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INTRODUCTION

Although somewhat poorly publicized, micro-
electromechanical systems (MEMS)-based
devices already play important, in some cases
critical, roles in wireless communication devices.
Examples of MEMS devices already in wireless
systems include piezoelectric film bulk acoustic

resonators (FBARs) used for front-end duplexer
filters in cell phones, high-Q capacitive-gap
transduced resonators used in low-end timing
oscillators that are also used in a myriad of
applications beyond wireless [1], and more
recently, tunable/switchable capacitors for front-
end amplifier-to-antenna impedance matching
[2] that help to lower transmit power consump-
tion. But this list only scratches the surface of
what is possible. Indeed, if newer MEMS-based
devices on the horizon are successful, much big-
ger advances may soon be on hand that just
might catalyze key communication architectural
paradigm shifts needed to address fast-growing
demands for advanced communication concepts
like true software-defined cognitive radio and
ultra-low-power radios for autonomous energy
harvesting sensor networks. 

In particular, recent advances in vibrating
radio frequency (RF) MEMS technology that
yield on-chip resonators with Qs over 40,000 at 3
GHz [3, 4] and excellent thermal [5] and aging
stability [6] have now positioned vibrating
micromechanical devices as strong candidates
for inclusion in a number of future wireless com-
munication subsystems, from cellular handsets to
PDAs to low-power networked sensors [7]. As
mentioned, early startups have already sprouted
to take advantage of this technology for time-
keeper applications [1]. Indeed, the timing of
this technology seems well placed for wireless
markets, whose requirement for multimode
reconfigurability fuels a need for multiple high-
Q resonators on a single chip to prevent the cost
of discrete high-Q passives from obviating that
of the integrated circuits [7]. 

But the benefits of vibrating RF MEMS tech-
nology go far beyond mere component replace-
ment. In fact, the extent of the performance and
economic benefits afforded by vibrating RF
MEMS devices grows exponentially as
researchers and designers begin to perceive
them more as building blocks than as stand alone
devices. For example, when integrated into
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micromechanical circuits, in which vibrating
mechanical links are connected into larger, more
general networks, previously unachievable signal
processing functions become possible, such as
reconfigurable RF channel-selecting filter banks,
ultra-stable reconfigurable oscillators, mechani-
cal power converters, mechanical power ampli-
fiers, frequency domain computers, and
frequency translators. This article focuses on the
MEMS technologies most suitable to microme-
chanically realizing the frequency gating RF
front-end needed by true software-defined cog-
nitive radios and ultra-low-power radios for
autonomous sensor networks. 

SOFTWARE-DEFINED
COGNITIVE RADIO

The increasing desire for reconfigurable radios
capable of adapting to any communication stan-
dard at any location across the world has spurred
great interest in the concept of a software-
defined radio (SDR) [8, 9], in which the fre-
quencies and modulation schemes of any existing
communication standard can be produced in real
time by simply calling up an appropriate soft-
ware sub-routine. Arguably, the ultimate ren-
dition of such a radio would realize all radio
functions, including the RF front-end, digitally,
using a programmable microprocessor. To
achieve this, the analog-to-digital converter
(ADC) that normally resides near the baseband
circuits of a conventional receiver would need to
be placed as close to the antenna as possible so
that as much signal processing as possible could
be done digitally.

Ideally, in a true SDR implementation, all
functions would be programmable, including any
pre-filtering. In other words, a true SDR would
not require any specific front-end hardware, i.e.,
no hardwired mode-specific switches or filters.
This is where present-day technology is grossly
lacking. To date, published attempts to achieve
an SDR have required practical compromises,
especially in the RF front-end, where designs in
the most recent literature [10] continue to rely
on very specific band-select filters that must be
switched in and out as the communication mode
changes. Interestingly, these designs often cite
MEMS technology as a cost-reducing measure,
whereby the size and cost of the many filters
needed for SDR application (e.g., more than 20)
is mitigated by an expectation that many MEMS-
based filters can be fabricated onto a single chip,
perhaps together with a multi-throw switch [7].
While probably true, this use of MEMS technol-
ogy makes no advance against the need for hard-
wired mode-specific circuitry, so is quite
conservative and falls well short of what is possi-
ble. 

This begs the question: To what extent are
front-end filters even necessary? Again, ideally
the ADC would immediately follow the anten-
na(s) and would have an input bandwidth cover-
ing the full spectrum of received signals (e.g., 3
GHz). Alas, practically, a frequency gating func-
tion must precede the ADC to remove blockers
(i.e., out-of-channel interferers) that can be
many orders stronger than the desired signal at

the receive antenna. Removing such blockers
relaxes the ADC’s dynamic range and power
requirements, which otherwise would be too
excessive for portable applications. For reason-
able ADC power consumption, all blockers, even
those very close to the desired channel and with-
in its communication standard’s band, must be
removed. 

To more concretely convey the importance of
filtering out interferers before they reach the
ADC input, Fig. 1 summarizes the signal-to-
noise ratio (SNR) and consequent needed power
consumption required by a wide open (i.e., 3
GHz) bandwidth, state-of-the-art ADC used in a
true SDR assuming various prefiltering band-
widths to remove interferers. Here, a 3 GHz
bandwidth ADC is considered in this example,
mainly in the interest of exploring the most ideal
case of an SDR capable of receiving several
transmissions at once anywhere in its 3 GHz
bandwidth. To keep things simple, this analysis
assumes a GSM-like blocking scenario with an
input noise requirement of –120.8 dBm in a 200
kHz bandwidth [11], which rises to –79 dBm
when adjusted for input to a wider (3 GHz)
bandwidth ADC. As shown, with no front-end
filtering, the 0 dBm out-of-band blockers
assumed in the GSM standard [11] demand an
ADC SNR of 79 dB. To attain this SNR, the
ADC would need an equivalent number of bits
(ENOB) of 12.8, which in recent transistor tech-
nology with an ADC FOM of 1.83 pJ/bit [12]
would consume more than 80 W of power! 

As the bandwidth of prefiltering decreases,
more interferers are suppressed, and the needed
SNR of the ADC relaxes. Note, however, from
Fig. 1 that even the 35 MHz bandwidth of a con-
ventional preselect filter (used in cell phones
today) is still grossly insufficient for SDR, as the
interferers that remain after its filtering force
the 3 GHz bandwidth ADC to consume a still
highly impractical 45 W. Indeed, as shown in
Fig. 1, reasonable ADC power consumption on
the order of 80 mW is not achieved until the fil-
ter bandwidth corresponds to that needed to
eliminate all interferers (i.e., to select the desired
channel and only this channel). For GSM, where
emissions are regulated so that each 200 kHz

Figure 1. Dynamic range and consequent power consumption required by an
ADC designed to accept a 3GHz-wide input RF spectrum for an SDR in a
blocker environment identical to that assumed by the GSM standard.
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channel is sandwiched by empty spectrum in any
given cell, this would require a filter bandwidth
of 600 kHz, or a percent bandwidth at 1.8 GHz
on the order of 0.03 percent — two orders of
magnitude smaller than the 3 percent of conven-
tional preselect filters! 

It follows that to eliminate all interferers and
pass only the desired signal, a programmable fre-
quency gating device or circuit is needed that can
pass and reject tiny (e.g., 0.03 percent bandwidth)
RF frequency channels at will along the entire 3
GHz input frequency span. The need for such a
small percent bandwidth makes this especially dif-
ficult, since the smaller the percent bandwidth,
the higher the needed Qs of the resonators com-

prising a given filter to maintain reasonable inser-
tion loss. For example, the constituent resonators
making up a 3 GHz, 0.03 percent (1 MHz) band-
width, 0.01 dB ripple, 4-resonator Chebyshev fil-
ter would require Qs > 30,000 just to maintain an
insertion loss below 3 dB [13]. To further compli-
cate things, it is often the case that the higher the
Q of a resonator, the less tunable it is. In fact, at
the time of this writing, there are no existing on-
chip resonator technologies capable of achieving
Qs > 30,000 while also being continuously tun-
able over a 3 GHz span. 

Fortunately, MEMS technology offers an
alternative method of achieving the desired pro-
grammable frequency gate that dispenses with
the need to tune a given resonator’s frequency
over a wide range. In particular, being a wafer-
level manufacturing technology similar to those
used for integrated transistor circuits, MEMS
encourages designers to use mechanical devices
the same way transistors are used: in massive
numbers. So instead of restricting the implemen-
tation of a programmable frequency gate to a
single tunable filter, MEMS technology allows
realization of the same programmable frequency
gate via a bank of on/off switchable micro-
mechanical filters, as depicted in Fig. 2a, where
each filter is realized using an interconnected
network of micromechanical resonators (to be
described). 

COGNITIVE RADIO
The programmable frequency gate of Fig. 2a is
not only applicable to SDR, but also to cognitive
radio. In particular, beyond SDR, many
researchers are further exploring the possibility
of a cognitive radio that is not restricted to oper-
ation only in a prescribed frequency band (which
is the situation today), but that can seek out
unused spectrum and operate there until a high-
er-priority user shows up, in which case the radio
must move to another unused frequency. Such a
scheme recognizes that although the entirety of
available spectrum has already been allocated to
someone (or some purpose) by a regulating
body, such as the Federal Communications Com-
mission (FCC) in the United States, the pre-
scribed users do not always use their spectrum.
In particular, the actual used spectrum at any
given moment in time might look as shown in
Fig. 2b, which plots a cartoon of the typical
power spectrum that might be received by a
(wideband) antenna-terminated spectrum ana-
lyzer atop a tall building at a given moment in
time. Here, some bands are in use at the instant
the spectrum is taken, but many other bands are
unused. As mentioned, a cognitive radio would
seek to operate in any one of the empty bands
(or channels) labeled “usable spectrum.” Howev-
er, in order to determine which bands are empty,
such a radio would need to first be able to take a
snapshot of the power spectrum. This would
require a spectrum analyzer and a very fast one
at that, since the cognitive radio would need to
check spectrum usage every few milliseconds in
order to know when to vacate a channel when a
higher-priority user begins to use it. Thus, the
needed spectrum analyzer must both be extreme-
ly fast and consume very little power in portable
handheld applications. 

Figure 2. a) System block diagram for an SDR front-end utilizing a microme-
chanical RF channel-select filter network to realize a frequency gating func-
tion. When one (or more) filters are turned “on,” with all others “off,” the
filter bank realizes a frequency gate. When all filters are turned “on,” the bank
realizes a real-time spectrum analyzer that could be used to assess the entire
received spectrum and determine what frequencies might be permissible to
operate a cognitive radio; b) cartoon of the typical power spectrum that might
be received by an antenna-terminated spectrum analyzer atop a tall building
at a given moment in time. Here, many channels are unused at this instant,
and thus are available for use by a cognitive radio; c) on/off configuration of
filters in the RF channelizing filter bank of a) that selects specific channels to
pass and reject; d) output of the filter bank directed to the ADC containing
only desired channel signals and no blockers, allowing substantially lower
ADC power consumption, per Fig. 1.
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Unfortunately, presently available methods
for spectrum analysis cannot achieve both speed
and lower power simultaneously. In particular,
fast spectrum analyzers based on fast Fourier
transform (FFT) circuits would require excessive
power to cover a 3 GHz band; and lower-power
swept filter spectrum analyzers cannot sweep
their filters faster than a time proportional to
the filter settling time, and hence are not fast
enough. On the other hand, MEMS technology
seems very well suited to this problem. In partic-
ular, the very mechanical circuit of Figs. 2a and
2c that implements a frequency gate also func-
tions as a spectrum analyzer when all of its fil-
ters are turned on simultaneously. The resulting
spectrum analyzer is both extremely fast, since
little or no filter sweeping would be needed, and
very low in power consumption, since it is virtu-
ally all passive. As a result, the micromechanical
circuit of Fig. 2a realizes both the frequency gat-
ing shown in Figs. 2c and 2d needed for SDR
and the fast, low-power spectrum analyzer need-
ed for cognitive radio, and hence effectively real-
izes what might be called a frequency gating
spectrum analyzer well tailored for software-
defined cognitive radio. 

Of course, such a mechanical circuit is only
useful if simultaneous high-Q and low impedance
can be obtained, if switching of filters can be
done quickly and without additional insertion
loss, and if MEMS fabrication technology can
support a very large-scale integrated (VLSI)
mechanical circuit. Examples of MEMS tech-
nologies that might address these issues and
make possible the described frequency gating
spectrum analyzer are now presented. 

MICROMECHANICAL
PROGRAMMABLE FREQUENCY
GATING SPECTRUM ANALYZER

Figure 3 presents a more detailed schematic
showing one approach to implementing the fre-
quency gating spectrum analyzer of Fig. 2, using
as building blocks capacitive-gap transduced
micromechanical disk resonators, summarized in
Fig. 4. Among other information, Figs. 4d and
4e present the scanning electron micrograph
(SEM) and measured frequency characteristic
for one such resonator: a 1.51 GHz radial-con-
tour mode disk resonator that achieves an
impressive on-chip room temperature Q of
11,555 in vacuum, and 10,100 in air [4]. This
device consists of a 20-mm-diameter 3-mm-thick
polydiamond disk suspended by a polysilicon
stem self-aligned to be exactly at its center, all
enclosed by doped polysilicon electrodes spaced
less than 80 nm from the disk perimeter. It can
be excited into resonance via a combination of
dc and ac voltages that can be chosen to turn the
device “on” or “off” [14], very conveniently real-
izing the switchability required by the circuits of
Figs. 2 and 3. When vibrating in its radial con-
tour mode, the disk expands and contracts
around its perimeter, in a motion reminiscent of
breathing, and in what effectively amounts to a
high-stiffness high-energy extensional mode.
Since the center of the disk corresponds to a
node location for the radial contour vibration
mode shape, anchor losses through the support-
ing stem are greatly suppressed, allowing this
design to retain a very high Q even at this UHF

Figure 3. Schematic of an RF channel-select micromechanical filter bank, with an example showing how
various input frequencies can be simultaneously selected via mere application or removal of resonator dc-
biases. In the bottom plots, filters 2, 4, 5, and n are on, while all others are off. 
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frequency. A version of this device at 498 MHz
achieves a Q of 55,300 in vacuum [4], which is
more than enough to implement the needed tiny
percent bandwidth filters for the described RF
frequency gating spectrum analyzer. More recent
devices based on ring geometries have now
achieved Qs > 40,000 at 3 GHz [3], so as far as
Q is concerned, MEMS technology seems to fit
the bill. 

Recognizing this, Fig. 4f presents a mechani-
cal circuit fabricated via the process of [15] that
realizes a switchable bank of side-by-side
mechanical filter passbands, each selectable by
dc-bias voltages applied to the resonators that
form them. As shown, this mechanical circuit
comprises several identical resonator elements
coupled by mechanical links of various designed
lengths attached at very specific locations on the

Figure 4. Summary of the capacitive-gap transduced micromechanical disk resonator and its use in a
mechanical filter circuit: a) perspective-view  illustration, indicating input port 1, which receives the input
sinusoidal voltage, output port 2, from which the output motional current is sensed, and bias port 3, which
determines whether the device is b) “on” when a dc-bias is applied, in which case it behaves as an LCR
tank, or c) “off” when the port is grounded; d) SEM of a 1.51 GHz mmechanical radial mode disk res-
onator; e) measured frequency response; f) mmechanical circuit using multiple coupled disk resonators to
achieve the bandpass filter response of (g). 
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resonators. Briefly, the center frequency of each
switchable passband is determined primarily by
thevkg@bell-labs.comvkg@bell-labs.com (identical)
frequencies of the constituent resonators vibrat-
ing in the mode corresponding to the selected
passband, while the bandwidths of the passbands
and the spacings between them are determined
largely by ratios of the stiffnesses of the various
coupling beams to those of the resonators they
couple at the attachment locations. Figure 4g
presents a measurement of the lowest frequency
switched-mode passband, which has a 0.06 per-
cent bandwidth with a 2.43 dB insertion loss. 

The complete structure of Fig. 4f comprises a
medium-scale integrated (MSI) mechanical circuit
that can be equated to an equivalent electrical cir-
cuit [15], with a one-to-one correspondence
between mechanical and electrical elements. The
values of the circuit elements are specified by
the lateral dimensions of the associated mechan-
ical elements, so the whole structure is amenable
to automatic generation by a computer-aided
design (CAD) program. Such a program could
also automatically generate the layout required
to achieve a specific filter specification, making
the realization of a VLSI circuit of such filters
ideally as convenient as for VLSI transistor inte-
grated circuits (ICs). 

ULTRA-LOW-POWER RADIOS FOR
SENSOR NETWORKS

Indeed, if achievable, switchable banks of front-
end filters with very small channel-selecting
bandwidths would be just as beneficial for ultra-
low-power receivers (e.g., needed for sensor net-
works) as for the described SDR. As detailed in
[16], with all blockers removed, the oscillator
phase noise and dynamic ranges of the LNA and
mixer in any RF front-end could be relaxed
enormously, to the point where highly nonlinear
(and thus low-power) designs of these functions
might be used. For example, one desirable design
might dispense entirely with LNA linearity and
just allow the amplifier to rail out, amplifying a
tiny sinusoidal frequency shift keyed (FSK) input
signal to a large square wave FSK signal easily
processed by a discriminator, and all with mini-
mal concern for intermodulation or other forms
of blocker-generated spurious signals. Merely
reducing the quiescent drain current of a con-
ventional LNA should accomplish this. Unfortu-
nately, the degree to which drain current can be
reduced is still constrained by noise considera-
tions. 

Interestingly, the latest advancement in
MEMS resonator technology, which recently
made resonant mechanical switches (dubbed
“resoswitches”) available [17], offers a method
for realizing amplification without the need for
transistors and their associated quiescent current
draws. As described in Fig. 5, the resoswitch is
similar to a conventional micromechanical res-
onator, but differs in that it provides displace-
ment gain made possible by both high Q at
resonance and structural design (e.g., stiffness
engineering using slots and a coupling beam),
and its output resonator is designed to actually
impact an output electrode during vibration. If

the resonator and electrode are constructed in
conductive materials, this impacting effectively
closes a low-loss switch with a very large “off” to
“on” transition slope, many times steeper than
offered by any semiconductor switch. This means
a power supply connected to the output res-
onator structure, as shown in Fig. 5, can be
switched directly to a filter’s output electrode at
an input FSK frequency, just as occurs in any
transistor switch-based gain circuit, but in this
case, without quiescent current draw when there
is no input signal and with a preceding channel-
selecting filter function that removes blockers to
allow this degree of amplifier nonlinearity. 

The resoswitch device is equally useful when
employed on the transmit side. In particular,
similar to traditional (non-resonant) RF MEMS
switches, the switch figure of merit (FOMsw) for
a resoswitch device is on the order of 60 THz,
which is two orders of magnitude higher than
the 600 GHz typical of transistor switches. This
should translate to substantially better drain effi-
ciency when a switched-mode (Class E) power
amplifier employs a resoswitch device instead of
presently used semiconductor switches. Predict-
ed efficiencies are higher than 90 percent, to be
compared with the 65 percent attained using gal-
lium arsenide (GaAs) transistor switches [18]. 

This savings in transmit power is essential for
sensor networks, for which transmit power can
be as or more important than receive power
when sleep strategies are utilized to minimize
receive power. Ultimately, both receive and
transmit power savings described in the above
example would constitute welcome and extreme-
ly important savings that can help to enable the
massive “set and forget” wireless sensor net-
works foreseen by many. 

It should be noted that the above is only one
of many ultra-low-power receiver concepts possi-
ble if RF channel selection (as opposed to band
selection) were truly available. For example, as

Figure 5. Perspective illustration of a resoswitch filter-amplifier under an
appropriate bias and excitation configuration. Here, the mechanically cou-
pled disks are designed to operate in wine-glass modes, and slots are used to
affect displacement amplification, where displacement is larger along a slot
axis since the stiffness along this axis is smaller than that along the orthogonal
axis. This displacement amplification ensures that impacting does not occur
along the input axis when it occurs along the output switch axis, where it peri-
odically connects the output to VDD, sending its power to the output node,
and thus serving as a power amplifier. The whole structure provides both
channel-select filtering and power amplification. 
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explored in [19], super-regenerative receivers
could also benefit substantially from channel-
selecting RF front-ends. Other system-level
energy savings can also be obtained by merely
taking advantage of other high Q benefits, such
as better timing stability, which would then allow
longer sleep periods for sensors, where wake-up
intervals are generally constrained by timing syn-
chronization. 

PRACTICAL ISSUES
Of course, anything that seems too perfect gen-
erally is not perfect, and the frequency-gating
spectrum analyzer of Fig. 3 is no exception.
Needless to say, there are practical problems
that must be overcome, from impedance match-
ing to frequency repeatability to frequency sta-
bility (e.g., against environmental variations), to
integration with control electronics. 

IMPEDANCE MATCHING
Unfortunately, although the Qs of the described
resonators are exceptional, they are not easy to
access, because the impedances they present are
often much larger than that of the system using
them. For example, many of today’s board-level
systems are designed around 50 W impedance,
which is much smaller than the 2.8 kW termina-
tion resistors required by the 163-MHz differen-
tial disk array filter of [15]. Thus, even though
this filter attains an impressively low insertion
loss for a 0.06 percent bandwidth, it requires an
L-network to match to 50 W. 

One possible solution to this impedance prob-
lem is to use piezoelectric micromechanical res-
onators, such as the AlN ones of [20], which
achieve single resonator impedances below 80 W.
Unfortunately, the Qs are below 2900. Wafer-
bonded thin quartz resonators have achieved Qs
of 14,756 at 545 MHz and 7544 at 2.72 GHz
[21], but these are still far short of the 30,000
needed for channel selection at RF. With further
research, it is not unreasonable to expect that
the Qs of thin-film piezoelectric resonators
should eventually increase. Indeed, approaches
to raising piezoelectric resonator Q are begin-
ning to bear fruit, notably strategies that elimi-
nate the Q-constraining effect of metal
electrodes [22]. 

Still, capacitive resonator Qs are already suf-
ficient for RF channel selection, and as men-
tioned, they do offer the equally important
ability to self-switch, without any need for lossy
external switches. So the question is, which is
easiest to do: raise the Q of piezoelectric res-
onators, or reduce the impedance of capacitive
resonators? 

Recently published work asserts that the lat-
ter might be easier and is in fact happening as
we speak. Indeed, several approaches are avail-
able that lower the motional resistance Rx of a
capacitive resonator, all identifiable by simply
studying its approximate expression: 

(1)

where wo and mr are the radian resonance fre-
quency and equivalent mass, respectively, of the

resonator; Ao and do are the electrode-to-res-
onator overlap area and gap spacing, respective-
ly; VP is the dc-bias applied to the resonator’s
conductive structure, shown in Fig. 4; e is the
permittivity in the electrode-to-resonator gap;
and the geometric and voltage parameters are
identified in Fig. 4. From Eq. 1, the value of Rx
can be lowered by raising the dc-bias voltage VP;
increasing the electrode-to-resonator overlap
area Ao [15]; increasing the electrode-to-res-
onator gap dielectric constant e [23, 24]; and
reducing the electrode-to-resonator gap do [25].
Clearly, by virtue of its fourth power depen-
dence, the last of these is most effective. This is
true not just for reducing motional resistance,
but also, more important, for maximizing the
mechanical filter figure of merit FOMmf, given
by 

(2)

where RQ is the needed filter termination resis-
tance, Co is the input overlap and shunt capaci-
tance, q is a constant specific to the filter design
(e.g., Chebyshev, Butterworth, 4-resonator)
obtainable from a filter cookbook, and B is the
filter bandwidth. The FOMmf is related to the
quantity (Cx/Co) and is more useful than Rx for
gauging efficacy in an actual RF filter, since it
accounts for the interaction between motional
resistance and input shunt capacitance Co. From
Eq. 2, decreasing gap spacing increases the
FOMmf much faster than other impedance-reduc-
ing approaches. 

Also, contrary to popular belief, reducing gap
spacing does not impact linearity as adversely as
some may think. This can easily be seen from
the experimentally verified expression for the
third-order intermodulation input intercept
point IIP3 from [26]. For a 3-mm-thick 1 GHz
radial-contour mode polysilicon disk resonator
with a radius of 2.64 mm, dc-bias VP of 10 V, and
Q = 50,000, the IIP3 expression from [26] pre-
dicts that simply changing gap spacing from 80
nm to 30 nm actually increases, not decreases,
the IIP3 from 25.1 dBm to 28.0 dBm, respective-
ly! The reason for this is that although a reduc-
tion in gap spacing does indeed reduce the
permissible amplitude of vibration, it also sub-
stantially reduces the Rx, so the amplitude of
vibration needed to support a given power level
is also much smaller. 

At gigahertz frequencies, however, merely
reducing the gap spacing is generally not suffi-
cient if 50 W is desired. Indeed, Eq. 1 shows that
Rx increases linearly with frequency. To circum-
vent this, one need only use a mechanical cir-
cuit, such as an array. Indeed, at 1 GHz, 50 W
can be achieved using a mechanically coupled
array of 24 3-mm-thick 2.64-mm-radius 50,000-Q
polysilicon disks, each with VP = 10 V and 30-
nm electrode-to-resonator gap spacings, all
occupying a total die area of only 45 ¥ 29 mm2

and possessing a substantially better IIP3 than
that of a single disk. 

Whether via use of smaller gaps or alterna-
tive (piezoelectric) materials, recent research
suggests that impedance-Q limitations of MEMS
resonator technology will likely be overcome in
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the near future. Ultimately, repeatability and
control of frequencies on a massive scale will
likely be the most difficult roadblocks to sur-
mount.

REPEATABILITY
Exhaustive measurements indicate that in a uni-
versity fabrication facility, disk resonators such
as that of Fig. 4 can be fabricated with frequency
standard deviations on the order of 316 ppm and
absolute tolerances on the order of 756 ppm
[27]. Although this standard deviation is suffi-
cient to realize 0.5 percent bandwidth filters
without the need for any trimming, it is not suffi-
cient for the 0.03 percent bandwidth filters need-
ed for RF channel selection. Arraying of devices
has been proven to reduce frequency standard
deviation by a factor equal to the square root of
the number of devices in the array [27], and this
offers the option of using multiple spring-cou-
pled resonators to replace each single resonator
to achieve the degree of resonator matching
needed to achieve 0.03 percent bandwidth filters
without the need for trimming. As mentioned,
for capacitive-gap transduced resonators, this
sort of arraying is also beneficial if lower
impedance is desired. 

Ultimately, though, capacitive-gap MEMS
resonators offer a much more potent defense
against repeatability limitations: Their frequen-
cies are voltage tunable via electrical stiffness,
such as described in [5]. This means they need
not be fabricated with exact frequency, but
rather can be tuned to the right frequency. The
tuning range is not large, on the order of only
0.01 percent/V at 500MHz and decreasing as
frequency increases. Although small, the tuning
range is certainly sufficient to fix filter response
deficiencies, e.g., to achieve flat passbands or
exactly a desired amount of group delay, or to

move a filter response from one channel posi-
tion in a bank to the adjacent one. This is all
that’s needed in the filter bank approach of
Fig. 2. 

If voltage-controlled frequency tuning is to be
employed, then some method for combining the
massive numbers of MEMS devices with the
needed electronic control devices (also in mas-
sive numbers) is needed. In most cases, this will
demand wafer-level low-capacitance integration
directly with transistors. 

MEMS-TRANSISTOR INTEGRATION
Integration is likely a must for the circuit of
Fig. 2a, which does not explicitly show the
transistor circuits needed to route the bias
voltages that select (i.e., turn “on”) the desired
passbands. Given the complexity and density
of the MEMS-to-transistor interconnections
needed, it  would be best if  the MEMS and
transistors were integrated together onto a sin-
gle chip. Among approaches to doing this,
MEMS-last ones are among the most attrac-
tive, since they allow the use of virtually any
foundry for transistor circuits, which in turn
minimizes cost. 

To date, however, MEMS-last integration
approaches have had little traction in consumer
markets, partly because they require that pro-
cessing temperatures for the MEMS stay below
a ceiling that insures minimal degradation in
transistor performance. Very few of the popular
high-Q materials used for MEMS resonators,
including the polydiamond and polysilicon mate-
rials of Fig. 4, are doable at temperatures under
the needed ceiling, which may soon be around
300–400˚C to accommodate the advanced low-k
interconnect dielectrics targeted for future com-
plementary metal oxide semiconductor (CMOS)
generations [28]. Recent work, however, has

Figure 6. a) Cross-section of the nickel MEMS-transistor integration process of [30]; b) die photo of a fully
monolithic micromechanical resonator oscillator using this process; c) oscilloscope waveform.
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shown (to the surprise of many) that metal mate-
rials can achieve high Q at high frequencies as
long as the right resonator designs (e.g., disk
geometries) are utilized [29]. Specifically, wine-
glass disk resonators with Qs > 20,000 have now
been demonstrated in nickel material electro-
plated at only 50˚C. Capitalizing on this discov-
ery, Fig. 6 presents the cross-section, die photo,
and oscilloscope output waveform for a fully
monolithic single-chip micromechanical res-
onator oscillator that combines nickel MEMS
over foundry CMOS, recently demonstrated with
reasonable high-Q oscillator performance [30].
With this, it may not be too long before top-level
CMOS metals are used to implement microme-
chanical circuits, such as that of Fig. 6, allowing
the whole system of Fig. 2 to reside on a single
tiny silicon chip. 

CONCLUSIONS
RF channel selection enabled by extremely high
Qs > 30,000 and massive numbers of MEMS-
based resonators stands to be a key enabler for
not only software-defined cognitive radio, but
also ultra-low-power radios for long-lived sensor
networks. While these are already groundbreak-
ing possibilities, perhaps the most compelling
and important contribution of this technology is
its propensity to encourage wireless designers to
break existing assumptions (e.g., that the number
of front-end high-Q passives must be minimized)
and open their minds to the possibility of having
Qs > 40,000 in abundance, allowing them to use
as many high-Q passives as they please. Once
this happens, an explosion of not only communi-
cation architectures, but even wireless standards,
might ensue, and in turn foster proportional
advancements in the capability of our wireless
networks. 

But before getting too excited about the pos-
sibilities, it is prudent to remind ourselves that
much work still remains to control drift, manage
complexity and repeatability for VLSI mechani-
cal circuits, and lower the cost of MEMS-transis-
tor integration. Needless to say, vibrant research
efforts are already underway to address these
issues. Perhaps communication hardware and
standards designers alike should start consider-
ing RF channel selection for their forecasting
roadmaps. 
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