
C. T.-C. Nguyen, "Vibrating RF MEMS technology: fuel for an integrated micromechanical circuit revolution? (invited)" Dig. of 
Tech. Papers, the 13th Int. Conf. on Solid-State Sensors & Actuators (Transducers’05), Seoul, Korea, June 5-9, 2005, pp. 243-246. 

VIBRATING RF MEMS TECHNOLOGY: FUEL FOR AN INTEGRATED 
MICROMECHANICAL CIRCUIT REVOLUTION? 

Clark T.-C. Nguyen 

Microsystems Technology Office, DARPA 
(On leave from the Dept. of EECS, University of Michigan) 

Arlington, Virginia 22203 USA 
 
 
Abstract—Having produced devices with sufficient Q, 
thermal stability, and manufacturability, for component-
level use in present-day wireless handsets, vibrating RF 
MEMS technology is now poised to take its next logical 
steps: higher levels of circuit complexity and integration. 
In particular, as vibrating RF MEMS devices are per-
ceived more as circuit building blocks than as stand-alone 
devices, and as the frequency processing circuits they 
enable become larger and more complex, the makings of 
an integrated micromechanical circuit technology begin to 
take shape, perhaps with a functional breadth to rival that 
of integrated transistor circuits. This paper suggests the 
mechanical circuit element properties that insure a broad 
functional range for integrated micromechanical circuits. 
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1. INTRODUCTION 
Recent advances in vibrating RF MEMS 

technology [1] have yielded micromechanical 
resonators with Q’s greater than 10,000 at 
GHz frequencies [2]-[4], thermal stabilities 
down to 18 ppm over 27-107oC [5], impres-
sive aging characteristics [6], and antenna-
matchable impedances [7]. Indeed, with some 
of the above attributes superior to those at-
tainable by macroscopic counterparts, the 
technical argument for the use of vibrating 
RF MEMS as high-Q replacement compo-
nents in existing wireless sub-systems is al-
ready quite strong. Indeed, piezoelectric thin-
film bulk acoustic resonators (FBAR’s) [8][9], 
composed of deposited piezoelectric materi-
als sandwiched between metal electrodes that 
drive them into extensional vibration, have 
already become a successful high volume 
MEMS product in the wireless handset arena. 

But the benefits afforded by vibrating RF 
MEMS technology go far beyond mere com-
ponent replacement. In fact, the extent to 
which they offer performance and economic 
benefits grows exponentially as researchers 
begin to perceive these devices more as on-
chip building blocks than as discrete stand-
alone devices. In particular, by mechanically 
linking vibrating mechanical structures into 
more general networks, “integrated microme-
chanical circuits” can be conceived capable 
of implementing virtually any signal process-

ing function presently realizable via transistor circuits, 
and with potential power and linearity advantages, espe-
cially for functions that involve frequency processing. In 
essence, micromechanical linkages might form the basis 
for an integrated micromechanical circuit technology 
with a breadth of functionality to rival that of transistor 
integrated circuits. This paper muses over this possibility 
and attempts to suggest the MEMS technologies and at-
tributes most suitable to enabling an integrated microme-
chanical circuit platform. 

2. MICROMECHANICAL RESONATORS 
Table 1 presents a semi-historical summary of the vi-

brating RF MEMS devices with the highest frequency-Q 
products in their class. Frequency-Q product is often the 
most important performance metric when designing os-
cillators and filters for communications. In particular, 
oscillator phase noise is often inversely proportional to 

Table 1: High Frequency-Q Product Vibrating RF MEMS Devices 
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the square of Q, while filter insertion loss decreases (i.e., 
improves) as the Q’s of the resonators constituting a 
given filter circuit increase. Note that Table 1 contains all 
capacitively transduced devices, which in general offer 
the best frequency-Q products among micromechanical 
resonator types, since they generally are constructed in 
single high quality materials, and thus suffer less from 
the material combination losses that can encumber other 
transducer types (e.g., piezoelectric). They do, however, 
suffer somewhat from larger-than-conventional imped-
ances, since the electromechanical coupling factors of 
their capacitive transducers can be small if the dc-bias 
voltages applied across their electrode-to-resonator gaps 
must be constrained. (Note that the lower ends of the Rx 
ranges in Table 1 were achieved by a combination of sub-
100nm gap spacing and large dc-bias, which compromise 
linearity [13], so are impractical for certain applications.) 

The last few devices of Table 1 actually achieve Q’s 
>10,000 at GHz frequencies—something no other  on-
chip resonator technology can match at room temperature. 
Since the percent bandwidth achievable by a given low-
loss bandpass filter depends inversely on the Q’s of its 
constituent resonators, Q’s >10,000 might make possible 
for the first time filter bandwidths small enough to effect 
RF channel-selection at the front ends of wireless receiv-
ers. If possible, this could greatly enhance the robustness 
and reduce the power consumption of future multiple-
input multiple-output (MIMO) radio transceivers [1]. 

Besides frequency range and Q, thermal stability, ag-
ing/drift stability, and impedance, are also of utmost im-
portance. Table 2 presents some of the micromechanical 
resonator devices designed specifically to address these 
characteristics. In particular, the fixed-fixed beam device 
of row 1 in Table 2 utilizes a temperature-tailored top 
electrode-to-resonator gap spacing to attain a total fre-
quency deviation over 27-70oC of only 18 ppm, which 
actually betters that of AT quartz. This, combined with 
recent demonstrations of good aging and drift [6], makes 
micromechanical resonators excellent candidates for ref-
erence oscillator applications in communication circuits. 
In addition, the devices of rows 2 and 3 illustrate 
strategies for lowering the impedances of stand-
alone resonators, the first based on enlargement 
of the electrode-to-resonator capacitive overlap 
area to increase electromechanical coupling [14]; 
the second using piezoelectric transducers 
[7][15]; and the latter being the more successful 
in achieving the 50-377Ω impedances desired 
for matching to off-chip wireless components. 

Clearly, there are stand-alone micromechani-
cal resonator devices that equal or better the per-
formance of devices presently used in wireless 
handsets. Although the benefits attained when 
replacing existing components by on-chip higher 
Q MEMS ones can be substantial, even greater 
advantages lie in waiting for a technology and 
design environment conducive to large-scale-
integrated (LSI) networks of vibrating links. 

3. MICROMECHANICAL CIRCUITS 
Like single transistors, stand-alone vibrating 

micromechanical elements have limited functionality. To 
expand their functional range, micromechanical elements 
(like transistors) need to be combined into more complex 
circuits that achieve functions better tailored to a specific 
purpose (e.g., frequency filtering, generation, or transla-
tion ). Given that the property that allows transistors to be 
combined into large circuits is essentially their large gain, 
it follows that mechanical elements can be combined into 
equally large circuits by harnessing their large Q. As a 
simple example, transistor elements can be cascaded in 
long chains, because their gains compensate for the noise 
and other losses that would otherwise degrade the signal 
as it moves down the chain. On the other hand, mechani-
cal elements can be cascaded into long chains because of 
their extremely low loss—a benefit of their high Q. In 
essence, if an element has an abundance of some parame-
ter (i.e., gain, Q, …), then this can generally be used to 
build circuits of that element. 

In order to effect a micromechanical circuit design 
environment as broadly applicable as today’s electronic 
circuits, constituent mechanical circuit elements with  the 
following attributes are desired: 
1. CAD-amenable design. For example, frequencies 

should be determined by lateral dimensions, which 
can be specified via CAD, not just vertical dimensions, 
which cannot. This makes possible an ability to attain 
many different frequencies in a single layer on a sin-
gle-chip. (Note that herein lies the biggest deficiency 
of FBAR’s, for which frequency is determined pri-
marily by the thickness of the piezoelectric film, 
which is not specifiable by CAD.) 

2. Q’s >10,000 from 1–5000 MHz. Only Q’s this high 
can enable an RF channel-select filter bank capable of 
removing all interferers (including in-band ones) be-
fore they reach any transistor electronics. Such a ca-
pability could greatly enhance robustness and lower 
power consumption in wireless transceiver circuits. 
High Q also allows long cascades of interconnected 
mechanical links, as already described above. 

3. Thermal and aging stability to better than 2 ppm, or at 

Table 2. Thermal Stability and Impedance of Microresonators 
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least amenable to compensation 
or control to this level. 

4. On/off switchability. Here, the 
overriding preference is for vi-
brating micromechanical devices 
that can switch themselves, i.e., 
that do not require extra series 
switches, and that thus avoid the 
extra insertion loss. 

5. Massive-scale interconnectivity. 
In some cases, several levels of 
both mechanical and electrical in-
terconnect are desired.  

6. Nonlinear characteristics that 
enable such functions as mixing, 
amplification, limiting, and other 
useful signal processing abilities. 

7. Amenability to low-capacitance 
single-chip integration with tran-
sistors. This not only eliminates 
the impedance issue described 
previously, since the tiny magni-
tudes of on-chip parasitic capaci-
tors allow impedances in the kΩ 
range, but also affords designers a 
much wider palette of mechanical 
and electrical circuit elements. 
Among the devices discussed, the 

capacitively-transduced devices of 
Table 1 and rows 1-2 in Table 2 pos-
sess all of the above attributes. It is 
no surprise then, that the most com-
plex micromechanical circuits to date have been con-
structed using capacitively-transduced resonators. Table 3 
summarizes several purely micromechanical circuits, 
from bandpass filters with impressive on-chip insertion 
losses of only 0.6dB for 0.09% bandwidth, some using 
non-adjacent bridging to effect loss poles [19]; to mixer-
filter (“mixler”) devices that both translate and filter fre-
quencies via a single passive structure [18]; to impedance 
transforming mechanically-coupled arrays that combine 
the responses of multiple high-impedance resonators to 
allow matching to a much lower 50Ω [20]; to a filter us-
ing mechanically-coupled composite resonators to allow 
matching to 50Ω while attaining the lowest insertion loss 
to date for a VHF micromechanical filter [21]. Each of 
the filters in Table 3 were designed using equivalent elec-
trical circuits defined by electromechanical analogies 
[10][16], which allowed the use of electrical circuit simu-
lators, like SPICE—an important point that implies me-
chanical circuits should be amenable to the vast auto-
mated circuit design environments already in existence. 

The arraying used in the devices of rows 3 and 4 not 
only provides a lower filter termination impedance by 
increasing the effective capacitive transducer overlap 
area, but also raises the 3rd order intermodulation inter-
cept point (IP3) of the composite device [13] (i.e., raises 
its linearity) in the process. Furthermore, Fig. 1 illustrates 
how arraying can achieve a much larger increase in ca-
pacitive transducer overlap area than a single device spe-

cially designed for larger transducer area—a clear exam-
ple of how a circuit technique can be superior to the use 
of a single  “advanced” device. 

The similarities between the described arraying ap-
proach and similar strategies in transistor integrated cir-
cuit design are noteworthy. In particular, the use of an 
array of resonators to match the impedance of a micro-
mechanical circuit to an off-chip macroscopic element 
(e.g., an antenna) is really no different from the use of a 
cascade of progressively larger inverters (or actually, in 
layout, arrays of smaller inverters) to allow a minimum-
sized digital gate to drive an off-chip board capacitor. In 
essence, micro (or nano) scale circuits, whether they be 
electrical or mechanical, prefer to operate with higher 
impedances than macro-scale ones, and interfacing one 
with the other requires a proper impedance transforma-
tion. In a building block circuit environment, such an 
impedance transformation is most conveniently accom-
plished via large numbers of circuit elements, whether 
they be electronic transistors or mechanical resonators. 

Table 3 also implicitly indicates the progression of mi-
cromechanical circuit complexity with time. In particular, 
the composite array filter in row 4 uses more than 43 
resonators and links, which qualifies it as a medium-scale 
integrated (MSI) micromechanical circuit. And this is just 
the beginning. After all, the aforementioned RF channel-
select filter banks (c.f., Fig. 2) aim to use hundreds or 
thousands of filters like this, which would inevitably lead 

Table 3: Summary of Vibrating Micromechanical Circuits 
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to LSI or VLSI micromechanical circuits. When com-
bined (preferably on the same chip [22]) with transistor 
integrated circuits, the time domain prowess of transistors 
can be merged with the frequency domain capabilities of 
mechanical circuits to achieve even greater functionality. 
The GSM-compliant oscillators already demonstrated in 
[23][24] only scratch the surface of what is possible.  

4. CONCLUSIONS 
With extremely low loss (i.e., high Q), flexible inter-

connectivity, and switchability, vibrating micromechani-
cal resonators have all the characteristics needed to sup-
port an LSI (perhaps even VLSI) micromechanical circuit 
technology. Although such circuits are expected to be 
most advantageous for frequency processing applications, 
where high Q can generally be traded for power con-
sumption and used to enhance circuit robustness [1], they 
should also be capable of computation (perhaps, in the 
frequency domain) and even data storage. With transis-
tors to handle time domain processing, and microme-
chanics to handle the frequency domain, revolutionary 
advances in the performance of low-power wireless net-
works, timekeepers, and other frequency-centric applica-
tions, might  soon be feasible. 
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Fig. 1: Illustration showing that, in 
the same footprint, an array of 
small 1GHz disks can achieve a 
larger sidewall surface area (hence,
larger electromechanical coupling 
and smaller filter impedance) than 
a single 1GHz ring made large to 
minimize impedance. 
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Fig. 2: Schematic diagram for 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 the dc-
biases applied to capacitively-transduced filters. (This is the self-switching 
advantage of capacitively-transduced resonators). In the bottom plots, 
filters 2, 4, 5, and n are on, while all others are off. 


