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ABSTRACT 2-port Lateral Microresonator

A completely monolithic high® 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 sensggresonator. Measurements indicate a

==

phase noise density level of -168 dBm/Hz at 5 kHz offset fre- P © _
quency for an oscillator carrier power of -14.5 dBm. Fig. 1: Overhead view of a two-port, folded-beam,
electrostatic-comb driven micromechanical resonator
with typical applied bias and excitation voltages.

I. INTRODUCTION

Crystal oscillators are widely used to generate precisio
frequency standards for complex integrated circuits. With th
current trend to include increasing amounts of a total syste
on a single silicon chip, designers have begun to include t
oscillator function, sans the crystal, on the silicon die.
completely monolithic high® 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, make
possible the implementation of highmechanical resonance §
on-chip with frequency selectivity comparable to quartz. Pol
ysilicon micromechanical resonators [1], such as shown i
Fig. 1, can hav&’s over 80,000 [2] and temperature coeffi-
cients in the range of -10 pp?@ (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
high-Q, mechanically-referenced oscillator completely X . X
monolithically. This paper details the design, fabrication, and Fi9- 2: SEM of the integrated CMQ8esonator oscillator.

performance of such an oscillator, integrated with and refefant oscillatorQ-reduction is determined by the size of the
enced to a capacitively driven and sensed, folded-peaea  resistance in series with theesonator, which should be

chanical resonator (Fig. 2). small compared with theresonator for minimaQ-loading.
The largeR, of a capacitively driven and sengagtsonator,
II. OSCILLATOR DESIGN thus, greatly minimize®-reduction in series resonant oscil-

The equivalent circuit for a two-poimechanical reso- lators. The same applies for parallel resonant oscillators, such

nator, shown transformed to an equivalent LCR representdS the popular Pierce architecture. .
tion, is presented in Fig. 3 [4]. Comparison of the given ~ One drawback of the largé, is the requirement for
element values with those of quartz crystal uriRs=60Q, ~ more gain, and thus more power dissipation, from the ampli-
C,=0.04 pF,.L,=0.25 H) reveals orders of magnitude differ- fier sustaining oscillation. This becomes especially costly for
ences, which dictate differing strategies in the desigmes-  Pierce designs, which are somewhat power inefficient to
onator oscillators versus macroscopic crystal oscillators. ~ begin with [5].

The largeuresonator series resistance is to some degree In this work, we investigate series resonant designs. Fig-
a welcome advantage faresonator-controlled oscillators, ure 4 shows the circuit schematic for the oscillator of Fig. 2.
since it serves to increase their frequency and phase stabilihe sustaining amplifier design is transresistance, using
ties by minimizingQ-loading. For example, in a series reso-shunt-shunt feedback to achieve a low input resistance, and
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lll. AMPLITUDE LIMITING
Fig. 3: Equivalent circuit for a two-pogiresonator showing o ] o ]
the transformation to the more convenient LCR form. Oscillation builds up until either some form of nonlin-

In the equationsk is the system spring constant and  earity or a designed automatic-level control circuit limits the
(0C/oxX)y Is the change in capacitance per displacement 5 mjitude. For oscillators controlled by quartz crystals, the
at portn of theuresonator. . : . L AR
nonlinearity usually appears in the sustaining circuit, where
o . ) transistors enter the triode region at large voltage amplitudes,
therefore, minimal Q-loading. Mand M; serve as replica reducing effective device transconductances until the loop
biasing for gain stages M, and Ms-M7. M3 is biased in  gain drops to unity. Limiting due to crystal nonlinearity is
the linear region by control voltagé;c and serves as an rare, since quartz crystal units display very little nonlinearity

MOS resistor with resistance given by over normal oscillator operating voltage ranges [6].
W -1 On the other hand, limiting due to nonlinearity in flex-
Ry = [anox—(VGs—Vt—VDs)J : (1) ural-modepresonators is quite practical through adjustment

of the dc-bias voltag®p (Fig. 1). This can be shown by
studying the influences ofp and resonator nonlinearity on
the equivalent series resistance ofjihesonator.

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
Ramp = Im7(Fo7 I o6) R, (2) 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

wherey, is the electron mobility in silicorC,y is the gate
oxide capacitance per unit ar&andL are the MOS chan-
nel width and length, respectively, aMdis the transistor
threshold voltage. The transresistance &gjn,of the ampli-

fier is given by

whereg,,7 is the transconductance of,Mandr,g andr,; are
the output resistances ofg\dnd My, respectively. To insure
start-up of oscillation, the gaiR,ynpshould be chosen three
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Fig. 4: Circuit schematic for theresonator oscillator.



from measured Duffing curves, such as those shown in Fig.ment noise power will have a biquadratic bandpass depen-
for a typical comb-driven, folded-beapresonator. The dence upon frequency, consistent with the response of the
extraction is based upon the Duffing equation, which modelresonator. However, since tieof the positive feedback sys-
the nonlinear spring gy ing=K;x+ksx®, wherex is the reso- tem is much higher than that of the resonator, only the dis-
nator shuttle displacement akgis the small displacement placement noise power amplitude at resonance is required for
spring constant. Using Fig. 5, the extracted spring force coethe present analysis. Thus, given tkaQf/k at resonance,
ficients for this particular resonator akg=0.6 Nni' and andiy=w,Vp(dC/ox)x, the equivalent current noise generator
ks=1.3x 10’ Nm3. The above spring force information may at the output of the microresonator is
now be used to calculate the voltage amplitude during stead 2 T
state oscillator operation, by determining the equivalen D _ Fw VZE?LQﬁQ}Mk T) = B (5)
series resistance of the microresonator as a function of vol Af Lk Phox D ® Ry
age amplitude. This may be achieved by first performing whereR, is the series resistance of the micromechanical res-
series reversion ofyying transforming amplitude variables onator, as given in Fig. 3. This adds to the equivalent input
from drive forcefy| to voltagey;| and from displacemeny| current noise generator of the transresistance amplifier, given
to currentil|, and differentiating, yielding a small-signal byirz/Af = 4kgT/ Ry, giving a total equivalent input noise
resistanceRgq given by currentiy=i,+i,.

; Proceeding with the analysis, using the above results and

y = kaovgg—Cg_g—}lkif%v‘%—cg\vi =1 (3) following a procedure similar to that in [9], the equation for
Vi 1 X Ky X Rss the relative oscillator phase noise dendity, to carrierC

Equation (3) shows that as the amplitude of oscillatifin | power ratio at a deviatiofy, from carrier frequencf, can be
grows, the small-signal series resistaRggincreases until it yritten
equals the transresistance of the sustaining ampRfjgf, at

2
|

2 2
which point the loop gain is unity, ang| |settles at a steady- %g - (Ia/Af)Ramp_l_ Dbﬁ (6)
state value. From (3), the steady-stafeq clearly controlla- C s+ RR,C SQZD‘mD'
ble through the resonator dc-bias voltage whereR,, andR,_are the input and load resistances, respec-
tively. The above assumes a linear oscillator, $onlxed
IV. PHASE NOISE PERFORMANCE 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.

One important figure of merit for oscillators, particularly
those used in communications applications, is the phas
noise power present at frequencies close to the carrier fr
guency. This noise power may be predicted theoreticall

psing the pircuit diagram of Fig. 4, and t_)y accounting for the V. FABRICATION
increase imM (and decrease in bandwidth) for the circuit  The gscillators were fabricated using a technology that
under positive feedback. combines planar CMOS processing with surface microma-

For the case of micro-scale resonator oscillators, howchining [10]. This process features a modular combination of
ever, we need account for not only noise contributions fronne two technologies, in which the CMOS processing and
the sustaining amplifier, but also, from Brownian motion ofgyrface micromachining are done in separate process mod-
the micromechanical resonator, which becomes significant yjes, with no intermixing of CMOS or micromachining steps.
this scale. Using the thermal equilibrium arguments of [8] Thjs Modular Integration ofCMOS and micr&tructures
the noise force power acting on the resonator can by\ics) process has the advantage in that it allows the use of

expressed as _ nearly any CMOS process with a variety of surface microma-
fﬁ 4Kk T chining processes.
A o 0 (4) A key feature in this process is the use of tungsten metal-
(]

lization with TiSh drain/source contact barriers, rather than
aluminum, to allow for post-CMOS micromachining pro-
cessing with temperatures up to 835Structural polysilicon

wherek is the (small displacement) system spring constar
andkg is Boltzmann’s constant. The corresponding displace
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Fig. 6: Cross-section of the MICS technology for integration of CMOS and microstructures.
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Fig. 7: Oscilloscope waveform forpaesonator oscillator. phase noise in thigresonator oscillator.

e yields a phase noise power density of -111.8 dBm/Hz at a 5
=120~ o - kHz offset from the carrier. This multiplied noise power den-
éloo— | sity corresponds to a source noise power density (using (7))
5 o® of -168 dBm/Hz, which is comparable to that achievable by
£ 80 ® . quartz crystal oscillators.
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= ° Completely monolithic, highly stable, high-oscillators
© 20— — e . . . .
Qo utilizing surface-micromachined polysilicon mechanical res-
? e e o o ° - onators have been designed, fabricated, and tested with par-
, | ’ | L g p
0o 10 20 30 40 50 ticular attention to amplitude control and phase noise
Applied DC-Bias Voltage [V] performance. Due to the novelty of the process and _the
Fig. 8: Measured dependence of oscillator steady-state voltage devices, conservative measures were taken for the designs,
output amplitude as a function jpfesonator dc-bias. and oscillators up to only 100 kHz were fabricated. Designs

is deposited vian situ phosphorous-doped LPCVD and up to a feyv megaHertz are feasible_using folded-beam reso-
stress annealed via a 30 second rapid thermal anneal (RTA)n‘ﬂtor designs, and higher frequencies (tens of MHz) should

95(°C. A cross-section of the MICS technology is presented® f€asible using more advanced designs aimed at maximiz-
in Fig 6 ing resonator quality factor, which would otherwise degrade

with increasing frequency. Even higher frequencies may still
be generated through frequency multiplication. With phase
VI. EXPERIMENTAL RESULTS noise and stability performance comparable to crystal oscilla-

Figure 7 shows a typical oscilloscope plot for a 16.5 kHAors, rr_licroresone_ltor_oscillatqrs make the possibility. of sin-
version of this oscillator. The amplitude of oscillation wasd!€-chip communications equipment much more feasible.
visibly controllable through adjustmentd, consistent with
the discussion of Section Ill. A measured plot of steady-stat@cknowledgment§.he authors would like to thank Shenging
oscillator output voltage versysesonator dc-bias is pre- Fang for assistance in CMOS fabrication, as well as Katalin
sented in Fig. 8. Voros and the staff of the Berkeley Microfabrication Labora-

Due to the low frequency of operation for this oscillator,tory for process support. This research was supported by the
the phase noise density as predicted by (6) is quite small, aBerkeley Sensor & Actuator Center (BSAC).
is not measurable using available equipment. Thus, rather References:
than measure the p_hase noise of the oscillat(_)r i_tself, We ME31 \y. C. Tang et al.Sensors and ActuatoBA21-A23, pp. 328-
sure the phase noise of the frequency-multiplied oscillator* 337 1990,
output signal. Frequency multiplication degrades the oscillan) ¢ T._c. Nguyen et allEDM Tech. Digestpp. 505-508, 1992.
tor phase noise performance according to the following 84U$3] C. T.-C. Nguyen et alTransducers'93 Tech. Digegtp. 1040-

tion [9]: 1043, 1993.
d\IOpD Zd\lopD [4] C.T.-C. Nguyen, M.S. Report, Univ. Calif. Berkeley, 199I.
T~ = T~ ) 5] E. A. Gerber et alPrecision Frequency Controbol. 2, 1985.
0 =n 0 (7) b | isi ovol
C |:|lnult C L—(l)sc

. . . . . [6] F. L. Walls et al.,IEEE Trans. Ultrason. Ferroelec. Freq.
where Noy/C)myit is the phase noise density to carrier ratio Contr, vol. 39, no. 2, pp. 241-249, March 1992.

after fr_equency multi_pli_cati_on by a factorand NOF/C)OSCiS [7] L.-S. Fan et al.,Transducers'93 Tech. Digespp. 767-770,
the ratio before multiplication. 1993,

The phase noise power density was measured using tfi T. B. Gabrielson)EEE Trans. Electron Devicesol. 4, no. 5,
set-up shown in Fig. 9. Here, the oscillator frequency was  pp. 903-909, May 1993.
multiplied by 652 to lock to a 10 MHz voltage-controlled [9] w. P. RobinsPhase Noise in Signal Sourcd982.

crystal oscillator reference, which when subsequently mixegio] w. Yun, IEEE Solid-State Sensor & Actuator Workshop Tech.
with the presonator oscillator carrier of power -14.5 dBm, Digest pp. 126-131, 1992.



