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ABSTRACT 

Micromechanical RF filters and reference oscillators based on recently demonstrated vibrating on-chip micromechani-
cal resonators with Q’s >10,000 at 1.5 GHz, are described as an attractive solution to the increasing count of RF com-
ponents (e.g., filters) expected to be needed by future multi-band wireless devices. With Q’s this high in on-chip abun-
dance, such devices might also enable a paradigm-shift in transceiver design where the advantages of high-Q are em-
phasized, rather than suppressed, resulting in enhanced robustness and power savings. An overview of the latest in vi-
brating RF MEMS technology is presented with an addendum on remaining issues to be addressed for insertion into 
tomorrow’s handsets. 
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1. INTRODUCTION 

Today’s wireless transceivers are generally designed under a near mandate to minimize or eliminate, in as much as pos-
sible, the use of high-Q passives. The reasons for this are quite simple: cost and size. Specifically, the ceramic filters, 
SAW filters, quartz crystals, and now FBAR filters, capable of achieving the Q’s from 500-10,000 needed for RF and IF 
bandpass filtering, and frequency generation functions, are all off-chip components that must interface with transistor 
functions at the board-level, taking up a sizable amount of the total board volume, and comprising a sizable fraction of 
the parts and assembly cost. 
Pursuant to reducing the off-chip parts count in modern cellular handsets, direct-conversion receiver architectures [1] 
have removed the IF filter, and integrated inductor technologies are removing some of the off-chip L’s used for bias and 
matching networks [2]. Although these 
methods can lower cost, they often do so 
at the expense of increased transistor 
circuit complexity and more stringent 
requirements on circuit performance 
(e.g., dynamic range), both of which de-
grade somewhat the robustness and 
power efficiency of the overall system. In 
addition, the removal of the IF filter does 
little to appease the impending needs of 
future multi-band reconfigurable hand-
sets that will likely require high-Q RF 
filters in even larger quantities—perhaps 
one set for each wireless standard to be 
addressed. Fig. 1 compares the simplified 
system block diagram for a present-day 
handset receiver with one targeted for 
multi-band applications, clearly showing 
that it is the high-Q RF filters, not the IF 
filter, that must be addressed. In the face 
of this need, an option to reinsert high Q 

 

 
Fig. 1: Expected progression of transceiver front-end architectures when vibrating RF MEMS 
(shaded) are employed. (a) Present-day superheterodyne. (b) Multi-band architecture, where the 
number of RF filters could reach >10. 
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components without the size and cost penalties of the past would be most welcome.  
Recent advances in vibrating RF microelectromechanical systems (“MEMS”) technology that have yielded on-chip 
resonators operating past GHz frequencies with Q’s in excess of 10,000 [3][4], may now not only provide an attractive 
solution to the above, but might also enable a paradigm-shift in transceiver design where the advantages of high-Q (e.g., 
in filters and oscillators) are emphasized, rather than suppressed [5][6]. In particular, like transistors, micromechanical 
elements can be used in large quantities without adding significant cost. This not only brings more robust superhetero-
dyne architectures back into contention, but also encourages modifications to take advantage of a new abundance in low 
loss ultra-high-Q frequency shaping at GHz frequencies. For example, an RF channel-select filter bank may now be 
possible, capable of eliminating not only out-of-band interferers, but also out-of-channel interferers, and in so doing, 
relaxing the dynamic range requirements of the LNA and mixer, and the phase noise requirements of the local oscilla-
tor, to the point of perhaps allowing complete transceiver implementations using very low cost transistor circuits (e.g., 
perhaps eventually even organic circuits). 
Fig. 2 presents the (simplified) conceptual system-level block diagram of one such transceiver architecture that utilizes 
high-Q devices in abundance to maximize robustness and power savings. The details of each component in Fig. 2 will 
be further detailed in the bulk of this paper. As a preview, however, Fig. 2 includes several revolutionary functional 
blocks made possible via the tiny size and unprecedented Q’s of vibrating RF MEMS technology, including: (1) an RF 
front-end channelizer, such as described above, utilizing 100’s, or even 1,000’s, of high-Q, switchable micromechanical 
resonators; (2) a μmechanical local oscillator frequency synthesizer that uses a switchable bank of ultra-high-Q 
μmechanical resonators to switch from one oscillator frequency to another, eliminating the need for power hungry 
phase-locking and pre-scaling transistor circuits commonly used in present-day synthesizers, and thus, reducing power 
consumption by orders of magnitude while greatly improving the short- and long-term stability performance; (3) 
μmechanical mixer-filters and filter-mixers, capable of down- or up-converting signals while also bandpass filtering 
them in a single on-chip device, with lower loss than present-day mixer/IF filter combinations; and (4) reference oscilla-
tors using temperature stable vibrating micromechanical resonators to achieve excellent phase noise performance with  
substantially lower power consumption than present implementations using quartz crystals. 
Before expanding on the specific advantages of the functions and overall architecture of Fig. 2 in Section 5, the technol-
ogy and design behind the individual vibrating RF MEMS components that enable each function in Fig. 2 are briefly 
described. 

2. MEMS TECHNOLOGY 

There are now a wide array of MEMS technologies capable of attaining on-chip micro-scale mechanical structures, each 
distinguishable by not only the type of starting or structural material used (e.g., silicon, silicon carbide, glass, plastic, 
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Fig. 2: Highly reconfigurable, low-power, RF channel-select architecture, where the number of RF filters could reach >100. 



etc.), but also by the method of micromachining (e.g., 
surface, bulk, 3D growth, etc.), and by the application 
space (e.g., optical MEMS, bio MEMS, etc.). For the pre-
sent focus on portable communications, MEMS tech-
nologies amenable to low capacitance merging of micro-
mechanical structures together with integrated transistor 
circuits are of most interest. In this regard, surface mi-
cromachining technologies, where structural materials are 
obtained exclusively via deposition processes, are among 
the most applicable to the present discussion. 
Fig. 3 presents key cross-sections describing a polysilicon 
surface micromachining process done directly over sili-
con CMOS circuits. As shown, this process entails depos-
iting and patterning films above the CMOS circuits using 
the same equipments already found in CMOS foundries 
until a cross section as in Fig. 3(a) is achieved. Here, the 
structural polysilicon layer has been temporarily sup-
ported by a sacrificial oxide film during its own deposi-
tion and patterning. After achieving the cross-section of 
Fig. 3(a), the whole wafer is dipped into an isotropic 
etchant, in this case hydrofluoric acid, which attacks only 
the oxide sacrificial layer, removing it and leaving the 
structural polysilicon layer intact, free to move in multi-
ple dimensions. Fig. 4 presents the SEM of a watch oscil-
lator that combines a 16 kHz folded-beam micromechani-
cal resonator with sustaining CMOS transistor circuits 
using this very process flow, but with tungsten as the 
metal interconnect in order to accommodate 625o struc-
tural polysilicon deposition temperatures [7]. 
The process of Fig. 3 features a high degree of modular-
ity, where the MEMS and transistor processes are not 
intermixed, but rather combined in separate modules, one 
for the transistors, one for the MEMS. A modular merging process is in principal much preferred over one that mixes 
process steps from its constituent technologies, since it can adapt more easily to advances in each individual module; 
whereas an intermixed process would likely need to be redesigned from scratch to accommodate advances in either of 
the merged processes. Despite this advantage, MEMS/transistor merging processes based on intermixing of steps still 
dominate the high volume MEMS accelerometer market [8], mainly because so far, no modular technology has been 
truly modular. For example, the process of Fig. 3 falls short of perfect modularity in its use of tungsten as the intercon-
nect metal, which represents a deviation from the standards of the mainstream IC industry, which has directed enormous 
resources towards multi-level interconnects in aluminum, and more recently, copper metallization. Given the very low 
probability that the IC industry would adapt tungsten metallization just to accommodate MEMS devices, research to 
lower the temperature required for the structural material deposition and annealing is presently underway. Among the 
top material candidates are SiGe [9], amorphous silicon [10], and CVD polydiamond [3]. 

3. VIBRATING MICROMECHANICAL RESONATORS 

A major impetus behind MEMS technology stems from the fact that mechanical mechanisms benefit from the same 
scaling-based advantages that have driven the integrated circuit (IC) revolution in recent decades. Specifically, small 
size leads to  faster speed, lower power consumption, higher complexity, and lower cost. And it does so not only in the 
electrical domain, but in virtually all other domains, including and especially mechanical. Although many examples of 
this from all physical domains exist, vibrating RF MEMS resonators perhaps provide the most direct example of how 
small size leads to faster speed in the mechanical domain. 

 

Fig. 3: Cross-sections (a) immediately before and (b) after release of a 
surface-micromachining process done directly over CMOS [7]. 

 

Fig. 4: SEM of a fully integrated watch oscillator that combines CMOS and 
MEMS in a single fully planar process [7]. 
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For example, on the macro-scale, a guitar string made of nickel and steel, spanning about 25” in length, and tuned to a 
musical “A” note, will vibrate at a resonance frequency of 110 Hz when plucked. In vibrating only at 110 Hz, and no 
other frequency, this guitar string is actually mechanically selecting this frequency, and is doing so with a Q on the or-
der of 350, which is ~50X more frequency selective than an on-chip electrical LC tank. Of course, selecting a frequency 
like this is exactly what the RF and IF filters of a wireless phone must do, except they must do so at much higher fre-
quencies, from tens of MHz to well into the GHz range. To achieve such frequencies with even better mechanical selec-
tivities, dimensional scaling is needed. In particular, by shrinking a guitar string from 25” down to only 10μm, con-
structing it in stiffer, IC-compatible materials (like polysilicon), supporting it at nodes rather than at its ends (to mini-
mize anchor losses), and exciting it electrostatically or piezoelectrically rather than plucking it, one can achieve a free-
free beam (“FF-beam) resonator such as summarized in row 2 of Table 1 that resonates at frequencies around 100 MHz 
with Q’s in excess of 10,000 [11][12]. 
In keeping with the scaling-based arguments presented so far, further scaling down to nano-dimensions does indeed 
yield frequencies in excess of 1 GHz [13]. However, as with nanoelectronics in the electrical domain, there are issues in 
the mechanical domain that might hinder the use of nanomechanical vibrating resonators (at least in their present form) 
for today’s communication purposes. In particular, excessive scaling may lead to “scaling-induced limitations”, such as 
adsorption-desorption noise [14], temperature fluctuation noise, and insufficient power handling, with the last of these 
perhaps being the most serious for present day applications. As with nanoelectronics, the power handling issue with 
nanomechanical resonators really boils down to an impedance matching problem. In brief, nanostructures would rather 
operate at higher impedance levels than macroscopic counterparts, and in order to interface the nano with the macro 
(e.g., the antenna), impedance matching strategies like massive arraying of nanostructures to add their responses might 
be required. 

Table 1: Vibrating RF MEMS Resonators Most Useful for Communications 
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Fortunately, massive-scale arraying isn’t really needed, at least not for the frequency range used by present day com-
mercial wireless standards. In particular, GHz frequencies can be attained mechanically without the need for nano-scale 
dimensions, and thus, without its associated power handling issues, by merely using alternative resonator geometries 
that operate in modes more amenable to higher frequency. Row 4 of Table 1 presents the SEM and characteristics of 
one such device demonstrated very recently: A 1.51-GHz radial-contour mode vibrating micromechanical disk exhibit-
ing a record (at this frequency) room temperature Q of 11,555 in vacuum, and 10,100 in air. As shown, this resonator 
consists of a polydiamond disk suspended by a polysilicon stem at its very center, and completely surrounded by 
polysilicon electrodes spaced less than 100 nm from its outer perimeter capable of electrostatically driving the disk into 
a mode shape where it expands and contracts along its radius, in a motion reminiscent of breathing [15][3]. The aston-
ishingly high Q at greater than GHz frequencies is a result of the sheer symmetry of this disk design, and of a strategic 
impedance-mismatch between the polydiamond disk and polysilicon stem, both of which greatly suppress energy loss 
through the disk anchor [3]. Since the resonance frequency of this device goes approximately as the inverse of its radius, 
even higher frequency (>10 GHz) with similar Q’s is expected through radial scaling and the use of higher radial 
modes. 
As detailed in [3], the use diamond as the structural material for the radial mode resonator of row 4 in Table 1 contrib-
utes to the ease with which it achieves high frequency, since diamond’s acoustic velocity is twice that of silicon. How-
ever, diamond is not necessary to achieve Q’s greater than 10,000 at frequencies past 1 GHz. Rather, as long as a prop-
erly impedance-mismatched resonator-to-anchor transition can be attained, polysilicon also works well, as demonstrated 
by a recent “hollow disk” extensional-mode ring resonator, shown in row 5 of Table 1. This device uses a centrally lo-
cated support structure, attached to the ring at notched nodal locations and designed with dimensions corresponding to a 
quarter-wavelength of the ring resonance frequency, in order to reflect vibrational energy away from the central anchor 
and back into the ring. The ring itself vibrates extensionally by expanding and contracting along its inner and outer pe-
rimeter edges in a mode shape that allows very high frequency. With this design strategy, this polysilicon ring resonator 
achieves a Q of 14,603 at 1.2 GHz, which is the highest Q to date past 1 GHz for any on-chip resonator at room tem-
perature [4][16][17]. The device is amenable to much higher frequency, as well, with a resonance frequency determined 
primarily by the width of the ring.  
Pursuant to better specifying the operation mode for these devices, Fig. 5 presents a clearer perspective-view schematic 
of the “hollow disk” ring of row 5 in Table 1, indicating key features, and specifying the required electrical input and 
output configuration for capacitively transduced operation. As shown, under normal operation, the mechanical structure 
must be charged, in this case via dc-bias voltage VP (from which no dc current flows once the conductive structure is 
charged, so there is no dc power consumption). Alternatively a charge can be placed on the structure itself (e.g., by im-
plantation) to effectively realize an electret that obvi-
ates the need for a voltage source. The voltage VP gen-
erated by the charge effectively amplifies both the 
force imposed by the ac excitation signal vi and the 
output motional current io generated by the dc-biased 
time-varying electrode-to-resonator capacitor that re-
sults when the ring vibrates.  The transfer function 
from input to short-circuited output can be expressed 
as 
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where mr and kr are the equivalent mass and stiffness 
of the resonator ring, respectively; εo is the permittiv-
ity in vacuum; h is the ring thickness; do is the elec-
trode-to-resonator gap spacing; Ai and Ao are the inner 
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Fig. 5: Perspective-view schematic summarizing the design and operation of 
the “hollow disk” ring resonator of row 5 in Table 1, and emphasizing the 
importance of λ/4 support design and notched support-to-ring attachment loca-
tions to maximize Q. 



and outer electrode-to-resonator overlap areas, respec-
tively; and ri and ro are the inner and outer ring radii, 
respectively, defined in Fig. 5. Recognizing (1) as the 
transfer function for a classic bandpass biquad, the 
micromechanical resonator of Fig. 5, and virtually all 
two-port vibrating mechanical resonators, can be mod-
eled by the equivalent LCR electrical circuit shown in 
the figure. 
For capacitively-transduced resonators, such as those 
of Table 1, the equivalent LCR electrical circuit is in-
herently on/off switchable. In particular, (2) indicates 
that when the dc-bias VP is set to 0V, the series mo-
tional resistance Rx goes to infinity, making this device 
an effective open circuit. Thus, while other resonators 
require a (lossy) switch in series to be switched in or 
out of an electrical path, a capacitively-transduced micromechanical resonator can be switched in or out by mere appli-
cation or removal the dc-bias VP applied to its resonant structure. Note that this can now be done via a simple transistor 
switch (e.g., a pass gate), since this switching function is out of the signal path, making switch loss a non-issue. 
Fig. 7 presents a graph showing how the frequency-Q product, a common figure of merit for resonators, has increased 
exponentially over recent years. At present, micromechanical disk resonators in CVD diamond structural material hold 
the record for frequency-Q product, with a value of 2.74×1013 [3]. At the current rate of progress, the prospects for on-
chip resonators operating past 10 GHz with Q’s >10,000 are not unreasonable in the next three years. 

4. MICROMECHANICAL SIGNAL PROCESSORS 

As has been the case for transistors, a single micromechanical element is limited in the functions it can realize, and it is 
only after many micromechanical elements are combined into a complex circuit when the true functional breadth of this 
technology can be seen. In effect, vibrating RF MEMS elements are best viewed as circuit building blocks, that can be 
combined to achieve functions better tailored to a given purpose. 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, mechanical elements can be cascaded into long chains because of their ex-
tremely low loss—a result of their high Q. In essence, if an element has an abundance of some parameter, then this can 
generally be used to build circuits of that element. 
Being a general circuit technology, micromechanics can 
realize virtually any function that transistors can realize, 
including amplification [18]. However, they are perhaps 
at their best (i.e., most efficient) when performing fre-
quency processing, which makes them ideal for com-
munications applications. As such, some of the most 
compelling applications of micromechanical circuits 
include frequency selection (e.g., via micromechanical 
filters) and low power frequency generation (i.e., oscil-
lators), using a combination of micromechanical resona-
tors and transistor sustaining and controlling circuits. 

4.1. Low-Loss Tiny-Bandwidth Micromechanical 
Filters 
Fig. 6(a) presents a generalized schematic describing the 
basic topology used by the vast majority of bandpass 

 

 

Fig. 6: (a) Basic topology of a bandpass filter. (b) Filter response simulations 
clearly showing sharper passband-to-stopband roll-offs as the number of reso-
nators used increases. 
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Fig. 7: Plot showing exponential growth in the frequency-Q product of micro-
mechanical resonators over time.  
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frequency filters to date. As shown, such filters are often 
comprised of a number of bandpass biquad resonators 
linked by some sort of coupling element to form a cou-
pled network. As shown in Fig. 6(b), the larger the 
number of resonators used, the sharper the transition 
from the passband to the stopband, and the more effec-
tive the filter. In ladder filter synthesis, the resonators 
might be LC tank circuits, and the coupling elements 
either inductors or capacitors or both, depending upon 
whether the implementation is parallel or series, respec-
tively, and depending on the filter bandwidth (i.e., nar-
row or wide) [19].  
Filters are at their best when the circuit elements that 
comprise them exhibit very high Q. In particular, it is 
the Q’s of its constituent elements that determine the 
insertion loss (and thus, noise figure) of any filter in the 
transmit or receive chain of a wireless RF front-end; the higher the Q of its constituent elements, the lower the insertion 
loss, hence, the lower the noise figure contribution from the filter in question. To illustrate, Fig. 8 presents a plot of in-
sertion loss versus resonator Q with percent bandwidth 
as a third variable, for a four-resonator Chebyshev filter 
with 0.01% ripple. Clearly, the insertion loss is a strong 
function of both Q and percent bandwidth, decreasing 
with increases in Q, and increasing with decreases in 
percent bandwidth. From Fig. 8, to maintain an insertion 
loss less than 4dB, an RF channel-select filter for PCS 
1900 requiring a (1.25/1900)=0.066% bandwidth would 
require constituent resonators with Q’s >10,000—a fig-
ure not achievable via previous off-chip resonator tech-
nologies, including LC tanks, SAW’s, crystals, and 
FBAR’s, but now achievable via on-chip microme-
chanical resonator technology. 
To construct a micromechanical filter, the general to-
pology of Fig. 6 can be used with each resonator tank 
replaced with a vibrating micromechanical resonator. 
Although the coupling links can still be L’s and/or C’s, 
much better performance can be obtained by staying 
completely in the mechanical domain and using me-
chanically vibrating coupling links. Fig. 9 presents the 
SEM of an 8.71-MHz pure micromechanical filter util-
izing two clamped-clamped beam resonators linked by a 
flexural-mode coupling beam, along with a measured 
frequency characteristic. By avoiding the use of electri-
cal elements in the filter structure, this purely mechani-
cal filter benefits from better resilience against substrate 
feedthrough interference, which can no longer directly 
interfere with the purely mechanical operation of the 
filter. With resonator Q’s of 6,000, this filter exhibits a 
measured insertion loss of less than 1dB for a 0.2% 
bandwidth [20]. 
To emphasize the circuit nature of the mechanical struc-
ture in Fig. 9, Fig. 10 presents its equivalent electrical 
circuit network, where each mechanical structure is 
modeled by an equivalent circuit, much like small-
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Fig. 8: Plot of insertion loss versus Q with percent bandwidth as a third vari-
able for a four-resonator Chebyshev filter with 0.01% ripple. 

 

 

Fig. 10: Detailed schematic of the micromechanical filter of Fig. 9, showing 
the needed bias, excitation, and termination elements, and equating it to an 
electrical equivalent circuit [20]. 

Fig. 9: SEM of an 8.71-MHz CC-
beam micromechanical filter with 
its measured frequency characteris-
tic [20]. 



signal circuits for transistors. Here, each resonator is modeled by an LCR tank, with values for the L, C, and R, equal to 
the effective mass, stiffness, and damping, of the resonator, respectively. Since the coupling beam actually behaves like 
a mechanical transmission line, it is modeled by a T-network of energy storage elements, similar to the model for an 
electrical transmission line. The specific locations where the coupling beam attaches to each resonator actually deter-
mine the bandwidth of the filter structure, so also must be modeled. The turns ratios of the transformers flanking the 
coupling beam T-network do just this. To complete the model, two more transformers are used to model the capacitive 
electromechanical transducers at the input and output ports.  
As previously mentioned, even better filter performance can be attained by using a larger number of resonators. To this 
end, a three-resonator micromechanical filter utilizing lower frequency folded-beam resonators [7] (as a conservative 
measure for this first 3-resonator implementation) and flexural-mode couplers has been demonstrated [21]. With folded-
beam resonator Q’s exceeding 30,000, this filter achieves an impressive insertion loss of less than 0.6 dB for a tiny per-
cent bandwidth of only 0.09%, which is on the order of what is needed for RF channel-selection. And all this with a 20 
dB filter shape factor of only 1.70 and a stopband rejection of 64 dB. If this kind of performance can be duplicated at 
RF frequencies, then on-chip RF channel-selection, and all of its associated power and robustness advantages, could 
become a reality.  

4.2. Ultra-Stable Local Oscillators 
The local oscillator (LO) represents another key function in a communication sub-system where resonator Q contributes 
substantially to performance. In particular, the Q of the frequency-setting tank used in any oscillator essentially sets the 
long- and short-term stability of its frequency output. For example, if the Q of the resonator tank is less than about 
1,000, then the temperature stability of the overall oscillator would be determined primarily by that of the sustaining 
amplifier circuit, which is usually quite bad—nowhere 
near the needs of wireless communications. On the other 
hand, if the resonator tank is greater than ~1,000, then 
the resonator tank governs the oscillator  temperature 
dependence—a much better situation, given that the 
quartz crystal blanks presently used have orders of 
magnitude smaller temperature dependencies than tran-
sistor circuits, on the order of 35 ppm (uncompensated) 
over 0-70oC, and much better (~2 ppm) with active 
compensation [22]. As a reminder, this is one of the 
primary reasons why present-day LO’s generally consist 
of VCO’s locked to quartz crystal reference oscillators; 
the crystal reference provides the needed temperature 
stability (as well as the needed close-to-carrier phase 
noise). Given that micromechanical resonators have 
now been demonstrated with temperature dependencies 
on par with (and arguably better than) quartz crystals 
[23], high Q micromechanical resonators are expected 
to retain the temperature stability advantages of quartz 
when used in oscillators. 
For the case of short-term stability, tank Q often plays 
an even bigger role in governing the close-to-carrier 
phase noise of any oscillator. In particular, the oscillator 
phase noise density L as a function of frequency offset 
fm from the carrier fo can often be approximated by 
Leeson’s equation [24] 
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where QL is the loaded Q; F and fc are the noise factor 
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Fig. 11: Circuit schematic of a 61-MHz series resonant reference oscillator 
using a wine-glass disk resonator frequency-setting element with a Q of 
48,000 in vacuum, and 10,000 in air [28]. 
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Fig. 12: Measured phase noise density versus carrier offset for the 10-MHz 
CC-beam oscillator of [27] and the 60-MHz wine-glass oscillator of [28], 
with an extrapolation for the latter down to 10 MHz for fair comparison. 



and flicker corner frequency, respectively, of the active device; Pav is the average power through the resonator; k is the 
Boltzmann constant; and T is temperature. (3) clearly shows an inverse square law dependence on Q, suggesting that 
phase noise goes down in a hurry when the loaded Q of the resonator tank goes up. Given that the micromechanical disk 
and ring resonators of rows 4 and 5 of Table 1 have posted the highest room temperature Q’s of any on-chip resonator 
above 1 GHz to date, the use of MEMS technology in compact LO implementations is fully expected to yield substan-
tial improvements in LO performance. In particular, according to Leeson’s equation, if a present-day VCO attains -121 
dBc/Hz at a 600 kHz offset  from an 1.8 GHz carrier using an LC tank with a Q of 30, then the use of a vibrating mi-
cromechanical disk resonator with a Q of 10,000 should provide ~50 dB of improvement, or -171 dBc/Hz at a 600 kHz 
carrier offset.  
If phase noise this good is not needed in a particular application, then the oscillator carrier power can be further lowered 
until the phase noise matches the needed performance—a strategy that takes advantage of the Q versus power trade-off 
clearly seen in (3)), and just one of many instances of this kind of trade-off in communications. In fact, much of the 
incentive for the use of high-Q MEMS circuits in future communication systems revolves around this Q versus power 
trade-off, where the more high-Q elements used and the higher their Q, the lower the power consumption and better the 
robustness of a given transceiver design. 
To date, work towards demonstrating the above GHz oscillator using a micromechanical resonator tank is ongoing. 
However, a lower frequency reference oscillator based on a 61-MHz wine-glass-mode cousin of the disk resonator (row 
3 of Table 1 [25][26]) was recently published that consumed 350μW of power towards phase noise marks at 1kHz and 
far-from-carrier offsets of -110 and -132 dBc/Hz, respectively [28]. Fig. 11 presents the circuit schematic and measured 
phase noise plot, respectively, for this oscillator. As indicated in the plot, when translated down to 10MHz for fair com-
parison, these values equate to -125 and -145, respectively [28], both of which satisfy or nearly satisfy (depending on 
who you talk to) the needs of GSM cellular phones. With a resonator Q of 48,000, this oscillator was actually expected 
to perform much better, even when operating with such low power consumption. Unfortunately, however, an unex-
pected 1/f3 noise component introduced itself at close-to-carrier offsets, most likely caused by resonator nonlinearities 
involved in the oscillation amplitude limiting process. Other work [29] indicates that this 1/f3 component can be re-
moved (leaving the expected 1/f3) by designing so that limiting occurs through transistor circuit nonlinearity, not resona-
tor nonlinearity. It is expected that this will be easier to do at GHz frequencies, since higher frequency resonators are 
stiffer and can handle larger powers than the medium frequency wine-glass disk of Fig. 11. 

4.3. Micromechanical Mixer-Filters (“Mixlers”) 
Yet, another important function needed in any com-
munication transceiver is mixing, by which a signal 
received by an antenna at a high RF frequency ωRF 
(e.g., 1.8 GHz) can be down-converted to a much 
lower IF frequency ωIF (e.g., 70 MHz), where base-
band demodulation can be done much more efficiently. 
A micromechanical resonator device can passively mix 
two signals applied across its input electrode-to-
resonator gap by virtue of the square law transfer func-
tion relating the electrostatic force to the applied gap 
voltage. As summarized in Fig. 13 and detailed more 
fully in [30], the addition of a local oscillator signal 
vLO with frequency ωLO atop the dc-bias of a ca-
pacitively driven micromechanical resonator generates 
a force component proportional to the product of vLO 

and the input signal vRF at frequency ωRF. The product 
of these two electrical signals results in a force signal 
at their difference (and sum) frequency. In effect, as 
depicted in the bottom right corner of Fig. 13, the elec-
trode-to-resonator gap transducer effectively mixes the 
two electrical signals down to a mechanical force sig-
nal at their difference frequency (ωRF−ωLO). If the fre-
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Fig. 13: Schematic depicting one hookup that realizes an electromechanical 
mixer across the electrode-to-resonator gap of a capacitively-driven microme-
chanical resonator. Here, the vLO and vRF electrical signals applied across the 
gap are mixed down to a force Fmix at the difference frequency, which if in the 
resonance passband of the mechanical resonator, will drive it into resonance 
vibration. 



quency separation between the local oscillator and input signals matches the resonance frequency of the resonator 
(ωRF−ωLO)=ωo=ωIF, then the resultant mixed force will drive the device into resonance vibration. 
If the above electrode-to-resonator gap transducer is used to couple into a μmechanical filter, such as that of Fig. 10, 
with a passband centered at ωIF, an effective mixer-filter device results that provides both mixing and filtering in one 
passive, μmechanical device. Fig. 14(a) presents the schematic for a symmetrical μmechanical mixer-filter [30], show-
ing the bias and input scheme required for down-conversion and equating this device to a system-level functional block. 
As shown, since this device provides filtering as part of its function, the overall mechanical structure is exactly that of a 
μmechanical filter. The only differences are the applied inputs and the use of a non-conductive coupling beam to isolate 
the IF port from the LO. Note that if the source providing VP to the second resonator is ideal (with zero source resis-
tance) and the series resistance in the second resonator is small, LO signals feeding across the coupling beam capaci-
tance are shunted to ac ground before reaching the IF port. In reality, finite resistivity in the resonator material allows 
some amount of LO-to-IF leakage. 
Since μmechanical circuits exhibit low-loss and consume virtually no dc power, such a device can greatly reduce the 
power consumption in a transceiver. As detailed in [30], the mixer conversion gain/loss in this device is governed pri-
marily by the relative magnitudes of the dc-bias VP applied to the resonator and the local oscillator amplitude VLO. Con-
version gain is even possible if VLO > VP. For the combined mixer-filter device, the SSB noise figure derives from a 
combination of mixer conversion loss and filter insertion loss, and can theoretically be as small as 3.5dB—very good 
calculated performance for a combined mixer and filter using passive components. 

5. LARGE-SCALE INTEGRATED (LSI) MICROMECHANICAL CIRCUITS 

As mentioned previously, to fully harness the advantages of μmechanical circuits, one must first recognize that due to 
their micro-scale size and zero dc power consumption, μmechanical circuits offer the same system complexity advan-
tages over off-chip discrete components that planar IC circuits offer over discrete transistor circuits. Thus, to maximize 
performance gains, μmechanical circuits should be utilized on a massive scale. Again, as with transistor circuits, LSI 
(and perhaps eventually VLSI) mechanical circuits are best achieved by building block repetition, where resonator, fil-
ter, or mixer-filter building blocks might be combined in a similar fashion to the memory cell or gate building blocks 
often used in VLSI transistor IC’s. Two such LSI building blocks are utilized in the RF channel-select architecture of 
Fig. 2, and these are now described in more detail.  

5.1. Switchable RF Channel-Select Filter Bank 
The RF channel-selector following the antenna in Fig. 2, if achievable, is widely coveted by RF designers. Indeed, if 
channel-selection (rather than band-selection) were possible at RF frequencies (rather than just at IF), then succeeding 
electronic blocks in the receive path (e.g., LNA, mixer) would no longer need to handle the power of alternate channel 
interferers. This would greatly enhance the robustness of the receiver by raising its immunity against jamming. In addi-
tion, without alternate channel interferers, the dynamic range of the RF LNA and mixer can be greatly relaxed, allowing 
substantial power reductions. The absence of adjacent channel interferers also allows reductions in the phase noise re-
quirements of the local oscillator (LO) synthesizer required for down-conversion, providing further power savings. 

 

Fig. 14: (a) Schematic diagram of the 
described μmechanical mixer-filter, 
depicting the bias and excitation 
scheme needed for down-conversion. 
(b) Equivalent block diagram of the 
mixer-filter scheme. 

(b)
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To date, RF channel selection has been difficult to realize via present-day technologies. In particular, low-loss channel 
selection at RF would require tunable resonators with Q’s >10,000. Unfortunately, such Q’s have not been available in 
the sizes needed for portable applications. In addition, high-Q often precludes tunability, making RF channel selection 
via a single RF filter a very difficult prospect. On the other hand, it is still possible to select individual RF channels via 
many non-tunable high-Q filters, one for each channel, and each switchable by command. Depending upon the commu-
nication standard, this could entail hundreds or thousands of filters—numbers that would be absurd if off-chip macro-
scopic filters are used, but that may be perfectly reasonable for micro-scale, passive, μmechanical filters.  
Fig. 15 presents one fairly simple rendition of 
the key system block that realizes the desired RF 
channel selection. As shown, this block consists 
of a bank of μmechanical filters with all filter 
inputs connected to a common block input and 
all outputs to a common block output, and where 
each filter passband corresponds to a single 
channel in the communication standard(s) of 
interest. In the scheme of Fig. 15, a given filter is 
switched on (with all others off) by decoder-
controlled application of an appropriate dc-bias 
voltage to the desired filter. (Recall from Section 
3 that the desired force input and output current 
are generated in a μmechanical resonator only 
when a dc-bias VP is applied; i.e., without VP, 
there’s effectively an open across the I/O elec-
trodes.) 
The potential benefits afforded by this RF chan-
nel selector can be quantified by assessing its 
impact on the LNA linearity specification im-
posed by the IS-98-A interim standard for 
CDMA cellular mobile stations [31]. In this standard, the required IIP3 of the LNA is set mainly to avoid desensitiza-
tion in the presence of a single tone (generated by AMPS [32]) spaced 900kHz away from the CDMA signal center fre-
quency. Here, reciprocal mixing of the local oscillator phase noise with the 900kHz offset single tone and cross-
modulation of the single tone with leaked transmitter power outputs dictate that the LNA IIP3 exceeds +7.6dBm [32]. 
However, if an RF channel select filter bank such as shown in Fig. 15 precedes the LNA and is able to reject the single 
tone by 40dB, the requirement on the LNA then relaxes to IIP3 ≤−29.3dBm (assuming the phase noise specification of 
the local oscillator is not also relaxed). Given the well-known noise versus power trade-offs available in LNA design 
[33], such a relaxation in IIP3 can result in nearly an order of magnitude reduction in power. In addition, since RF 
channel selection relaxes the overall receiver linearity requirements, it may become possible to put more gain in the 
LNA to suppress noise figure (NF) contributions from later stages, while relaxing the required NF of the LNA itself, 
leading to further power savings. 
Turning to oscillator power, if the single tone is attenuated to 40dB, then reciprocal mixing with the local oscillator is 
also greatly attenuated, allowing substantial reduction in the phase noise requirement of the local oscillator. Require-
ment reductions can easily be such that on-chip solutions to realization of the receive path VCO (e.g., using spiral in-
ductors and pn-diode tunable capacitors [34]) become plausible. 

5.2. Switchable Micromechanical Resonator Synthesizer 
Although the μmechanical RF channel-selector described above may make possible the use of existing on-chip tech-
nologies to realize the receive path VCO, this approach is not recommended, since it denies the system from achieving 
much greater robustness enhancement and power reduction factors that may soon be available through MEMS technol-
ogy. In particular, given that power and Q can often be interchanged when designing for a given oscillator phase noise 
specification, a better approach to implementing the VCO would be to use μmechanical resonators (with orders of mag-
nitude higher Q than any other on-chip tank) to set the VCO frequency. In fact, with Q’s >10,000 already demonstrated 
at the needed GHz LO frequencies [3][4], (3) predicts that the 1/f2-to-white phase noise corner at (fo/ (2Q)) occurs close 
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Fig. 15: 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 resonator dc-biases. In the bottom plots, filters 2, 4, 5, 
and n are on, while all others are off. 



enough to the carrier that only white phase noise 
exists at carrier frequency offsets from 285kHz to 
1515kHz, where alternate channel interference is 
most problematic in CDMA. If only white noise is 
important, then only the output buffer noise need be 
minimized, and sustaining amplifier noise may not 
even be an issue for these carrier offsets. If so, the 
power requirement in the sustaining amplifier might 
be dictated solely by in-band phase noise needs 
(rather than by far-from-carrier phase noise needs), 
which for a μmechanical resonator-based oscillator 
with Q=10,000, Rx~40Ω, Lx~84μH, and Cx~0.5fF, 
might be less than 1mW. 
To implement a tunable local oscillator synthesizer, a 
switchable bank is needed, similar to that of Fig. 15 
but using μmechanical resonators, not filters, each 
corresponding to one of the needed LO frequencies, 
and each switchable into or out of the oscillator sus-
taining circuit. Fig. 16 presents a schematic for one 
rendition of such a synthesizer. Note that because μmechanical resonators are now used in this implementation, the Q 
and thermal stability (with compensation electronics) of the oscillator may now be sufficient to operate without the need 
for locking to a lower frequency crystal reference. The power savings attained upon removing the PLL and prescaler 
electronics needed in past synthesizers can obviously be quite substantial. In effect, by implementing the synthesizer 
using μmechanical resonators, synthesizer power consumption can be reduced from the ~90mW dissipated by present-
day implementations using medium-Q L and C components [35], to something in the range of less than 1 mW. Again, 
all this is attained using a circuit topology that would seem absurd if only macroscopic high-Q resonators were avail-
able, but that becomes plausible in the micromechanical arena. 

6. REMAINING ISSUES 

Although Q is arguably the most important parameter governing the performance of the above filter and oscillator ap-
plications, it is by no means the only important one. Other very  important characteristics that likely will ultimately de-
termine the application range of vibrating RF MEMS include temperature and aging stability, power handling, and im-
pedance. 

6.1. Temperature and Aging Stability 
As already mentioned, with the right design, the temperature stability of a micromechanical resonator can be on par 
with that of an AT-cut quartz crystal. Such a statement, on the other hand, cannot yet be made with regard to aging or 
drift. Although initial data seems to indicate an aging characteristic similar to that for quartz, where a fast initial fre-
quency change is followed by slow movement to a flat asymptote, the jury is still out on the aging stability of microme-
chanical resonator devices, especially for applications as stringent as oscillators, where less than 3 ppm per year fre-
quency shift is required. To more fully characterize these devices in this regard, methods for accelerated aging tests are 
needed. With recent efforts to commercialize micromechanical resonator technology, data on aging should be forthcom-
ing over the next year or so [36]. 

6.2. Out-of-Band Power Handling 
As modeled in [37], the power handling ability and linearity of micromechanical resonators improve with frequency, 
mainly because these devices generally become stiffer as their frequencies increase. For example, using [38]’s formula 
for the third-order intercept point IIP3 for a capacitively transduced micromechanical resonator hit with interferers at 
200kHz and 400kHz offsets, the IIP3 of -3dBm for a 1,500 N/m stiff 9.2-MHz CC-beam pales in comparison to the 
>35dBm typical of the 1.5-GHz radial-mode disk in row 4 of Table 1, which has a much higher stiffness of ~108 N/m. 

 
Fig. 16: Schematic diagram of a switchable micromechanical resonator synthe-
sizer. Here, the ability to achieve the needed close- and far-from-carrier phase 
noise performance without the need for a power-hungry phase locking circuit 
allows substantial power savings. 



6.3. Impedance and In-Band Power Handling 
For the case of micromechanical filters (but not oscillators), the remaining issues most responsible for hesitation among 
potential users is the larger-than-conventional impedances so far presented by these devices and, for transmit applica-
tions, their limited in-band power handling ability, both of which are related. (Note that in-band power handling for 
receive applications is already sufficient.) Although micromechanical resonators with series motional impedances (Rx’s) 
lower than or around 50Ω have been demonstrated [27][28][39][40], the majority of vibrating RF MEMS devices work 
more comfortably with Rx’s values that lead to filter termination impedances much larger than the 50-370Ω often de-
sired by standard antennas. This is especially true when considering that the actual termination impedance required by a 
low loss micromechanical filter will be on the order of 10X its end resonator Rx’s. 
From (2), it should be clear that smaller impedances are readily achievable as long as electrode-to-resonator gap spac-
ings can be made as small as needed, or the electrode-to-resonator bias voltage can be made as large as needed. Unfor-
tunately, the gap spacing cannot be infinitely small, nor can the bias voltage be infinitely large. While there are certainly 
physical limitations governed by technology, a more fundamental limitation involves a trade-off between impedance, 
governed by (2), and linearity, governed by the IIP3 expression in [38]. In particular, the smaller the gap spacing and the 
larger the bias voltage, the smaller the Rx, but also the smaller 
the IIP3. 
If gap spacing and bias voltage are not options, then perhaps the 
next easiest parameter to adjust towards lower motional resis-
tance is the electrode-to-resonator overlap area A, which under 
the right conditions can have a stronger influence on Rx than 
IIP3, so would make for a more favorable change. The ring in 
row 5 of Table 1 has an advantage in this regard, since its fre-
quency depends mainly on the width of its structure, and not its 
radius. This means the ring can be made as large as needed to 
achieve as large an A as needed, while retaining the same fre-
quency, as is done by example in [4]. 
On the other hand, a similar (perhaps bigger) increase in A 
could also be attained by summing the perimeter areas of 
enough radial-mode disk resonators that would fit within the 
total area inside such an enlargened ring. To match the frequen-
cies of the resonators in such an array, coupling links can be 
inserted between resonators to form a coupled array (much like 
a filter) in which all individual resonator responses automati-
cally combine into a single vibration mode at a specific mode 
frequency, allowing perfect summation of resonator outputs, no 
matter how large the array [41]. Fig. 17 presents the SEM of 
one rendition of such a mechanically-coupled array using five 
(relatively high impedance) 64-MHz flexural-mode square-
plate resonators, coupled mechanically at their corners [41]. As 
shown by the measured data in Fig. 18, the peak heights for a 
single square-plate resonator, a mechanically-coupled array of 
three of them, and an array of five, increase with the number of 
resonators, indicating a corresponding increase in power han-
dling, and a decrease in Rx with the number of resonators. The 
Rx extracted from the curves in Fig. 18 in fact goes from 
21.3kΩ for the single resonator, to 7.7kΩ for the 3-resonator 
array, to 4.4kΩ for the five resonator array, decreasing ap-
proximately by a factor equal to the number of resonators used 
in the array. Again, this method for Rx-reduction is superior to 
methods based on brute force scaling of electrode-to-resonator 
gaps or DC-bias increases, because it allows a reduction in Rx 
without sacrificing linearity, and thereby breaks the Rx versus 
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Fig. 17: SEM of a mechanically-coupled array of five 64-MHz 
flexural-mode, square-plate micromechanical resonators. 
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dynamic range trade-off often seen when scaling. And again, there’s no need to be conservative when arraying resona-
tors. Given their tiny size, it is not unreasonable to array 100’s of micromechanical resonators to achieve the desired 
impedance and power handling, as is done in [42]. 
The use of an array of resonators to match the impedance of a micromechanical circuit to a macroscopic element (e.g., 
an antenna) is really no different from the use of a cascade of progressively larger inverters to allow a minimum-sized 
digital gate to drive an off-chip board capacitor. In essence, micro (or nano) scale circuits prefer to operate with higher 
impedances than macro-scale ones, and interfacing one with the other requires a proper impedance transformation. In a 
building block circuit environment, such an impedance transformation is most conveniently accomplished via large 
numbers of circuit elements, whether they be electronic transistors or mechanical resonators. 

7. CONCLUSIONS 

Vibrating RF MEMS technology has now reached frequencies required for critical RF functions in wireless applications 
and has done so with previously unavailable on-chip Q’s exceeding 10,000. Q’s this high may now encourage para-
digm-shifting communication architectures that can eliminate interferers immediately after the antenna, allowing subse-
quent electronics to operate with much lower dynamic range and power consumption than would otherwise be needed. 
Given present transistor scaling trends towards lower dynamic range digital devices, such a relaxation in dynamic range 
requirements may be arriving at an opportune time. In addition, if RF channel-selection becomes available, there is even 
the possibility of eliminating altogether the “analog RF front end” as we know it, and go straight to digital after the an-
tenna. Such an approach, if combined with sub-sampling methods, could be instrumental in achieving power consump-
tions low enough to achieve truly unattended sensor networks. Indeed, the possibilities for micromechanical circuits are 
endless. Before any of these can become reality, however, a number of key issues (e.g., impedance, drift stability, tran-
sistor integration) must be resolved. Work pursuant to this continues. 
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