
Purdue University
Purdue e-Pubs

Birck and NCN Publications Birck Nanotechnology Center

4-2013

A Tunable Miniaturized RF MEMS Resonator
With Simultaneous High Q (500-735) and Fast
Response Speed (< 10-60 mu s)
Joshua A. Small
Birck Nanotechnology Center, Purdue University, jsmall03@purdue.edu

Muhammad Shoaib Arif
Birck Nanotechnology Center, Purdue University, marif@purdue.edu

Adam Fruehling
Birck Nanotechnology Center, Purdue University, soimems@purdue.edu

Dimitrios Peroulis
Birck Nanotechnology Center, Purdue University, dperouli@purdue.edu

Follow this and additional works at: http://docs.lib.purdue.edu/nanopub

Part of the Nanoscience and Nanotechnology Commons

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

Small, Joshua A.; Arif, Muhammad Shoaib; Fruehling, Adam; and Peroulis, Dimitrios, "A Tunable Miniaturized RF MEMS Resonator
With Simultaneous High Q (500-735) and Fast Response Speed (< 10-60 mu s)" (2013). Birck and NCN Publications. Paper 1381.
http://dx.doi.org/10.1109/JMEMS.2012.2226928

http://docs.lib.purdue.edu?utm_source=docs.lib.purdue.edu%2Fnanopub%2F1381&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/nanopub?utm_source=docs.lib.purdue.edu%2Fnanopub%2F1381&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/nano?utm_source=docs.lib.purdue.edu%2Fnanopub%2F1381&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/nanopub?utm_source=docs.lib.purdue.edu%2Fnanopub%2F1381&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/313?utm_source=docs.lib.purdue.edu%2Fnanopub%2F1381&utm_medium=PDF&utm_campaign=PDFCoverPages


JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 22, NO. 2, APRIL 2013 395

A Tunable Miniaturized RF MEMS Resonator With
Simultaneous High Q (500–735) and Fast

Response Speed (< 10 − 60 μs)
Joshua Small, Member, IEEE, Muhammad Shoaib Arif, Student Member, IEEE,
Adam Fruehling, Student Member, IEEE, and Dimitrios Peroulis, Member, IEEE

Abstract—This paper reports on the design, fabrication, and
measurement of a novel radio frequency (RF) microelectro-
mechanical systems (MEMS) tunable all-silicon evanescent-mode
cavity-based resonator that simultaneously achieves high quality
factor and fast response speed. The resonator is based on a
1.5-mm-deep silicon-etched cavity attached to a gold-coated sil-
icon substrate with an array of 75 185-μm-long 20-μm-wide
1-μm-thick gold beams. The 54-mm3 resonator is tunable from
15.2 GHz up to 16.5 GHz (analog tuning range) and up to
17.8-GHz range (digital tuning range) with an array of 75 MEMS
fixed–fixed beams. The MEMS beams are biased against their
own silicon substrate. This helps keep RF leakage at a mini-
mum and permits high quality factors of 500–735 for the all-
silicon configuration. By applying dynamic biasing waveforms,
the MEMS tuners respond within 9 μs (actuation time) and
60 μs (release including settling time). To the best of the au-
thors’ knowledge, the presented resonator is more than 3×
smaller, achieves nearly 30% higher average quality factor,
and is at least 10–100× faster than state-of-the-art resonators
based on similar technology, implemented in similar frequency
ranges. [2012-0122]

Index Terms—Evanescent-mode cavity, microelectromechanical
systems (MEMS), micromachining, silicon cavity, switching time,
tunable filter, tunable resonator.

I. INTRODUCTION

LOW-LOSS widely tunable radio frequency (RF) front-end
filters are particularly desirable in tunable transceivers in

both commercial and department-of-defense systems. Over the
last five years, there have been several successful demonstra-
tions of low-loss widely tunable RF microelectromechanical
systems (MEMS) resonators and filters using the evanescent-
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mode cavity-based implementation. Evanescent-mode cavities
offer a good balance between filter size, loss, spurious-free
range, and tuning range [1]–[4].

Frequency tuning in these cases has been achieved using
either piezoelectric [1]–[4] or electrostatic MEMS actuators
[5]–[13]. Piezoelectrically tuned resonators yield excellent RF
results. However, such tuners are typically large with diameters
on the order of 12.7 mm [1] and typically have slow response
speeds on the order of 1 ms. Electrostatically tuned resonators
can be made smaller and thus faster [6], [7], [13]. In all
these designs, however, there is an inherent tradeoff between
resonator volume, Qu, frequency tuning, and tuning speed.
Liu et al. [7] demonstrated resonator cavities with a volume of
509 mm3 tuned with 7-mm MEMS diaphragms and achieved
a 2.6 : 1 (1.9–5 GHz) tuning range and Qu = 300−650, but
with a slow response speed of 300–500 μs (not reported di-
rectly but inferred from movable tuner size). Park et al. [6]
employed cavities with a volume of approximately 700 mm3

and achieved a similar tuning range (4.07–5.58 GHz) with
much improved speed on the order of 60–130 μs [19].
This was accomplished by utilizing 138-μm-long 60-μm-wide
4-μm-thick MEMS beams. The quality factor of these res-
onators though was limited to Qu = 300–500 due to the nec-
essary MEMS biasing network. The biasing network penalty
on the resonator quality factor is over 50% since their inherent
Qu could be increased to 1000 if the biasing network was
eliminated. Stefanini et al. [13] employed a 180-mm3 resonator
with an improved biasing network and was able to achieve
Qu = 400–550 with MEMS beams with a continuous tuning
range of 11.9–13.6 GHz (11.9–14.2 GHz was the digital tuning
range). The employed MEMS beams were 1.1-mm-long highly
deflected cantilever beams with an estimated response speed
on the order of 200–300-μs actuation time and > 1000-μs
release/settling time (not directly reported but inferred from
movable tuner size).

A potential means by which to improve the electromechan-
ical response without compromising the RF performance is
to divide the solid diaphragm into small MEMS fixed–fixed
beams whose biasing network remains outside of the RF cavity.
Furthermore, when compared to MEMS tuning diaphragms, the
proposed technique is less susceptible to shock, acceleration,
and vibration due to the four-orders-of-magnitude reduced mass
(MEMS diaphragm mass of 8.2× 10−7 kg; MEMS bridge mass
in this work is 2.83× 10−11 kg) [12].

1057-7157/$31.00 © 2012 IEEE
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The authors recently experimentally demonstrated the poten-
tial of this technique in a 113-mm3 resonator tunable between
10.7 and 11.1 GHz (analog range) and up to 13 GHz (digital
range) with Qu = 593–1077 [14] and response speed of 82 μs
(actuation time) and 112 μs (release/settling time). While this
was state-of-the-art performance, this paper presents a minia-
turized resonator with more than 50% volume reduction and
significantly improved overall performance: 8.2% analog tun-
ing range, 9-μs actuation time, 60-μs release/settling time, and
11.4/mm3 average quality factor per resonator volume. These
represent > 2.2× improved analog tuning range, > 9× faster
actuation time, 1.8× faster release/settling time, and >50%
higher quality factor per resonator volume compared to the au-
thors’ previous work [14]. These significant improvements are
attributed to two key advancements presented for the first time:
1) all-silicon resonator technology with an array of 75 tuning
MEMS beams and b) dynamic biasing waveforms that optimize
the response speed of the MEMS tuners. The following sections
summarize the design, fabrication technology, and measured
results that demonstrate the aforementioned performance.

II. DESIGN

Fig. 1(a) shows the complete all-silicon tunable resonator
cavity. The resonator is fed by a shorted coplanar waveguide
(CPW) transmission line. An array of substrate-biased RF-
MEMS fixed–fixed beams is designed to be directly over the
post. Deflecting the beams away from the post results in a
resonant frequency shift of the resonator. Substrate biasing, as
shown in Fig. 1(c), is used in order to reduce RF leakage by not
interfering with the RF current path. The device design details
for the tunable resonator are explained further in the following
sections.

A. RF Design

A Ku-band tunable resonator with Qu > 700 and frequency
tuning of > 20% is designed to demonstrate the proposed
concept. The frequency tuning is limited to 20% in order to
achieve < 10-μs switching time. In this band, the skin depth of
gold is 0.72− 0.59μm. The beams are designed to be at least
1 μm thick such that the Qu is not severely degraded. Since
the cavities are considered highly loaded, the capacitive region
between the post and the ceiling is the primary determining
factor of the operation frequency. The post diameter is chosen
to be 240 μm in order to achieve Ku-band operation. The cavity
depth is designed to be 1.5 mm in order to achieve the specified
Qu > 700 across the tuning frequency band. While deeper
cavities will result in higher Qu, several applications need
substrate thicknesses in the 1–2-mm range. The capacitive gap
between the ceiling and the post is chosen to be 5–6 μm in order
to have the initial resonant frequency be within the specified
Ku-band. Closer gaps have been successfully demonstrated
in the literature [4]. A 5–6-μm capacitive gap represents a
compromise between frequency tuning and repeatability. The
fixed–fixed beams are designed with wb = 20 μm (fixed–fixed
beamwidth), Lb = 185 μm, and an actuation dc gap gdc of
4 μm in order to achieve > 20% frequency tuning.

Fig. 1. Schematics of the proposed RF-MEMS tunable all-silicon cavity-
based resonator. (a) Overall 3-D perspective of the presented resonator.
(b) Close-up view of the array of resonator tuners under the evanescent post.
(c) Two-dimensional biasing schematic with device parameters of the substrate-
biased MEMS tuners.

Fig. 2 shows the full-wave numerical simulation of the
expected RF performance per the device parameters listed in
Table I. A frequency tuning of 20% is expected for an initial
RF gap (capacitive gap between the tuners and post) gRF of
5 μm between the evanescent post and MEMS fixed–fixed
beam array for a beam deflection of 4 μm. Quality factors from
675 to 825 are expected.

B. Impact of Series Resistance on Qu

The series resistance of the resonator can have a significant
impact on the unloaded quality factor. The following analytical
expression from [15] shows the relationship between the Qu

and the resonator design specifications:

1

Qu
=

Rs

2πf0μe

((
1
a + 1

b

)
ln

(
b
a

) +
2

h

)
(1)

where Rs is the series resistance of the resonator, f0 is the oper-
ation frequency of the resonator, μe is the permeability, a is the
radius of the post, b is the radius of the cavity, and h is the depth
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Fig. 2. Simulated frequency tuning and unloaded quality factor of the pro-
posed RF-MEMS tunable all-silicon cavity-based resonator. (Please see Fig. 1
for the geometry description.)

TABLE I
FINAL DESIGN PARAMETERS OF ALL-SILICON

RF-MEMS TUNABLE RESONATOR

Fig. 3. Calculated Qu versus frequency for various values of series
resistance Rs.

of the cavity. Fig. 3 shows the impact of series resistance on Qu.
A substantial impact in Qu of a few 100 points is observed for
a mere change in Rs of tens of milliohms. Therefore, care must
be taken in choosing the appropriate integration technique that
will result in the lowest series resistance in order to approach
the simulated Qu values.

C. Pull-Down Switching Time

The fixed–fixed beams are designed to achieve switching
times on the order of tens of microseconds while balancing the
inherent tradeoffs with tuning range and Qu. In order to achieve
the desired switching time, the fixed–fixed beams are designed
to be underdamped. The damping b of a rectangular or circular
parallel-plate geometry can be expressed as [16]

b =
3

2π

μmA2

g3dc
(2)

where A is the area of the MEMS membrane (wb × Lb),
gdc is the gap between the fixed–fixed beam and the nearest
damping surface, and μm is the coefficient of viscosity. At
standard atmospheric temperature and pressure, μm is 1.845×
10−5 kg/m · s [16]. The mechanical quality factor Qm of a
fixed–fixed beam can be approximated by the following expres-
sion [16]:

Qm =

√
Eρt2b

μm

(
wbLb

2

)2 g3dc (3)

where E is the Young’s modulus of the beam material and ρ
is the density of the beam material. The mechanical resonant
frequency fm0 can be found as a function of b and Qm

fm0 =
1

2π

k

bQm
. (4)

The tunable resonator presented in this paper is designed to
have gdc = 4 μm. This value represents a compromise between
frequency tuning and switching time. The beam parameters
are Lb = 185 μm, wb = 20 μm, tb = 0.9 μm, residual mean
stress σ of 10 MPa, spring constant k of 10 N/m, and effective
mass meff of 2.83× 10−11 kg (meff = 0.44ρtbwbLb). Based
on these parameters, the b,Qm, fm0, and pull-down voltage
Vpd (Vpd =

√
8kg3dc/27ε0wbLb) are calculated to be 1.8843×

10−6 kg/s, 32, 26 kHz, and 77 V, respectively. The bridges can
be designed for high power handling (1–10 W) applications
by simply increasing the spring constant. However, this design
tradeoff may result in higher tuning voltage.

Since the fixed–fixed beams have a relatively small damping
coefficient and Qm ≥ 2, they fit the criteria of an inertia-limited
system. As a result, we can use the following closed-form
solution for the pull-down switching time [16]:

tpd = 3.67
Vpd

2πVappfm0
(5)

where Vapp is the actual applied voltage that, in most cases,
is 1.2–1.4Vpd in order to obtain good switching time. Fig. 4
shows the calculated switching time for the pull-down states.
It is observed that the pull-down states have switching times
on the order 10–21 μs for tb = 1 μm and Vapp = 77−154 V.
It is also seen that, by simply increasing the thickness of the
fixed–fixed beam, the switching time improves to < 10 μs.

The penalty for utilizing an underdamped beam design is
a long release switching time of > 1 ms. This is expected
due to the near lack of squeeze film damping, resulting in a
relatively high Qm. The long settling time will not only be
experienced on the release switching time from the down-to-up
state but also on the analog states before the beam snaps down
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Fig. 4. Calculated switching time for pull-down states for various beam
thicknesses; wb = 20 μm, and Lb = 185 μm.

Fig. 5. Sketch of typical underdamped second-order system response to a
unit-step input. Key metrics are noted: Peak gap Gp, final gap Gf , rise time
tr , peak time tp, and settling time ts.

to the substrate. Employing dc-dynamic biasing waveforms
may potentially improve the settling time.

D. DC-Dynamic Biasing

The rise time of a typical unit-step bias is on the order of
hundreds of nanoseconds. This very fast rise time will evoke
the well-known underdamped second-order step response
from the MEMS fixed–fixed beams of this resonator. Fig. 5
shows the key metrics of an underdamped second-order system
in response to a unit-step input. This ringing will be experienced
on the analog gap heights before the pull-in gap height and after
releasing the beam from the down-to-up state. The metrics are
as follows: final gap height Gf , peak gap height Gp, rise time
tr, peak time tp, and settling time ts. Typically, tr is defined
as the time that it takes to get from 0.01Gf to 0.9Gf , and ts
is defined as the time that it takes to get within 5% of Gf . The
settling time for the proposed beams in this paper is ∼1 ms. If,
however, we input a bias with a rise time that is longer than the
magnitude of tr and tp (unit-step input is 1–2 orders shorter),

TABLE II
CALCULATED TIME PARAMETERS OF DC-DYNAMIC WAVEFORM

we anticipate the beams to behave much more quasistatically
and reach the steady-state gap in a shorter period of time.

We begin by expressing the key underdamped response met-
rics as a function of the beam geometrical parameters Qm. First,
the damping ratio ζ is expressed as

ζ =
b

2meffωm0
. (6)

We can relate ζ to Qm by the following:

ζ =
1

2Qm
. (7)

The percent overshoot %OS can now be expressed in terms
of Qm

%OS = 100× e
−ζπ√
1−ζ2 = 100× e

− π
2Qm√

1−( 1
2Qm

)
2

. (8)

We can express tr as

tr =
2.16

(
1

2Qm

)
+ 0.6

ωm0
. (9)

The tp can be expressed as follows:

tp =
π

ωm0

√
1− ζ2

=
π

ωm0

√
1−

(
1

2Qm

)2
. (10)

Finally, we can calculate ts (5% of steady-state value) as a
function of Qm

ts ≈
3

ζωm0
≈ 6Qm

ωm0
. (11)

For a fixed–fixed beam with Qm = 32 and fm0 = 26 kHz,
tp = 19 μs, tr = 4 μs, ts = 1.2 ms, and %OS = 95.2. Con-
sequently, the rise time of the input bias is chosen to be at
least 50–60 μs in order to achieve a quasistatic beam behavior.
Under quasistatic behavior, the beam does not exhibit signif-
icant steady-state gap height overshoot and ringing as in the
dynamic case. Also, this down-to-up switching time is typical
for the more traditional critical and overdamped MEMS beam
designs. A detailed study that expands upon the theoretical
development and experimental validation of the dc-dynamic
biasing waveform can be found in [17].

Fig. 6 shows the typical response of a fixed–fixed beam
to an input dc-dynamic (with an approximate rise and decay)
biasing waveform. The dynamic rise time te as described in
the previous paragraph is chosen to be at least ∼ 2.5× tp. The
times t1 and t3 are user defined; however, t2 − t1 = te, and
t4 − t3 = te. The voltage Vf is the voltage needed to obtain the
steady-state gap height Gf . The V0 voltage corresponds to the
G0 gap height. Table II shows the calculated timing parameters
for an example dc-dynamic waveform based on Fig. 6.
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Fig. 6. Sketch of typical fixed–fixed beam response to an input dc-dynamic
biasing waveform.

E. Overall Tunable Resonator Performance

Based on the electromagnetic and electromechanical design,
a figure of merit can be developed to rate the overall per-
formance of the entire resonator. We propose the following
expression:

F.O.M. =
QavgΔf

VcavitymtunerVtunetavg
(12)

where Qavg is the average resonator Qu, Δf is the frequency
tuning, Vcavity is the volume of the resonator cavity, mtuner

is the mass of the tuning mechanism, Vtune is the voltage
needed to cover the frequency tuning range, and tavg is the
average switching time of the resonator. Table IV shows a
quantitative comparison between this and previous work. The
proposed tunable resonator in this work has a 68× improvement
in F.O.M. when compared to the authors’ previous work.

III. FABRICATION AND ASSEMBLY

Fig. 7 summarizes the fabrication sequence for the MEMS
fixed–fixed beam tuner array. The fixed–fixed beams are fab-
ricated on a high-resistivity silicon substrate (∼ 10 kΩ− cm)
with a thickness of 525 μm and 0.2 μm of thermally grown
SiO2. The fabrication begins with spin coating and patterning
a 20-μm-thick AZ9260 photoresist layer to serve as a liftoff
layer for copper. Copper and a thin titanium adhesion layer
(< 20 nm) are flood deposited on the liftoff mold to ∼ 7 μm
thick. To facilitate the liftoff process, the sample is placed in an
ultrasonic cleaner with acetone. This thick copper metalization
defines the highly loaded capacitive gap gRF between the
fixed–fixed beam array and the evanescent post. Next, 2 μm of
gold is flood deposited and patterned to form the shorted CPW
feed lines, anchor points, and openings in the metal to permit dc
biasing between the fixed–fixed MEMS bridge and the silicon
substrate. A very thin (< 20 nm) titanium adhesion layer is also
included. Next, a 4-μm-thick SC1827 photoresist sacrificial
layer is coated and patterned. Gold is again flood deposited
to 1 μm thick and patterned for the MEMS fixed–fixed beam
tuners. Again, a very thin (< 20 nm) titanium adhesion layer

Fig. 7. Fabrication process of MEMS fixed–fixed beam tuner array. (a) Liftoff
of thick Ti/Cu ring to define the capacitive RF gap between the evanescent
post and RF-MEMS fixed–fixed beam tuner array. (b) Flood sputter deposition
and patterning of Ti/Au for CPW feed line and electric field openings for
beam actuation. (c) Photoresist sacrificial layer, flood sputter deposition, and
patterning of Ti/Au to define the RF-MEMS fixed–fixed beam tuner array.
(d) Photoresist sacrificial layer etched in photoresist stripper and samples dried
in CO2 critical point dryer.

Fig. 8. Scanning electron micrograph of typical MEMS fixed–fixed beam
tuner array.

is also included. Finally, the MEMS fixed–fixed beam tuners
are released in a standard photoresist stripper, and the sample is
dried in a CO2 critical point dryer. Fig. 8 is a SEM of a typical
fabricated fixed–fixed beam MEMS tuner array.

Fig. 9 summarizes the fabrication sequence for the silicon
cavity. We start with a 2-mm-thick high-resistivity silicon wafer
(∼ 10 kΩ · cm) that is coated with 300 nm of low pressure
chemical vapor deposition (LPCVD) silicon nitride. The silicon
nitride is patterned through dry etching with SF6 in a reactive
ion etcher. The silicon nitride serves as a wet etch mask for the
subsequent silicon etch. The silicon is wet etched 1.5 mm deep
in a 45% KOH by volume solution maintained at 80 ◦C. The
etch rate is ∼ 55 μm/h. Next, the silicon nitride layer is stripped
in hot phosphoric acid. Finally, the cavity is flood deposited
with 2 μm of gold.
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Fig. 9. Fabrication process of silicon resonator cavity. (a) High-resistivity
thick silicon wafer with LPCVD silicon nitride. (b) Pattern silicon nitride with
dry SF6 reactive ion etch to form the silicon cavity wet etch mask. (c) Wet etch
of silicon in KOH. (d) Flood sputter deposition of Ti/Au.

The MEMS die and the silicon cavity are integrated with a
mechanical pressure bond. Fig. 10 shows each module of the
all-silicon tunable resonator. The fixture dimensions are 2.25×
5× 1.5 cm3. The large fixture dimensions were chosen in order
to measure the resonators quickly and be able to assemble
and disassemble them quickly as well. In addition to holding
the cavity and MEMS die together, the fixture facilitates dc
biasing of the MEMS die. The backside of the silicon sub-
strate is exposed and electrically connected to the biasing plate
through a metallic spring. This technique greatly simplifies the
dc biasing efforts when considering that the fixed–fixed beam
MEMS tuner array side needs to be faced up in order for the RF
probes to access the shorted CPW feeds (Please refer to Fig. 1
for a geometry description). Fig. 11 shows how the all-silicon
resonator is simultaneously measured and dc biased.

IV. RESULTS AND DISCUSSION

A. RF Measurements

The RF measurements are done using an Agilent pro-
grammable network analyzer and 2.4-mm GSG RF probes by
Cascade Microtech. Fig. 12 shows the measured frequency
tuning of the MEMS tunable all-silicon cavity resonator. The
resonator is designed to be weakly coupled for the accurate
extraction of Qu. We obtained numerical values for Qu by di-
viding the center frequency by the 3-dB bandwidth. A measured
quality factor of 500–735 from 15.2–17.8 GHz for applied
biases of 0–77 V is demonstrated. A consequence of using
traditional RF-MEMS tuners is that the resonator has two
analog regions and one digital region. The digital response can
be completely eliminated by deploying actuation techniques
like leveraged bending [18] to extend the travel range of the
MEMS bridges, thereby improving the frequency tuning range.
In addition, the initial RF gap can be decreased through care-
ful process characterization to further improve the frequency
tuning.

Fig. 13 shows the measured and the simulated unloaded
quality factor versus frequency. The measured quality factor is

Fig. 10. Individual parts and completed assembly in test fixture.

within 75%–85% of the simulated quality factor. The suspected
mechanism of loss is the voids between the interface of the
cavity and the MEMS die. As described in Section II-B, the
imperfect interface will add series resistance that will reduce
the quality factor (please refer to Fig. 3). With careful fixture
design that applies a balanced pressure on the MEMS die,
the measured quality factor is expected to exceed 90% of the
simulated result across the entire frequency tuning range.

The smoothness and flatness of the metal layers and the
silicon surfaces is the key in permitting the measured perfor-
mance to approach the ideal simulated performance. Silicon
micromachining and dc magnetron sputter coating provide
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Fig. 11. Measurement in progress of all-silicon tunable cavity.

Fig. 12. Measurement of frequency tuning of MEMS tunable all-silicon
cavity resonator.

Fig. 13. Measurement of quality factor compared to simulation.

mirrorlike surfaces that closely resemble the ideal surfaces used
in full-wave numerical simulation. Furthermore, the copper ring
that defines the gap between the post and the fixed–fixed beam
MEMS tuner array is sputtered as opposed to electroplated. The
smoothness provided by the dc magnetron sputtering process

Fig. 14. Measurement setup for switching time.

Fig. 15. Total switching time response for a unit-step input bias of 67 V.

Fig. 16. Close-up measurement of pull-down switching time for a unit-step
input bias.

TABLE III
CALCULATED AND MEASURED SWITCHING TIME OF MEMS

FIXED–FIXED BEAM TUNERS
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Fig. 17. Close-up of release time measurement with laser Doppler vibrometer
measurement of gap height versus switching time of an isolated beam. Unit-step
bias is illustrated.

Fig. 18. Measured pull-down and release time versus gap height of single RF-
MEMS fixed–fixed beam tuner. Response for both unit-step and ramped input
biases is illustrated.

Fig. 19. Measurement of pull-down switching time for beam in analog gap
region for a typical unit step for various applied biases.

Fig. 20. Close-up of actuation measurement with laser Doppler vibrometer
measurement of gap height versus switching time of an isolated beam at 60 V.
Unit-step and dc-dynamic input biases are illustrated.

Fig. 21. Measurement of actuation switching time for multiple gaps in the
analog gap region with the dc-dynamic applied bias.

reduces the likelihood of severe current crowding. Like the
other highlighted process advantages, the sputtered copper ring
mimics the simulated device surfaces quite well. Finally, when
compared to Au and Cu electroplating, the sputtered films
reduce process uncertainty due to the improved uniformity
of the thin film layer from die to die. A nonuniform metal
thickness will add a tilt component to the initial RF gap between
the post and the tuners. This can lead to a decreased frequency
tuning range due to the g−1

dc dependence.

B. Measured Pull-Down Switching Time

The electromechanical response of the RF-MEMS tuners
is measured with a laser Doppler vibrometer. Fig. 14 shows
the measurement setup. Fig. 15 shows the total pull-down and
release response of the MEMS fixed–fixed beam tuners when
biased with a traditional dc input of 67 V. Fig. 16 shows the
measured pull-down time for a variety of input voltages from
65 to 120 V. The measured pull-down switching time ranges
from 9 to 22 μs for a device with Vpd = 67 V, gDC = 4.8 μm,
and Vapp = 120− 67 V. The slightly larger gdc may be due to
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TABLE IV
PERFORMANCE COMPARISON OF THE ALL-SILICON RF-MEMS TUNABLE RESONATOR

WITH EXISTING STATE-OF-THE-ART CAVITY-BASED RESONATORS

postrelease buckling of the fixed–fixed beam. At 65 V, slightly
below the measured Vpd, a dynamic pull-in phenomenon is
observed. In this case, the stepped input bias overshoots the
beam into an unstable equilibrium gap height. The hold-down
voltage is typically less than the pull-down voltage. The 65-V
applied bias falls well within the hold-down voltage range
and is sufficient to pull the fixed–fixed beam down to the
substrate. The measured switching time is in good agreement
with the calculated results using the expression for inertia-
limited systems. Table III shows the comparison between the
measured and the calculated pull-down switching time.

C. Measured Release Switching Time

Without any voltage input, the release switching time ap-
proaches 1 ms as shown in Fig. 17. The reason for the long
settling time is the underdamped design and the relatively high
Qm. The measured Qm and fm0 are 32 and 35 kHz, respec-
tively. This is in good agreement with the calculated results.
Fig. 18 shows the settling time improvement in the release state
of the MEMS tuner in response to both the unit-step and dc-
dynamic input bias waveforms as described in Section II-D
(please refer to Table II and Fig. 6). The release switching time
is measured to be 60 μs to reach 10% of the steady-state gap
height. The settling time can potentially be improved through
an automated parametric sweep of the waveform parameters
in real time. In addition to the settling time improvement,
it is readily seen that the biasing waveform excites higher
order modes in the fixed–fixed beam. Further investigation with

alternative dc-dynamic waveforms will be needed to mitigate
these phenomena.

D. Measured Analog Gap Height Switching Time

Fig. 19 shows the measured response of the beam to a typical
unit-step input bias waveform. As expected, significant ringing
and a long settling time are observed. As discussed in the
section on the measured pull-in voltage, the dc-dynamic pull-
in voltage is observed for a voltage that typically positions the
fixed–fixed beam within the stable analog gap height region.
Fig. 20 shows the measured response for unit-step and dc-
dynamic exponential input bias waveforms. It is readily ob-
served that the ringing has been significantly suppressed and
the settling time has reduced to ∼ 50 μs. Fig. 21 shows the
improved settling time in the analog gap region for multiple
states. As with the release switching time, the ringing can be
further suppressed and the settling time reduced by using an
automated parametric sweep of the waveform parameters in real
time.

V. CONCLUSION

As mentioned in the introductory section of this paper, there
are important tradeoffs between quality factor, volume, tuning
range, and response speed that need to be explored in designing
high-performance resonators. In this paper, we have presented a
resonator with an optimized performance with respect to these
parameters for a given tuning range. Specifically, the all-silicon
tunable resonator exhibits a quality factor of 500–735 from
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15.2 to 17.8 GHz for applied biases of 0–77 V. The measured
quality factor is 75%–85% of the simulated value. The pull-
down and release switching times are 9 and 60 μs, respec-
tively. Table IV summarizes the RF and dynamic performance
of the presented resonator and other state-of-the-art cavity-
based resonators. Response speed estimates are based on the
equations and discussion in Section II-D and [16]. Future work
includes investigating the temperature stability and vibration
sensitivity of the tunable resonator and employing alternative
biasing techniques that utilize wire bonds as opposed to the
metal spring in order to facilitate on-chip biasing.
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