 225-400-MHz
rangethat thisdeviceisintended for, @ valuesarein excess of 100.
In addition, an 8.4: 1 tuning ratio has been achieved with contin-
uous tuning over a 1.4: 11.9-pF range. When implemented into a
two-pole UHF filter, tuning over the entire 225-400-MHz range
was achieved with a loss under 6.2 dB.

Index Terms—Reliability, RF microelectromechanical systems
(MEMS), tunable capacitors, tunablefilters.

|I. INTRODUCTION

ICROELECTROMECHANICAL systems (MEMS)

technology offers an attractive capability for RF sys-
tems, particularly in support of switching and tuning functions.
One such component is a micromechanical analog tunable ca
pacitor, which can enable wide tuning ranges and high-quality
(Q) factors. Existing solid-state varactors typically have limited
linearity, high resistive losses, and low self-resonance. Recent
advances in micromechanical tunable capacitors have shown
promise in improving these characteristics [1]-{5]. Previous
MEMS tunable capacitors have shown ¢ values up to 290
a 1 GHz [2], tuning ratios in excess of 270% [3], and a
self-resonance as high as 83 GHz [4].

The MEMS tunable capacitor is ideal for RF filter applica
tions and offers many advantages over conventional varactor-
based filters, including an increased dynamic range and a dra-
matic parts reduction. When implemented into atwo-pole UHF
filter, the MEM S-based filter enables an 82% reduction in parts
over avaractor-based filter (Fig. 1) and, therefore, facilitates a
much smaller system.

In this paper, we will present a brief description of the ca
pacitor, and the UHF filter in which the device was demon-
strated. The capacitor maintains a @ greater than 100 over the
225-400-MHz range, with acapacitancerangeof 1.4t011.9 pF.
The MEM S-based filter presented achieved continuous tuning
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(b)
(a) Varactor and (b) MEMS capacitor-based tunable two-pole UHF

Fig. 1.
filter.

over a225-400-MHz rangewith alossbelow 6.2 dB and a1-dB
bandwidth below 3%.

I1. TUNABLE CAPACITOR

The tunable capacitor must meet several specifications be-
foreit can be successfully implemented into the two-pole filter.
There are three primary specs to consider. First, atuning range
greater than four times must be achieved to compensate for all
packaging and filter parasitic capacitance. Second, the device @
must be above 100 over the desired range to maintain afilter
greater than 50. Finally, the deviceis required to have an oper-
ation lifetime on the order of 10-billion cycles.

To meet these filter specifications, a previously presented
MEMS-based tunable capacitor was implemented [5]. This
capacitor consists of a 40-pm—thick single-crystal silicon
actuator suspended over a glass substrate (Fig. 2). Through the
use of a large throw electrostatic comb drive and a separate
area tuning capacitor, a wide tuning range and high @ can
be achieved. Long operational lifetimes have been achieved
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Fig. 2. SEM of a 40-um-thick tunable capacitor with separate electrostatic
comb drive actuation (left-hand side), and area tuning capacitor (right-hand
side).
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Fig. 3. Tuning range of the device measured at 500 MHz.

because the device consists of asingle crystal silicon layer with
only athin aluminum conductive layer. An addition aluminum
layer is aso often added to further reduce series resistance and
eliminate the effects of coefficient of thermal expansion (CTE)
mismatch stresses. However, this added aluminum layer should
not have an effect on device lifetime because failure of the
bottom metal layer will not lead to failure of the device.

The MEMS tunable capacitor has an exceptionaly large
tuning range, larger than 8.4 : 1 (Fig. 3). Although thefilter only
needs a tuning range of 4:1 to tune over the 225-400-MHz
range, parasitics in both the package and filter circuit force
the tunable capacitor to have a larger capacitance range, up to
5.5:1. The large tuning range of the MEMS capacitor easily
meets this requirement. Actuation voltages for full throw of the
device are dependant on suspension and capacitor design and
range from 3to 30 V.

The series resistance of the MEMS tunable capacitor is less
than 1 © in the frequency range of this device. This low series
resistanceleadsto ahigh Q. Figs. 4 and 5 show the S11-parame-
tersand the device Q. The device hasalow parasitic inductance
and is not near self-resonance out to afrequency of 3 GHz. The
device also has a (7 above 100 out to 700 MHz, making it ideal
for the tunablefilter application over 225-400 MHz, the desired
communication system frequency. In addition, the device has a
2 above 30 up to 2.25 GHz, making it suitable for higher fre-
quency applications.
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Fig. 4. S11 plot of the device from 100 MHz to 3 GHz with no actuation and
a capacitance of 1.5 pF.
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Fig. 5. (@ factor of the device from 100 MHz to 3 GHz with no actuation and
a capacitance of 1.5 pF.
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Fig. 6. Changein capacitance versus tuning voltage after 11.1-billion cycles.
All ten curves overlap each other within 1%.

Some filter applications require lifetimes of over 10-billion
cycles. To meet this specification, the MEM S tunabl e capacitor
is fabricated from single-crystal silicon, a materia that has a
large elastic deformation region and shows very little fatigue.
The predicted failure mechanism isthe fatiguing of the thin alu-
minum layer evaporated onto the silicon surface. This failure
would cause a dramatic increase in the series resistance. The
devicelifetimeis currently under test, and has shown no degra-
dation after 11.1-billion cycles. The capacitance versus tuning
voltage has not changed significantly, less than 2%, which is
within measurement error (Fig. 6). In addition, the seriesresis-
tance showed very little change (Fig. 7).
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Fig. 7. Changein series resistance after 11.1-billion cycles.
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Fig.8. Circuit diagram for the MEM Svariable capacitor-based two-pole UHF
filter.

Il. MEMS-BASED UHF FILTER

The design of the MEM S-based two-pole UHF filter isshown
inFig. 8including the parasitics of thetunable capacitor devices.
The entire circuit consists of only 11 parts, as compared to the
varactor-based design, which contains 62 parts. This dramatic
reduction in parts allows the MEM S-based filter to be signifi-
cantly smaller than existing technologies. Current devicesizeis
5 mm? placed in a package that is 7 x 7 mm.

Theimproved RF characteristics of the MEM Stunable capac-
itor make it suitable for implementation into a two-pole UHF
filter. Fig. 9 shows the frequency response of the filter at dif-
ferent center frequencies. The filter has a wide tuning range,
high regjection, and a low loss. The tuning is plotted over the
entire frequency range in Fig. 10. The tunable filter was able
to achieve the full tuning range with an actuation voltage under
14 V. The 1-dB bandwidth isbel ow 3% over the entire frequency
range (Fig. 11). Thefilter does show some widening at the high
end of thefrequency range, whichisreflectedinadlight increase
in the bandwidth at the higher frequencies. Previous devices
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Fig. 9. Frequency response of the two-pole MEM S-based tunabl e filter.
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Fig. 10. Voltage needed to tune the UHF filter over the 225-400-MHz range.
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Fig. 11. 1-dB bandwidth of the UHF filter over the 225-400-MHz range.

were unable to keep the filter loss under 8 dB, thereby making
them unable to meet the specification for the UHF filter. The
center frequency loss of the new filter is shown in Fig. 12. The
lossis below 6.2 dB over the entire frequency range. This low
lossis adirect result of the recent increase in @ of the MEMS
tunable capacitor [5].

The measured filter rejection at 13, +26, and 453 MHz
(Fig. 13) remains high over the entire frequency range. The high
linearity of the filter has been validated using a two-tone re-
sponse. The third-order intercept point (IP3) of the filter was
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Fig.12. Center frequency lossof the UHF filter over the 225-400-MHz range.
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Fig. 13. Tunablefilter rejection over the 225-400-MHz frequency range.

measured at five points, in-band, with afrequency separation of
200 kHz. The IP3 of the device ranged from 30 to 38 dBm. The
intermodulation is caused by the effective voltage from the RF
signal. For large RF powers, this voltage can detune the capac-
itor. Stiffer structures are being looked at to compensate for this
problem.

The mechanical resonant frequency of the tunable capacitor
device ranges from 500 to 2000 Hz, depending on the suspen-
sion design. The device used in the two-pol efilter has aresonant
frequency of 1.5 kHz and atheoretical response time of 330 us.
However, due to the extreme underdamping of the tunable ca-
pacitor, ringing often occurs during astep response. This causes
much slower response times because the ringing must com-
pletely die down before the filter will be accurately positioned
at the required center frequency. Typical response timesfor the
filter have been as high as 6 ms. However, by packaging the de-
vice in a high viscosity gas environment, near critical damping
can be achieved [5]. This makes the device easier to control and
dramatically decreases the response time. The filtered step re-
sponsefor atunable capacitor devicein both damped and under-
damped states has been measured with a 10x improvement in
filter response time (from 6 msto below 600 .:s for the damped
case). The underdamped nature of the device also causes a sen-
sitivity to vibration for the lower frequency devices. Although

device damping will aso improve the sensitivity to vibration,
further compensation may be required. Closed-loop operation
will compensate for vibration and other causes of error such as
temperature instabilities.

IV. CONCLUSION

A micromechanical tunable capacitor was designed and fab-
ricated for implementation into a 225-400-MHz tunable filter
circuit. Using new design and process concepts, a 740% con-
tinuous tuning range has been achieved with @ factors above
100 for the operating conditions of the tunable filter. In addi-
tion, the tunable filter achieved continuous tuning with a center
frequency loss below 6.2 dB. Cycling the device over 11.1-bil-
lion cycles without any performance degradation has validated
the lifetime of the filter. In addition, adaptation into higher fre-
guency ranges has been proven feasible with ¢ factors over 35
for frequencies up to 2 GHz. Trading off the tuning range for
higher @ by stiffening up the device suspension could also make
additional gains.
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