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ABSTRACT

A completely monolithic high-Q oscillator, fabricated via a
combined CMOS plus surface micromachining technology,
is described, for which the oscillation frequency is controlled
by a polysilicon micromechanical resonator to achieve stabil-
ity and phase noise performance comparable to those of
quartz crystal oscillators. It is shown that the closed-loop,
steady-state oscillation amplitude of this oscillator can be
controlled through the dc-bias voltage applied to the capaci-
tively driven and sensedµresonator. Measurements indicate a
phase noise density level of -168 dBm/Hz at 5 kHz offset fre-
quency for an oscillator carrier power of -14.5 dBm.

I.  INTRODUCTION

Crystal oscillators are widely used to generate precision
frequency standards for complex integrated circuits. With the
current trend to include increasing amounts of a total system
on a single silicon chip, designers have begun to include the
oscillator function, sans the crystal, on the silicon die. A
completely monolithic high-Q oscillator, however, which
includes the “crystal” as well as sustaining CMOS electron-
ics on-chip, is so far unavailable.

The advent of surface micromachining, however, makes
possible the implementation of high-Q mechanical resonance
on-chip with frequency selectivity comparable to quartz. Pol-
ysilicon micromechanical resonators [1], such as shown in
Fig. 1, can haveQ’s over 80,000 [2] and temperature coeffi-
cients in the range of -10 ppm/oC (several times less with
nulling techniques) [3]. Flexibility in geometry allows for
multiple ports and a variety of drive and sense topologies.

A technology which combines planar CMOS processing
and surface micromachining can then be used to fabricate a
high-Q, mechanically-referenced oscillator completely
monolithically.This paper details the design, fabrication, and
performance of such an oscillator, integrated with and refer-
enced to a capacitively driven and sensed, folded-beamµme-
chanical resonator (Fig. 2).

II.  OSCILLATOR DESIGN

The equivalent circuit for a two-portµmechanical reso-
nator, shown transformed to an equivalent LCR representa-
tion, is presented in Fig. 3 [4]. Comparison of the given
element values with those of quartz crystal units (Rx=50Ω,
Cx=0.04 pF,Lx=0.25 H) reveals orders of magnitude differ-
ences, which dictate differing strategies in the design ofµres-
onator oscillators versus macroscopic crystal oscillators.

The largeµresonator series resistance is to some degree
a welcome advantage forµresonator-controlled oscillators,
since it serves to increase their frequency and phase stabili-
ties by minimizingQ-loading. For example, in a series reso-

nant oscillator,Q-reduction is determined by the size of the
resistance in series with theµresonator, which should be
small compared with theµresonator for minimalQ-loading.
The largeRx of a capacitively driven and sensedµresonator,
thus, greatly minimizesQ-reduction in series resonant oscil-
lators. The same applies for parallel resonant oscillators, such
as the popular Pierce architecture.

One drawback of the largerRx is the requirement for
more gain, and thus more power dissipation, from the ampli-
fier sustaining oscillation. This becomes especially costly for
Pierce designs, which are somewhat power inefficient to
begin with [5].

In this work, we investigate series resonant designs. Fig-
ure 4 shows the circuit schematic for the oscillator of Fig. 2.
The sustaining amplifier design is transresistance, using
shunt-shunt feedback to achieve a low input resistance, and
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Fig. 1: Overhead view of a two-port, folded-beam,
electrostatic-comb driven micromechanical resonator
with typical applied bias and excitation voltages.

Fig. 2: SEM of the integrated CMOSµresonator oscillator.
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therefore, minimal Q-loading. M4 and M5 serve as replica
biasing for gain stages M1-M2 and M6-M7. M3 is biased in
the linear region by control voltageVGC and serves as an
MOS resistor with resistance given by

(1)

whereµn is the electron mobility in silicon,Cox is the gate
oxide capacitance per unit area,W andL are the MOS chan-
nel width and length, respectively, andVt is the transistor
threshold voltage. The transresistance gainRampof the ampli-
fier is given by

(2)

wheregm7 is the transconductance of M7, andro6 andro7 are
the output resistances of M6 and M7, respectively. To insure
start-up of oscillation, the gainRampshould be chosen three
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Fig. 3: Equivalent circuit for a two-portµresonator showing
the transformation to the more convenient LCR form.
In the equations,k is the system spring constant and
(∂C/∂x)n is the change in capacitance per displacement
at portn of theµresonator.

Fig. 4: Circuit schematic for theµresonator oscillator.
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or more times larger than the effective series resistance of the
microresonator.

III.  AMPLITUDE LIMITING

Oscillation builds up until either some form of nonlin-
earity or a designed automatic-level control circuit limits the
amplitude. For oscillators controlled by quartz crystals, the
nonlinearity usually appears in the sustaining circuit, where
transistors enter the triode region at large voltage amplitudes,
reducing effective device transconductances until the loop
gain drops to unity. Limiting due to crystal nonlinearity is
rare, since quartz crystal units display very little nonlinearity
over normal oscillator operating voltage ranges [6].

On the other hand, limiting due to nonlinearity in flex-
ural-modeµresonators is quite practical through adjustment
of the dc-bias voltageVP (Fig. 1). This can be shown by
studying the influences ofVP and resonator nonlinearity on
the equivalent series resistance of theµresonator.

Although the use of electrostatic-comb drive and folded
beams greatly linearizes the resonator transconductance
function over comparable clamped-clamped, parallel-plate
driven resonators, the nonlinearity is still several times
greater than in high-Q quartz crystals. This nonlinearity is
caused by a combination of mechanical spring stiffening and
effective electrical spring softening due to comb-drive non-
idealities [7]. The degree of nonlinearity can be extracted

Fig. 5: Measured transconductance spectra for aµresonator
under increasing values of applied excitation voltage. The
frequency was swept downwards during measurement.
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from measured Duffing curves, such as those shown in Fig. 5
for a typical comb-driven, folded-beamµresonator. The
extraction is based upon the Duffing equation, which models
the nonlinear spring asfspring=k1x+k3x3, wherex is the reso-
nator shuttle displacement andk1 is the small displacement
spring constant. Using Fig. 5, the extracted spring force coef-
ficients for this particular resonator arek1=0.6 Nm-1 and
k3=1.3× 107 Nm-3. The above spring force information may
now be used to calculate the voltage amplitude during steady-
state oscillator operation, by determining the equivalent
series resistance of the microresonator as a function of volt-
age amplitude. This may be achieved by first performing a
series reversion onfspring, transforming amplitude variables
from drive force |fd| to voltage |vi| and from displacement |x|
to current |ix|, and differentiating, yielding a small-signal
resistance,Rss, given by

(3)

Equation (3) shows that as the amplitude of oscillation |vi|
grows, the small-signal series resistanceRssincreases until it
equals the transresistance of the sustaining amplifier,Ramp, at
which point the loop gain is unity, and |vi| settles at a steady-
state value. From (3), the steady-state |vi| is clearly controlla-
ble through the resonator dc-bias voltageVP.

IV.  PHASE NOISE PERFORMANCE

One important figure of merit for oscillators, particularly
those used in communications applications, is the phase
noise power present at frequencies close to the carrier fre-
quency. This noise power may be predicted theoretically
using the circuit diagram of Fig. 4, and by accounting for the
increase inQ (and decrease in bandwidth) for the circuit
under positive feedback.

For the case of micro-scale resonator oscillators, how-
ever, we need account for not only noise contributions from
the sustaining amplifier, but also, from Brownian motion of
the micromechanical resonator, which becomes significant at
this scale. Using the thermal equilibrium arguments of [8],
the noise force power acting on the resonator can be
expressed as

(4)

wherek is the (small displacement) system spring constant
andkB is Boltzmann’s constant. The corresponding displace-
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ment noise power will have a biquadratic bandpass depen-
dence upon frequency, consistent with the response of the
resonator. However, since theQ of the positive feedback sys-
tem is much higher than that of the resonator, only the dis-
placement noise power amplitude at resonance is required for
the present analysis. Thus, given thatx=Qfn/k at resonance,
andix=ωoVP(∂C/∂x)x, the equivalent current noise generator
at the output of the microresonator is

(5)

whereRx is the series resistance of the micromechanical res-
onator, as given in Fig. 3. This adds to the equivalent input
current noise generator of the transresistance amplifier, given
by , giving a total equivalent input noise
currentia=i x+i r.

Proceeding with the analysis, using the above results and
following a procedure similar to that in [9], the equation for
the relative oscillator phase noise densityNop to carrierC
power ratio at a deviationfm from carrier frequencyfo can be
written

(6)

whereRin andRL are the input and load resistances, respec-
tively. The above assumes a linear oscillator, so 1/f mixed
noise has been neglected. Note from (6) that the thermal
noise contribution from the resonator may degrade oscillator
phase noise performance by as much as 3 dB over the perfor-
mance achieved if resonator noise was not important.

V.  FABRICATION

The oscillators were fabricated using a technology that
combines planar CMOS processing with surface microma-
chining [10]. This process features a modular combination of
the two technologies, in which the CMOS processing and
surface micromachining are done in separate process mod-
ules, with no intermixing of CMOS or micromachining steps.
This Modular Integration ofCMOS and microStructures
(MICS) process has the advantage in that it allows the use of
nearly any CMOS process with a variety of surface microma-
chining processes.

A key feature in this process is the use of tungsten metal-
lization with TiSi2 drain/source contact barriers, rather than
aluminum, to allow for post-CMOS micromachining pro-
cessing with temperatures up to 835oC. Structural polysilicon
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Fig. 6: Cross-section of the MICS technology for integration of CMOS and microstructures.
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is deposited viain situ phosphorous-doped LPCVD and
stress annealed via a 30 second rapid thermal anneal (RTA) at
950oC. A cross-section of the MICS technology is presented
in Fig. 6.

VI.  EXPERIMENTAL RESULTS

Figure 7 shows a typical oscilloscope plot for a 16.5 kHz
version of this oscillator. The amplitude of oscillation was
visibly controllable through adjustment ofVP, consistent with
the discussion of Section III. A measured plot of steady-state
oscillator output voltage versusµresonator dc-bias is pre-
sented in Fig. 8.

Due to the low frequency of operation for this oscillator,
the phase noise density as predicted by (6) is quite small, and
is not measurable using available equipment. Thus, rather
than measure the phase noise of the oscillator itself, we mea-
sure the phase noise of the frequency-multiplied oscillator
output signal. Frequency multiplication degrades the oscilla-
tor phase noise performance according to the following equa-
tion [9]:

(7)

where (Nop/C)mult is the phase noise density to carrier ratio
after frequency multiplication by a factorn, and (Nop/C)osc is
the ratio before multiplication.

The phase noise power density was measured using the
set-up shown in Fig. 9. Here, the oscillator frequency was
multiplied by 652 to lock to a 10 MHz voltage-controlled
crystal oscillator reference, which when subsequently mixed
with theµresonator oscillator carrier of power -14.5 dBm,

yields a phase noise power density of -111.8 dBm/Hz at a 5
kHz offset from the carrier. This multiplied noise power den-
sity corresponds to a source noise power density (using (7))
of -168 dBm/Hz, which is comparable to that achievable by
quartz crystal oscillators.

VII.  CONCLUSIONS

Completely monolithic, highly stable, high-Q oscillators
utilizing surface-micromachined polysilicon mechanical res-
onators have been designed, fabricated, and tested with par-
ticular attention to amplitude control and phase noise
performance. Due to the novelty of the process and the
devices, conservative measures were taken for the designs,
and oscillators up to only 100 kHz were fabricated. Designs
up to a few megaHertz are feasible using folded-beam reso-
nator designs, and higher frequencies (tens of MHz) should
be feasible using more advanced designs aimed at maximiz-
ing resonator quality factor, which would otherwise degrade
with increasing frequency. Even higher frequencies may still
be generated through frequency multiplication. With phase
noise and stability performance comparable to crystal oscilla-
tors, microresonator oscillators make the possibility of sin-
gle-chip communications equipment much more feasible.
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Fig. 7: Oscilloscope waveform for aµresonator oscillator.
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Fig. 8: Measured dependence of oscillator steady-state voltage
output amplitude as a function ofµresonator dc-bias.
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Fig. 9: Schematic diagram of the system used to measure
phase noise in theµresonator oscillator.


