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Abstract—Fully monolithic, high-Q, micromechanical signal
processors are described. A completely monolithic high-Q
oscillator, fabricated via a combined CMOS plus surface
micromachining technology, is detailed, for which the oscillation
frequency is controlled by a polysilicon micromechanical resonator
to achieve high stability. The operation and performance of
µmechanical resonators are modelled, with emphasis on circuit and
noise modelling. Micromechanical filter design is described, and a
prototype two-resonator bandpass filter is demonstrated. An
integrated micro-oven that stabilizes the resonance frequency
against temperature variations using only 2 mW of power is
reviewed. Brownian motion and mass loading phenomena are
shown to have a greater influence on short-term stability and
dynamic range in this micro-scale. Scaling strategies are proposed
to alleviate potential limitations due to Brownian noise.

INTRODUCTION

Mechanical tank components are widely used in communica-
tion circuits for high-Q filtering at the IF and RF frequencies and
to generate precision local oscillators. Among the most com-
monly used mechanical devices are quartz crystals and SAW fil-
ters, which are off-chip components that interface with signal
processing circuitry at the board level. The current trend to
include increasing amounts of a total system on a single silicon
chip makes fully monolithic high-Q filters and oscillators, where
the mechanical element is fabricated on-chip, desirable.

The rapid growth of micromachining technologies, which
yield high-Q on-chipµmechanical resonators, may now make
such systems possible. WithQ’s of over 80,000 [1] under vacuum
and center frequency temperature coefficients in the range of -10
ppm/oC (several times less with nulling techniques) [2], polysili-
con micromechanical resonators can serve well as miniaturized
substitutes for crystals in a variety of high-Q oscillator and filter-
ing applications.

Such an oscillator has recently been demonstrated [3,4],
which utilizes a surface-micromachined, polycrystalline silicon
resonator [10] frequency-setting element and CMOS electronics
to sustain oscillation, all fabricated onto a single silicon chip
using a technology that merges CMOS and surface micromachin-
ing. In addition, passiveµmechanical filters, without on-chip
electronics, have also been demonstrated [5,19,20].

This paper reviews the design and performance of microme-
chanical resonators and presents several specific examples of their
application to communication electronics. Discussions for each
application will focus upon analysis of the potential impact that
miniaturization of high-Q tank elements has on overall system
performance. For each potential limitation, counteracting design
strategies are proposed.

MICROMECHANICAL RESONATORS

To simplify the task of integrating CMOS with micromechan-
ics, capacitive excitation and detection is utilized for theµresona-
tors in this work. A variety of capacitive transducer topologies are
available in this technology. The choice of topology dictates the
frequency tuning range and stability of theµresonator.

Figure 1 shows the perspective view of a two-port clamped-
clamped beam, parallel-plate capacitively transducedµresonator
in a typical bias and excitation configuration [7,8]. An infinite
number of resonance modes are possible for the structure of
Fig. 1 [9]. The frequency of each mode is determined largely by
structural material properties and by geometry. For the case of
zero axial stress, the resonance frequencyfrn of a given moden
for the clamped-clamped beam in the direction indicated (parallel
to the substrate) is given by the expression [9]:

, (1)

wherem is the effective mass of the resonator evaluated at the
point of transduction,k is the system spring constant,E is the
Young’s modulus of the resonator material,ρ is its density, and
the geometric quantitiesL andW are given in Fig. 1. Different
modes are distinguished by the constantKn, which is tabulated for
the first five modes in Table 1.

As shown, the completeµresonator device is composed of the
clamped-clamped beam resonator, a ground plane underneath and
in electrical contract with the beam, and two (or more) capacitive

Fig. 1: Perspective view of a two-port parallel-plate capacitively
transducedµresonator under a general bias and excitation
scheme.
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transducer electrodes. To bias and excite the device, a dc-bias
voltageVP is applied to the resonator and its underlying ground
plane, while an ac excitation voltage is applied to one (or more)
drive electrodes. A specific resonance mode may be emphasized
by using multiple drive electrodes, placing them at the displace-
ment maxima of the desired mode, and applying properly phased
drive signals to the electrodes. To avoid unnecessary notational
complexity, however, we focus on the case of fundamental-mode
resonance in the present discussion. We also assume that the elec-
trodes are concentrated at the center of the beam and that the
beam length is much greater than the electrode lengths. This
allows us to neglect beam displacement variations across the
lengths of the electrodes due to the beam’s mode shape (i.e., we
may assume thatx(y) ~ x for y near the center of the beam). A
more rigorous analysis which accounts for all of these effects is
certainly possible, but obscures the main points.

When an ac excitation with frequency close to the fundamen-
tal resonance frequency of theµresonator is applied, theµresona-
tor begins to oscillate, creating a time-varying capacitance
between theµresonator and the electrodes. Since the dc-biasVPn

= VP - Vn is effectively applied across the time-varying capaci-
tance at portn, a motional output current arises at portn, given by

, (2)

wherex is the displacement at the beam’s center (defined in
Fig. 1) and∂Cn/∂x is the change in capacitance per unit displace-
ment at portn. For a given positive displacementx, the electrode-
to-resonator capacitors on the left-hand-side (LHS) decrease,
while those on the right-hand-side (RHS) increase. Approximate
expressions (neglecting fringing electric fields) for  may

be written as follows:

(3)

whereCon is the static beam-to-electrode capacitance at portn,
anddn is the static electrode-to-resonator gap distance. Note that
∂Cn/∂x is inversely proportional to the gap distance. As will be
shown, the value of∂Cn/∂x should be large to suppressµresonator
noise and to insure adequate designability of high frequency
oscillators and micromechanical filters.

.

Table 1: Mode Characteristics of Clamped-Clamped Beams

Mode n
Nodal
Points

Kn

Fundamental (fo) 1 2 1.028 1.000

1st Harmonic (fr2) 2 3 2.833 2.757

2nd Harmonic (fr3) 3 4 5.552 5.404

3rd Harmonic (fr4) 4 5 9.182 8.932

4th Harmonic (fr5) 5 6 13.717 13.344
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As seen in Eq. (3), the overlap capacitanceCn at portn is non-
linearly dependent upon displacementx, and thus, the change in
capacitance vs. displacement∂Cn/∂x is a strong function of dis-
placement. This nonlinear dependence leads to not only a nonlin-
ear transfer function, but also to a dependence of the resonance
frequency on the dc-bias voltageVP [19]. To reduce nonlinearity
and eliminate this component of frequency instability, the elec-
trode-to-resonator capacitance must be made to vary linearly with
resonator displacement. In this work, this is achieved by using
interdigitated-comb finger drive and sense capacitors [10].

Figure 2 shows the overhead view of aµresonator which uti-
lizes interdigitated-comb finger transduction in a typical bias and
excitation configuration. Theµresonator consists of a finger-sup-
porting shuttle mass suspended 2µm above the substrate by
folded flexures, which are anchored to the substrate at two central
points. The shuttle mass is free to move in the direction indicated,
parallel to the plane of the silicon substrate. Folding the suspend-
ing beams as shown provides two main advantages: first, post-
fabrication residual stress is relieved if all beams expand or con-
tract by the same amount; and second, spring stiffening nonlinear-
ity in the suspension is reduced [13], since the folding truss is free
to move in a direction perpendicular to the resonator motion. A
scanning-electron micrograph of a100 kHz version of thisµreso-
nator is presented in Fig. 3.

The fundamental resonance frequency of this mechanical res-
onator is, again, determined largely by material properties and by
geometry, and is given by the expression [10,11]:

, (4)

whereMP is the shuttle mass,Mt is the mass of the folding
trusses,Mb is the total mass of the suspending beams,W andh are
the cross-sectional width and thickness, respectively, of the sus-
pending beams, andL is indicated in Fig. 2.

Fig. 2: Overhead view of a two-port, folded-beam, lateral comb-
driven resonator with typical applied bias and excitation
voltages. All areas of the resonator and electrodes are
suspended 2µm above the substrate, except for the darkly
shaded areas, which are the anchor points.
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For this resonator design, the transducer capacitors consist of
overlap capacitance between the interdigitated shuttle and elec-
trode fingers. As the shuttle moves, these capacitors vary linearly
with displacement. Thus,∂Cn/∂x is a constant, given approxi-
mately by the expression

(5)

whereNg is the number of finger gaps,h is the film thickness, and
d is the gap between electrode and resonator fingers.α is a con-
stant that models additional capacitance due to fringing electric
fields. For comb geometries,α=1.2 [12]. Note from (5) that,
again,∂Cn/∂x is inversely proportional to the gap distance.

Small-Signal Equivalent Circuit.

The equivalent circuit for the two-port resonators of Figs. 1 or
2 can be derived via impedance analyses, and is presented in
Fig. 4, along with equations for the respective circuit elements.
Typical circuit element values for the case of a 100 kHz, 2µm-
thick comb-transduced resonator with 2µm electrode-to-resona-
tor gap spacings are also indicated in the figure, as is the simplify-
ing transformation to a series LCR tank when the transducers are
identical (i.e.,∂C1/∂x = ∂C2/∂x). For present purposes, the series
resistance is of most interest, and is repeated here for conve-
nience:

, (6)

where variables are defined in the caption of Fig. 4.
The equivalent circuit for capacitively transduced resonators

with more than two ports is a simple extension of Fig. 4 [1,19].

Quality Factor.

In order to attain highQ, µmechanical resonators should be
operated in vacuum to eliminate losses due to fluidic damping
mechanisms [14,15,16]. Forµmechanical resonators withQ’s in
the range of 50,000 to 500,000, viscous gas damping ceases to be
the dominant energy dissipation mechanism at pressures in the
range of 0.1 to 1 mTorr [15], where intrinsic material damping

Fig. 3: SEM of a 100 kHz folded-beam, capacitive-comb
transducedµresonator.
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mechanisms become dominant [17,18], and theQ of theµresona-
tor is maximized with respect to viscous damping.

Figure 5 presents the measured transconductance spectrum
for a folded-beam, capacitive-comb transduced polysiliconµme-
chanical resonator operated under a vacuum pressure of 20 mTorr.
The spectrum in Fig. 5 is highly selective, with a quality factorQ
of 51,000. For lower pressures, theQ is even larger, exceeding
80,000. This demonstrated degree of frequency selectivity makes
µmechanical resonators well suited to high-Q oscillator applica-
tions.
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Fig. 4: Equivalent circuit for a two-portµmechanical resonator
showing the transformation to the convenient LCR form. In
the equations,m is the effective mass of the resonator
evaluated at the point of transduction,k is the system spring
constant,Q is the quality factor, and∂Cn/∂x is the change in
capacitance per displacement at portn.
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Fig. 5: Measured transconductance spectrum for a folded-beam,
capacitive-comb transduced polysiliconµmechanical
resonator operated under a vacuum pressure of 20 mTorr.
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Thermal Stability.

The use of a tank element with large quality factor helps to
insure excellent short-term frequency stability in oscillators. To
insure exceptional long-term stability, the temperature coefficient
of the resonance frequency and the aging rate of the tank element
must be minuscule.

Figure 6 shows a measured plot of fractional frequency
change∆f/f versus temperature for a folded-beam, capacitive-
comb transduced polysiliconµmechanical resonator. From the
slope of the curve, the temperature coefficient of the resonance
frequency,TCfr, for this device is –10 ppm/oC. Through manipu-
lation of Eq. (4), the temperature coefficient of the Young’s mod-
ulus,TCE, may be expressed as

. (7)

Using the measured value ofTCfr = –10 ppm/oC, (7) yieldsTCE =

–22.5 ppm/oC. This value is considerably smaller than a previ-
ously reported number [21], and it is stated tentatively pending a
more systematic study of other factors which can affect theTCfr.

As will be shown, the measuredTCfr of –10 ppm/oC can be
reduced via on-chip compensation or on-chip oven control tech-
niques.

Thermal Noise.

If the ambient temperature around a damped mechanical reso-
nator is finite (i.e., not 0 Kelvin), and if the system is in thermal
equilibrium, then the mechanical resonator must exhibit some
degree of random (Brownian) motion. This random vibration con-
stitutes thermal noise in the mechanical domain.

The magnitude of the random vibration is dependent upon the
amount of damping in the oscillator system. To see this, consider
that to avoid violating the Second Law of Thermodynamics, the
model for adamped, simple harmonic oscillator must include a
noise force generator with sufficient amplitude to maintain the
degree of random vibration dictated by the temperature of the sys-
tem. Without this noise force generator, the damping of the sys-
tem would force any oscillation to decay to zero, implying a
system temperature of 0 K, which will violate thermal equilib-

Fig. 6: Measured plot of fractional frequency change∆f/f in parts
per million vs. temperature for a folded-beam, capacitive-
comb transduced polysiliconµmechanical resonator.
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rium requirements if the ambient temperature is not 0 K. Thus,
the magnitude of the noise force generator should depend upon
both temperature and the amount of damping in the system.

An expression for the noise forcefn can be obtained using the
Equipartition Theorem [22,23,19], which states that any mode of
a system in thermal equilibrium has an average noise energy of

, wherekB is Boltzmann’s constant ( )

andT is the temperature in Kelvin. Through equilibrium argu-
ments [23], the action of all modes (including molecular vibra-
tions, velocity, etc...) may be combined into the action of an
“ordered” mode, such as vibration of a mass-spring system. The
average noise displacement of the mass in a mass-spring-damper
oscillator system, assuming a dominant mode in thex-direction, is
given by

, (8)

wherexn is the displacement noise, and  is equal to the inte-

gral of |xn|
2 over all frequencies. Inserting the expression for |xn|

2

[19], then integrating and rearranging, the expression for noise
force is found to be [23]:

. (9)

Note that this noise force is white over the thermal bandwidth. In
converting from force to displacement, the noise is shaped by the
force-to-displacement transfer function of the mechanical resona-

tor. Thus, the displacement noise  peaks at the resonance fre-

quency (where oscillators andµmechanical filters operate). Note
that this noise isQ times larger than that for mechanical devices
operating below resonance, such as accelerometers [24]. From
(9), an expression for noise displacement at resonance may be
obtained as follows:

(10)

Using Eq. (10) and the expression for output current as a function
of displacement for a capacitively transduced resonator (Eq. (2)),
the noise current at resonance is given by

(11)

whereRx is the series motional resistance of the microresonator
seen at resonance at the port in question. Note that Eq. (11) is
exactly the expression for thermal noise in a resistor with value
Rx. Off resonance, this noise is shaped by the resonator frequency
characteristic. Thus, the thermal noise performance of a microme-
chanical resonator is modelled completely by the noise perfor-
mance of its equivalent circuit. For a port-symmetric resonator
(i.e., ), one need only add a noise generator correspond-

ing to the resistorRx in the equivalent LCR circuit. To minimize
thermal voltage noise power inµresonators, this theory suggests
that the series resistanceRx be minimized. From (6), this in turn
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requires that the electromechanical coupling factor η be maxi-
mized.η is largest whenVP and∂C/∂x are maximized. Since∂C/
∂x is maximized when the electrode-to-resonator gaps are mini-
mized,µresonator noise performance improves as the electrode-
to-resonator gap decreases.

FABRICATION

To fabricate the describedµmechanical resonators, either sur-
face or bulk micromachining technologies may be utilized. For
the communications applications to be described, the preferred
micromachining technology is often ultimately determined by the
ease with which integration with electronics can be achieved, by
the properties of the structural material, and by the achievable
degree of micromechanical complexity. For example, for some
applications surface micromachining may achieve two levels of
suspension more easily. On the other hand,µresonators con-
structed from bulk-micromachined single-crystal silicon may
exhibit superior material properties.

To maximize complexity and flexibility, the technology used
to fabricate the fully monolithic high-Q oscillator to be discussed
combines planar CMOS processing with surface micromachining
[3,4,5,32]. The technologies are combined in a modular fashion,
in which the CMOS processing and surface micromachining are
done in separate process modules, with no intermixing of CMOS
or micromachining steps. ThisModular Integration ofCMOS
and microStructures (MICS) process has the advantage in that it
allows the use of nearly any CMOS process with a variety of sur-
face micromachining processes. A cross-section of the MICS
technology is shown in Fig. 7.

In order to avoid problems with microstructure topography,
which commonly includes step heights of 2 to 3µm, the CMOS
module is fabricated before the microstructure module. Although
this solves topography problems, it introduces constraints on the
CMOS. Specifically, the metallization and contacts for the elec-
tronics must be able to survive post-CMOS micromachining pro-

cessing with temperatures up to 835oC. Aluminum interconnect,
the industry standard, cannot survive these temperatures. For this
reason, tungsten with TiSi2 contact barriers is used as intercon-
nect for this process.

MICROMECHANICAL RESONATOR OSCILLATORS

Figure 8 shows a system-level schematic describing the basic
architecture used for this oscillator. Since the motional resistance
of theµresonator is large (Fig. 4), a series resonant oscillator
architecture is utilized to minimizeQ-loading [25]. As shown, the
system consists of a three-port micromechanical resonator, for

Fig. 7: Cross-section of the MICS technology for integration of
CMOS and microstructures.

pwell
n-substrate

Thermal SiO2

Ground Plane 
  Polysilicon

Structural Polysilcion
 (Suspended Beams)

Si  N3 4

2TiSi
Contact
 Barrier

   Tungsten
Interconnect

Poly-to-Poly
    Capacitor

which two ports are embedded in a positive feedback loop with a
sustaining transresistance amplifier, while a third port is directed
to an output buffer. The use of a third port effectively isolates the
sustaining feedback loop from variations in output loading. Con-
ceptually, the sustaining amplifier andµmechanical resonator
comprise negative and positive resistances, respectively. (The
input and output resistances of the sustaining amplifier also con-
tribute to the total positive resistance, but will be neglected for
now.) During start-up, the negative (trans)resistance of the ampli-
fier R is larger in magnitude than the positive resistance of the res-
onatorRx, and oscillation results. Oscillation builds up until either
some form of nonlinearity or a designed automatic-level control
circuit alters either or both resistors so that,R=Rx, at which point
the oscillation amplitude limits.

A specific transresistance sustaining amplifier design has been
detailed previously in [3], along with methods for voltage control
of the oscillation amplitude. Figure 9 presents the SEM of a fully
monolithic high-Q oscillator fabricated using the CMOS+µStruc-
tures process shown in Fig. 7. The complete oscillator, comprised
of the aforementioned sustaining amplifier integrated with a
16.5 kHzµmechanical resonator, requires only 500 x 500µm2 of
area. Higher frequency oscillators that utilize much smallerµres-
onators require even less area. Figure 10 shows the output wave-
form of this oscillator measured on an oscilloscope.

Fig. 8: System level schematic for theµresonator oscillator.
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Short-term Frequency Stability.

Short-term frequency stability is of utmost importance for
oscillators used as carriers or local oscillators in communications
and radar systems. Short-term stability is typically measured in
terms of close to carrier phase noise power density, which is
directly related to frequency noise power. Typical phase noise
requirements range from –100 dBc/Hz at 270 kHz deviation from
the carrier for the local oscillator in FDM/FM satellite communi-
cations networks [26] to –150 dBc/Hz at 67 kHz carrier devia-
tions in Doppler-based radar systems [27].

Many phenomena contribute to phase noise in oscillators. The
most commonly recognized phenomenon is superposed electronic
noise from the sustaining amplifier. In the micromechanical
domain, however, noise due to Brownian motion and mass load-
ing have increased influence and may actually dominate among
mechanisms that cause phase noise.

Superposed Electronic Noise.

The phase noise power due to superposed electronic noise
from the sustaining amplifier may be predicted theoretically using
a procedure similar to that in [26]. Assuming a linear series reso-
nant oscillator, and thus, neglecting 1/f mixed noise, the equation
for the relative oscillator phase noise power densityNop to carrier
C power ratio at a deviationfm from carrier frequencyfo is found
to be [19]

(12)

whereF is the amplifier noise figure,Q is the loaded quality fac-
tor of the resonator,R is the gain of the transresistance sustaining
amplifier, Rin is the input resistance of the sustaining amplifier
(Fig. 8), andRL is the combination of the amplifier output resis-
tance and the series motional resistanceRx of theµresonator.

Mass Loading Noise.

In addition to superposed electronic noise, any physical phe-
nomenon that causes instantaneous frequency deviations of the

Fig. 10: Oscilloscope waveform for theµresonator oscillator of
Fig. 9.
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resonator will contribute to the total phase noise power. Given
that the typical mass of aµmechanical resonator is on the order of
10-11kg, mass loading noise is expected to make a sizable contri-
bution. Mass loading noise [6] arises from instantaneous differ-
ences in the rates of adsorption and desorption of contaminant
molecules to and from the resonator surface, which cause mass
fluctuations, and consequently, frequency fluctuations. Some of
the factors which determine the magnitude of mass loading noise
include the adsorption/desorption rate of contaminant molecules,
contaminant molecule size and weight, pressure, and temperature.

An expression which estimates the phase noise density due to
mass loading noise can be derived through a statistical analysis
similar to that in [6]. Such analysis for the case of the flexural-
mode capacitively transducedµresonators of this work yields for
phase noise density [19]:

, (13)

wheref is the frequency deviation from the carrier at which phase
noise is being calculated,ro is the mean rate of arrival of contam-
inant molecules at a resonator site,so is the probability that the
contaminant will stick to an uncontaminated site,r1 is the desorp-
tion rate of molecules from the surface, andN is the total number
of sites on the resonator surface at which adsorption or desorption
can occur. Equation (13) assumes a sticking probability of zero if
an adsorption site is contaminated, so the magnitude of phase
noise predicted will be higher or lower than the actual value,
depending upon the actual sticking probabilities for the molecules
involved. The qualitative trends predicted by (13), however, are
useful.

Pressure Dependence.

Using (13) and accounting for the pressure dependence ofro

[6], the phase noise density due to mass loading for a 10 MHz
clamped-clamped beamµresonator can be plotted as a function of
pressure. Figure 11 presents such a plot for phase noise density
versus pressure at a 100 Hz deviation from the carrier, where a

Sφ f( )
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-----⋅=

Fig. 11: Plot of mass loading-derived phase noise density (at a 100
Hz deviation from the carrier) versus pressure for a 10
MHz clamped-clamped beamµmechanical resonator at a
temperature of 300K for contaminant molecules with the
molecular weight of nitrogen and varying values of
desorption activation energy.
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contaminant molecule with the molecular weight of nitrogen has
been assumed, at a constant temperature of 300 K and for varying
values of desorption activation energy. In this curve, a strong
dependence on the contaminant desorption activation energy is
seen. In addition, for each of the curves, the mass loading phase
noise density is largest at an intermediate value of pressure and
smallest at the higher and lower pressures. This is reasonable
when one considers that at high pressures, the resonator may be
saturated with contaminant molecules and little transfer to and
from the surface occurs. At extremely low pressures, very few
contaminants are present, and the flux of contaminant molecules
is likewise small. It is at intermediate pressures where transfer of
contaminant molecules is maximized, and consequently, mass
loading-derived phase noise peaks.

As previously mentioned,µmechanical resonators exhibit
high-Q when operated under low pressures, in the range of 0.1 to
1 mTorr. However, these pressures may still not be low enough to
achieve high-Q resonators with minimum phase noise. As seen
from Fig. 11, the phase noise density due to mass loading may
still be large at these pressures, and even lower pressures may be
required to alleviate this noise source. Thus, given a required
phase noise density level, mass loading may set an upper limit on
operation pressure, and in this way, may ultimately dictate the
design of the most stableµmechanical resonator oscillators.

On-chip vacuum encapsulation techniques have been previ-
ously investigated which provide vacuums with pressures below
100 mTorr [30], or perhaps better [31]. Encapsulation strategies
which use gettering elements to remove residual gases may
potentially provide the even lower pressure ranges (10-7 to 10-6

Torr) requested by Fig. 11.

Temperature Dependence.

In addition to a dependence upon pressure, mass loading
noise depends upon temperature as well. This dependence arises
mainly from the temperature dependence of the rates of adsorp-
tion and desorption of contaminants [6]. Using Eq. (13), the mass
loading-derived phase noise density for the 10 MHz parallel-plate
clamped-clamped beam resonator of Fig. 11 at 100 Hz frequency
deviation from the carrier and for the pressure where mass load-
ing noise peaks (1 mTorr), is shown as a function of temperature
in Fig. 12 . As seen in the plot, the effect of mass loading on the
short term frequency stability of a resonator should taper off as
temperatures increase. This suggests that a low power micro-
oven, such as described in [2], could be used to substantially
reduce phase noise contributions due to mass loading.

MICROELECTROMECHANICAL FILTERS

Simple second-order high-Q bandpass filters are often
required in communication electronics. A singleµmechanical res-
onator can provide a high-Q bandpass or lowpass biquad
response, depending upon whether resistive or capacitive detec-
tion techniques are utilized [19]. A typical measured response for
an 18 kHz folded-beam comb-drivenµmechanical resonator
operated under 20 mTorr pressure was presented in Fig. 5, which
indicated a quality factor of 50,000 and an effective 3 dB-down
bandwidth of 0.36 Hz.

For most practical applications, however, filter responses with
larger bandwidths, flatter passbands, higher stopband rejection,
and steeper passband-to-stopband transitions are required. To

achieve such characteristics, higher order filters are needed, gen-
erally consisting of a network of tank elements coupled via
energy storage elements. In the micromechanical domain, this
network of elements may be achieved by coupling mechanical
resonators via soft mechanical springs.

Figure 13 presents the schematic of a five-resonator microme-
chanical filter. As explicitly shown in the figure, such filters are
designed through use of electromechanical analogies, where the
electrical domain inductance and capacitance of a properly syn-
thesized LC ladder filter are implemented via analogous values of
compliance and mass in the mechanical domain. As previously
discussed, resonators in the mechanical domain equate to LCR
tanks in the electrical domain, while coupling springs are analo-
gous to coupling shunt capacitors. Mechanical filters can thus be
designed by first synthesizing an LC ladder filter to satisfy
required specifications, then designing a mechanical network
similar to that of Fig. 13, with values of mass, compliance, and
transducer coupling coefficient chosen such that the electrical and
mechanical circuits are equivalent.

In order to realize a specific filter bandwidth, the quality fac-
tor Q of the constituent resonators must be controlled to some
degree. As is demonstrated later, for the case of two-resonator
mechanical filters, suchQ-control can be achieved via control of
the ambient pressure. However, for the general case of high order

Fig. 12: Plot of phase noise density caused by mass loading versus
temperature for 10 MHz parallel-plate clamped-clamped
beam resonator at 100 Hz frequency deviation from the
carrier and for the pressure where mass loading noise peaks
(1 mTorr).
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Fig. 13: Schematic of a five-resonatorµmechanical filter, explicitly
showing electromechanical equivalencies.
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filters, more selectiveQ-control is required, in which each con-
stituent resonator may require a unique value ofQ. For example,
in many designs theQ of the end resonators must be reduced, but
theQ of the internal resonators must remain large.

The simplest method for controlling theQ of end resonators is
to use terminating resistors in series with the filter input and out-
put, as shown in Fig. 14. In this figure, a balanced excitation and
detection scheme, in which a differential input is applied, is
shown. Balanced operation is advantageous for two reasons: first,
the effective electromechanical coupling is increased since a
larger number of fingers can be used; second, highly linear bal-
anced detection circuitry can be utilized. The value of terminating
resistanceRs required for a given filter is proportional to the size
of the motional resistanceRx of its end resonators, given by
Eq. (6). For present-day micromachining technologies, and for
reasonable values of dc-bias voltage,Rx is on the order of hun-
dreds of kilo-ohms, and corresponding values ofRs are in the
range of tens of megaohms—impractically large for most IC pro-
cesses, and large enough to contribute substantial dynamic range
degradation.

Thus, an alternative method for controllingµresonatorQ is
required. Since the initial quality factor of theµmechanical reso-
nator is difficult to predict, any technique used to controlQ
should be independent of its initial value. OneQ-control method
which satisfies the above condition and provides ratioed specifi-
cation of the effective gain of the stage is shown in Fig. 15. Here,
a three-portµmechanical resonator is utilized, where an input port
accepts an excitation signal, an output port directs resonator
motional current to a transresistance amplifier, and a feedback
port directs the resulting output voltage back to the resonator.
Properly phased competition between the input and feedback

Fig. 14: Schematic showing the resistive terminations required for
bandwidth control of a balancedµmechanical filter.
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Fig. 15: Circuit schematic for activeQ-control of a three-port
µresonator.
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ports effectively lowers theQ of the system. Using the equivalent
circuit for a multi-portµresonator [1,19], the transfer function for
the system of Fig. 15 can be written as:

, (14)

where

(15)

is the controlled value of quality factor when the initial unloaded
resonatorQ is large. In Eq. (14),Meff andksys are the effective
mass and spring constant of the resonator, respectively,Ni is the
number of resonator input fingers,Nfb is the number of resonator
feedback fingers, andRQ is the transresistance amplification pro-
vided by the amplifier. Note that from (15),Q′ is independent of
the original quality factorQ of the resonator. Note that the gain of
this stage is completely determined by the ratio of the number of
resonator input fingersNi to the number of feedback fingersNfb
which can be precisely specified to within an error dependent
upon the matching tolerance of the∂C/∂x for each finger gap.
This, combined withQ variability, provides complete freedom in
specifying almost any arbitrary bandpass biquad transfer function
via thisµelectromechanical system.

Using a fabricated multi-port resonator and off-chip electron-
ics, control ofQ via this technique is demonstrated in Fig. 16,
which shows a plot of the resonator transconductance spectrum
under varying values ofQ-controlling transimpedance,RQ.

Utilizing this activeQ-control technique, the schematic dia-
gram for a passband-controllableµmechanical filter is presented
in Fig. 17.

Dynamic Range of Microelectromechanical Filters.

The dynamic range of integrated electronic filters is generally
limited by electronic noise. For the case of micromechanical fil-
ters, Brownian motion noise can play a dominant role in setting
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Fig. 16: Experimental demonstration ofQ-control. Eachµresonator
transfer function corresponds to a different value ofQ-
controlling (trans)resistanceRQ. The measured values ofQ
are 53,000 forRQ=1MΩ and 17,000 forRQ=3.3MΩ.



the dynamic range in the absence of defensive design strategies
that minimize this noise source.

In this respect, the choice of theQ-controlling scheme for a
givenµmechanical filter can have a significant effect on the total
dynamic range. This is because he magnitude of the input-
referred noise for a given filter is strongly dependent on theQ-
control scheme used. To see this, first consider the resistively ter-
minated filter shown in Fig. 14. Applying standard noise analysis
[28], the equivalent input-referred voltage noise source in the
passband of this filter is found to be [19]

, (16)

where  represents voltage noise due to the effective termina-

tion resistanceRs,  represents voltage noise due to the total

series resistance through the filter, and  and  are the input-

referred noise sources associated with an amplifier connected to
the output electrode [19,28]. The voltage noise generator associ-
ated with a resistor with valueR is given by [28]

, (17)

where  is the bandwidth of interest. Note that from (17) the

input referred voltage noise source  is a function ofRs, which

is usually much larger thanRx, and which thus, dominates the
total voltage noise.

For the activeQ-control technique of Fig. 15, the equivalent
input-referred passband voltage noise source is found to be

, (18)

where  is the effective motional resistance seen between the

input and output transducers in Fig. 15, and  is the resistance

looking into the output transducer [1,19]. Note that the input-
referred voltage noise source is no longer dependent upon theQ-
controlling transresistance, and thus, depending upon the magni-

tude of  and , can be many times smaller than for the case

of Fig. 14. In addition to noise advantages, the activeQ-control-
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I

Fig. 17: Schematic for aµmechanical filter utilizing activeQ-
control to control the passband shape and bandwidth. (Note
that this is a schematic drawing intended for clarity. The
actual placement of electrodes is more symmetrical than
indicated here.)
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ling technique can achieve higher operation frequency, as well
[19].

Of the noise sources comprising  in Eq. (18),  (which

represents Brownian motion noise) will dominate, sinceRx is
large. Thus, Brownian noise as modelled byRx can play an
important role in limiting the dynamic range of a givenµmechan-
ical filter. For example, a resonator withRx=300kΩ would con-

tribute a voltage noise generator in the range of 70.6 nV/ ,
which results in a dynamic range of 100 dB for a maximum volt-
age swing of 3V. To achieve a higher dynamic range the value of
Rx must be lowered. Equation (6) suggests that this can be
achieved by reducing the massm and stiffnessk of the resonator,
and by increasing the value of the electromechanical coupling
factorη. An increase inη can be achieved by increasing both the
dc-biasVP and the value of∂C/∂x. Since the dc-biasVP is limited
by the power supply of the chip, increases inη will come mainly
from increases in . Equations (3) and (5) suggest that for

the case of a capacitively transduced resonator,  may be
increased by decreasing the capacitive gap spacings from resona-
tor to electrode. Thus, technologies that can achieve fine gaps
between conductors will play a central role in the realization of
high dynamic range, fully integrated, high-Q filters.

A Fabricated Two-Resonator Filter.

The SEM for a fabricated polycrystalline silicon spring-cou-
pled micromechanical filter is presented in Fig. 18. As shown,
multiport µresonators were utilized in the filter to enable active
Q-control of the resonators. However, due to large off-chip para-
sitics (that would not be present if integrated circuitry were avail-
able), the limited bandwidths of off-chip components did not
allow sufficientQ-control. To circumvent this problem, theQ of
the µresonators was instead controlled by carefully controlling
the ambient operation pressure, taking advantage of the suscepti-
bility of micromechanical resonators to viscous gas damping.
This was done using an MMR vacuum probe station, which
allows control of the pressure in a small evacuated chamber via
the admission of controlled amounts of nitrogen. Using this sys-
tem, the operating pressure (and thus, the resonatorQ) was
tweaked to yield a relatively flat filter passband. The measured
spectrum for the fabricated two-resonator filter is shown in
Fig. 19.

vi
2 vRx

2

Hz

∂C ∂x⁄
∂C ∂x⁄

Fig. 18: SEM of a two-resonator spring-coupledµmechanical filter.



THERMAL STABILIZATION VIA A MICRO-OVEN

As measured (Fig. 6), the temperature coefficient of the reso-
nance frequencyTCfr for a uniformly n+ doped polycrystalline
silicon, folded-beam, comb-drivenµmechanical resonator is on

the order of -10  in a temperature range from 300K to
370K. This is higher than AT-cut quartz, which has uncompen-
sated temperature coefficients from -2 to 2 ppm/oC for tempera-
tures ranging from 200K to 370K [33].

To improve theTCfr for µmechanical resonators, temperature
compensation or oven control techniques may be implemented.
For the case of quartz crystals, oven control has generally yielded
the greatest reductions inTCfr [33]. Despite this, oven controlled
crystal oscillators are much less used than their temperature com-
pensated counterparts, because they often require large volumes,
warm-up times from 2 to 30 minutes, and substantial amounts of
power (1 to 10 Watts) [33].

On the micro-scale, however, these drawbacks can be greatly
alleviated. Figure 20 presents the SEM of an integrated micro-
oven, supporting aµmechanical resonator. The micro-oven con-
sists of a nitride platform suspended 2µm above the silicon sub-
strate via long, thin, folded struts. The suspending struts, which
can be polysilicon or a poly/nitride sandwich, provide thermal
isolation of the platform from the substrate, as well as conductive
interconnect between these media. These struts are folded to
relieve post-fabrication stress, preventing possible buckling of the
platform. In addition to providing stress relief, folding also
increases the effective length of the struts, increasing the conduc-
tive thermal resistance from the platform to the substrate. Heating
and sensing resistors are also fabricated on the platform for use in
temperature-setting feedback circuitry. Due to the high degree of
thermal isolation afforded by the platform suspension, very little
power is required to maintain high temperature. As seen in the
plot, only 22 mW is required to maintain 1000K, while only 2
mW achieves 370K [2]. Furthermore, due to the tiny volumes
involved, thermal time constants are on the order of milliseconds.

By embedding the on-platform heater and temperature sens-

Fig. 19: Measured transfer function for the two-resonator
µmechanical filter of Fig. 18.
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perature of the on-platform polysiliconµmechanical resonator
can be stabilized with respect to its surroundings. Figure 21
shows a comparison of the fractional frequency vs. temperature
curves for the on-platformµresonator with and without tempera-
ture-setting feedback circuitry. With oven control, theTCfr is 2

ppm/oC—a 5 times reduction of the previous uncontrolled value.

CONCLUSIONS

Fully monolithic, highly stable, high-Q oscillators and elec-
tromechanical filters utilizing surface-micromachined polysilicon
mechanical resonators have been demonstrated. Due to the nov-
elty of the process and the devices, conservative measures were
taken for the designs, and prototypes of up to only 100 kHz were
fabricated. Designs up to a few megaHertz are feasible using
folded-beam resonator designs, and higher frequencies (tens of
MHz) should be feasible using more advanced designs aimed at
maximizing resonator quality factor, which may otherwise
degrade with increasing frequency. Both material and architec-

Fig. 20: SEM of an integrated micro-oven, comprised of a thermally
isolated µplatform with on-platform heating and
temperature sensing resistors, and a polysilicon
µmechanical resonator.
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Fig. 21: Plot of ppm change in resonance frequency vs. temperature
for a polysilicon µmechanical resonator on a thermally
insulating platform, comparing resonator thermal
performance with and without closed loop oven control.
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tural improvements should increaseµresonatorQ. In addition, as
frequency increases, smaller electrode-to-resonator gaps will be
required to minimize Brownian noise and maintain reasonable
(low) values of series motional resistance.

The basic issues associated with miniaturization of high-Q
elements were addressed via analysis and experimental verifica-
tion of these systems. Brownian motion and mass loading were
identified as phenomena which become increasingly important
contributors to phase noise as resonator dimensions shrink.
Brownian noise may also greatly influence the dynamic range of
micromechanical filters if strategies that reduce its effects are not
implemented. Brownian noise may be reduced by decreasing the
electrode-to-resonator gap spacings, or through other strategies
that maximize electromechanical transducer coupling. According
to theory, mass loading-induced phase noise can be substantially
reduced by operating the miniatureµmechanical resonator under
optimum pressure and temperature. For this reason, integrated
vacuum encapsulation and micro-oven techniques may play cen-
tral roles in achieving minimum phase noise.
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