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ABSTRACT

Self-limiting 46.4-MHz series resonant reference oscillators
employing a wine-glass mode disk micromechanical resonator to
avoid hard limiting without the need for ALC have achieved meas-
ured phase noises of -113 and -134 dBc/Hz at 1kHz and far-from-
carrier offsets, respectively. When divided down to 10MHz fre-
quency for fair comparison with other oscillators, these values
correspond to -126 dBc/Hz and -147 dBc/Hz, which now satisfy
specifications for low-end cellular handsets. For these oscillators,
1/f phase noise is found to be independent of vibration amplitude
for amplitudes below critical Duffing, which pares down the list of
possible mechanisms to those that are amplitude independent.

I. INTRODUCTION

Although their exceptional Q (>10,000) and superb thermal and
aging stability make quartz crystals the resonators of choice for
precision reference oscillators in portable applications [1], their
size and incompatibility with integrated circuits preclude true sys-
tem-on-a-chip wireless solutions. On the other hand, electrostati-
cally transduced vibrating micromechanical (‘“pmechanical”) reso-
nators have become increasingly attractive as frequency-setting
elements in reference oscillators for communication applications
due to their potential for direct integration or bonded merging with
transistors onto single chips [2]-[5]. In particular, phase noise per-
formance nearing the requirements of the GSM cellular telephone
standard have recently been demonstrated via an oscillator refer-
enced to an extensional-mode single-crystal silicon vibrating bar
with a Q of 200,000, constructed using a thick-device-layer SOI
process [6]. Although the resonator used in [6] lacked adequate
temperature stability, another resonator based on surface micro-
machined polysilicon structural material was recently demon-
strated with a temperature coefficient as low as -0.24 ppm/°C [7], a
Q of 4,000 at 10 MHz, and a proven integrability with transistor
electronics [2][5]. However, an oscillator based on this polysilicon
resonator exhibited a 1/f phase noise component farther from the
carrier than expected that prevented the oscillator from achieving
GSM-like phase noise specifications (e.g., for 10 MHz reference
oscillator, better than -120 dBc/Hz at 1kHz offset frequency, -130
dBc/Hz preferred) [8].

Recently, automatic level control (ALC) circuitry designed to
limit the vibration amplitude of a micromechanical resonator in an
oscillator has been found to successfully remove this 1/f phase
noise [9], suggesting resonator transducer or mechanical nonlinear-
ity as the source of this noise. Unfortunately, ALC removes 1/f
noise at the price of carrier power, so the phase noise performance
of ALC’ed oscillators still falls well below the needs of today’s
cellular wireless standards [9]. In addition, although a mechanism
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Fig. 1: Schematic of the series oscillator with transimpedance sus-
taining amplifier utilizing a wine-glass mode disk presonator
tank.

linked to resonator amplitude has been identified, an analytical
model that accurately predicts the measured 1/ component has so
far been elusive.

Pursuant to both better understanding the source of 1/f noise
and achieving better overall phase noise performance, this work
harnesses a recently demonstrated polysilicon wine-glass mode
vibrating disk presonator with high-Q even in air [10], and with
higher power handling ability (i.e., linearity) than previous surface-
micromachined resonators, to attain oscillators that self-limit be-
fore critical point Duffing nonlinearity without the need for ALC.
By avoiding hard nonlinearity, these oscillators achieve 10-MHz-
effective phase noises of -123 dBc/Hz at 1kHz offset and -147
dBc/Hz far-from-carrier under atmospheric pressure, which now
satisfy specifications for some cellular handsets. Equally impor-
tantly, these oscillators also provide better insight into the ampli-
tude dependence (or independence) of 1/f* phase noise.

II. OSCILLATOR TOPOLOGY AND OPERATION

Like a previous oscillator design [9], the oscillator of this work
uses a series resonant topology, shown in Fig. 1, in which the
wine-glass disk is embedded in a positive feedback loop together
with an off-chip NE5211 transresistance sustaining amplifier pos-
sessing sufficient gain to initiate and sustain oscillation. As shown,
since the micromechanical resonator used for this work is a multi-
port device (as opposed to the one port devices used in previous
work [8][9]), the dc-bias voltage Vp is directly connected to the
resonator structure without the need for the bias tee used in [8][9].
Other than this and the use of a more advanced micromechanical
resonator, the criteria governing start-up and sustenance of oscilla-
tion are identical to those described in [9]:

1. For Start-Up: R, >R+ R; + R,
2. In Steady-State: R,,, =R+ R; + R,
3. Loop Phase Condition: 0° around the positive feedback loop

where R,,,, R;, and R, are the gain, input resistance, and output
resistance, of the transresistance sustaining amplifier, respectively;
and R, is the series motional resistance of the wine-glass disk. As
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Fig. 2: (a) Perspective-view of a wine-glass disk resonator illustrat-
ing a typical two-port bias and excitation scheme, and (b) its
mode shape.

will be described, this oscillator limits when its resonator R, in-
creases with amplitude to the point of satisfying criterion 2 above.

III. RESONATOR AMPLITUDE LIMITATIONS

Fig. 2(a) presents a more detailed schematic of the disk resona-
tor with electrodes configured to excite the fundamental wine-glass
mode shape shown in Fig. 2(b). The dc-bias voltage Vp applied to
the disk effectively amplifies the force and motional output current
induced when a resonance ac excitation voltage v; forces the disk
into resonance vibration. The motion is constrained entirely to the
plane of the disk, with its perimeter expanding along one axis and
contracting in the orthogonal axis about the center point, which
remains stationary, acting as a node. Although four additional
quasi-nodal points exist on the disk perimeter and thereby allow
greater flexibility in the choice of support structure [10], this work
simply anchors the disk at its center in order to maximize the
available electrode area. The wine-glass resonance frequency f,,
goes as the inverse of its radius R, and can be obtained by solving
the mode frequency equation given in [10]

At the amplitudes experienced during oscillator vibration, the
force F needed to achieve a given vibration amplitude x for this
electrostatically driven resonator becomes of a function of third-
order Duffing nonlinearity [11] and is governed by the expression

k @
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and where m, is effective mass of resonator; k,,, and k,, are the
linear mechanical and electrical spring constants, respectively; and
k3 and k.3 model their third-order spring nonlinearities. For the
resonators of this work, the electrode-to-resonator gaps d, are quite
small, so k.3 > k,;3 (i.e., the third-order coefficient in (1) is nega-
tive), so spring softening occurs as the vibration amplitude in-
creases. The resonance frequency then decreases as the resonator
amplitude increases, resulting in a frequency response curve that
bends leftward as amplitudes increase, as illustrated in Fig. 3,
where the amplitude dependence of the peak (radian) frequency ®
is governed by the expression [11]

3

where @, is the radian resonance frequency at small amplitudes.
When the peak vibration amplitude exceeds the critical point:
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Fig. 4: Cross section and SEM of a 46.4-MHz Wine-glass mode
disk polysilicon presonator, with dimensions indicated.

are three theoretically valid amplitudes for each frequency in the
bent portion of the curve. This amplitude ambiguity leads to unsta-
ble steady-state operation [2], which then results in excessive
phase noise. Needless to say, operation at amplitudes past the criti-
cal point are not recommended, so X,,;, effectively defines an am-
plitude threshold that then sets the maximum rms power handling
ability of the resonator to

X2, =1.16%k

o

p= 1 ak, < 1 ak

=10 576 s)

IV. EXPERIMENTAL RESULTS

46.4-MHz polysilicon wine-glass mode disk resonators were
designed and fabricated using a process similar to a previously
reported self-aligned stem process [12], except for the use of a
chemical mechanical polishing (CMP) step to reduce topography at
the end of the process. Fig. 4 presents the final cross section and
scanning electron micrograph (SEM) of one such resonator, identi-
fying key features and dimensions. With 80-um diameters, the
disks of this work are larger than previous ones, so etch holes are
now used to keep release etch times under 15 minutes. This is
needed to prevent HF attack of the nitride isolation layer under-
neath the devices, which occurs when the nitride is exposed to 49
wt.% HF for longer than 35 minutes. Structurally, the etch holes
reduce the resonator stiffness, resulting in a slight reduction of its
resonance frequency. Finite element simulation using ANSYS
predicts frequencies of 46.7-MHz and 48.1-MHz for wine-glass
mode disk resonators with and without etch holes, respectively.

Fig. 5 presents frequency spectra measured for the device of
Fig. 4 under 50 mTorr pressure in a custom-built vacuum chamber,
and in air as well, where the dependence of frequency on dc-bias-
derived electrical stiffness [13] and on increased gas damping in
air can be clearly seen. In vacuum, the Q is 30,267. In air, although
a larger dc-bias Vp is needed to achieve the same motional resis-
tance, the Q is still a respectable 5,091. The oscillator circuit of Fig.
1 was implemented on a printed circuit (pc) board shaped to allow
placement within the custom-built vacuum chamber. Dies contain-
ing fabricated wine-glass mode disk presonators were glued to this
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Fig. 5: Measured frequency characteristics for the wine-glass mode
disk presonator in air as well as in vacuum, with an inset
specifying the measurement setup.
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Fig. 6: Measured plots summarizing the displacement amplitude
dependence of the wine-glass disk resonator: (a) frequency re-
sponses, showing Duffing nonlinearity; and (b) motional resis-
tance R, and resonance frequency; all measured under 50 mTorr
vacuum.

board over specially grounded regions and bonded to board-
mounted electronics.

Fig. 6(a) presents measured plots of transmission versus fre-
quency for a 46.4-MHz wine-glass mode disk under increasing
drive force amplitudes, where spring softening Duffing behavior is
clearly seen. In particular, the peak frequency clearly decreases
with increasing displacement amplitude. In addition, a decrease in
peak transmission is also seen, consistent with [2], where either O
or transducer electromechanical coupling, or both, may be decreas-
ing with displacement amplitude. This reduction in transmission
corresponds to an increase in series motional resistance R, with
displacement amplitude, plotted in Fig. 6(b) (along with frequency),
which then provides a convenient mechanism for self-limiting of
an oscillator referenced to a wine-glass mode micro-disk. In par-
ticular, at oscillator start-up, when the R, of the resonator is smaller
than the transresistance gain of the sustaining amplifier R, the
overall loop gain is greater than unity, so oscillations build up. As
the amplitude of the resonator grows, however, R, grows until it
equals R,,, minus other series loop resistances (e.g., amplifier
input and output resistance), at which point, the oscillation ampli-
tude stops growing, and steady-state operation is achieved. In this
mode of operation, the steady-state oscillation amplitude can be set
by setting the initial difference between R, and R,,,,, which can in
turn be set by choice of dc-bias voltage Vp [9]. The wine-glass disk
of this work has an advantage over other resonators in that its
power handling and R, versus amplitude characteristic are such
that oscillation with sufficient output power can be achieved at
vibration amplitudes well below critical Duffing, which is one of
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Fig. 7: Measured output (a) waveform and (b) Fourier spectrum for
the self-limiting wine-glass disk micromechanical oscillator.
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Fig. 8: Measured phase noise density-to-carrier power ratio versus
carrier offset frequency for the imechanical resonator oscillator

in (a) vacuum and (b) in atmosphere.

the criteria for good oscillator stability in Section III.

Fig. 7 presents the measured output waveform and Fourier
spectrum for a self-limiting wine-glass disk oscillator hooked up as
in Fig. 1 and operated under conditions summarized in the inset.
Fig. 8 presents plots of phase noise density versus frequency offset
for the 46.4-MHz wine-glass disk oscillator, with displacement
amplitude as a third variable, measured (a) under 50 mTorr vac-
uum and (b) in air, using an HP E5500 Phase Noise Measurement
System. Operational specifics for each curve are summarized in
Table 1. In vacuum, a 1/f component is seen close to the carrier,
and this noise clearly depends upon the oscillation amplitude, be-
coming considerably worse when the amplitude of oscillation be-
comes larger than the critical Duffing amplitude (10.4 nm), where
multiple operating amplitudes are possible in the curves of Fig.
6(a), verifying that operation past the critical point should be
avoided.

In vacuum, the phase noise at 1kHz offset from the carrier is of
the 1/£ variety, as expected, but curiously it remains fairly constant
at -113 dBc/Hz for amplitudes below the critical amplitude. On the
other hand, the far-from-carrier phase noise has a rather strong



Table I. Operational Data for Various Oscillation Amplitudes

A“;‘[’Illiltn“]de’ 20 | 35| 61| 107 ] 134
Ve[V 2454 | 2467 2493 | 2567] 2696
R.[kQ] | 7.323| 7.245| 7.005| 6.691| 6.066
f,IMHz] | 464131 46.4124| 46.4116] 46.4093| 46.3990)
v [mV] 346 | 615 | 1094 | 1945| 2594
Lif,=1kHz] | -111 | -111 | -112 | -113 | -97
Noise Floor | -1152] -121.4| -1253] -130.5| -1323

dependence on amplitude, getting smaller with larger displacement
amplitude, and attaining its lowest value of -130 dBc/Hz at an
amplitude of 10.7 nm, right at the edge of critical Duffing. When
divided down to 10MHz for fair comparison with other standard
oscillators, the phase noise for the 10.7 nm displacement case at
1kHz and far-from-carrier offsets are -126 and -143 dBc/Hz, re-
spectively, which are now in the range of acceptable values for
cellular handsets, although some sticklers might still demand -130
and -150 dBc/Hz. If needed, these values should be attainable via a
redesign to provide a more favorable Duffing response curve (e.g.,
by optimizing the electrode-to-resonator gap spacing).

In air (Fig. 8(b)), although a mysterious 1/f* phase noise com-
ponent introduces itself at carrier offset frequencies below 1kHz,
the overall performance of the oscillator matches that of the vac-
uum-operated version past 1kHz, despite its lower Q. The per-
formance even exceeds that in vacuum at far-from-carrier offsets,
achieving 4dB better in this region. The reason: In air the ampli-
tude required to make R, =R, is smaller than that needed in vac-
uum, and the dc-bias voltage Vp needed is larger—a combined
condition that allows both small displacement amplitude for good
close-to-carrier phase noise, but large current output amplitude
(provided by the larger V) for good far-from-carrier noise.

V. INSIGHTS INTO 1/f* PHASE NOISE

The observation that 1/f phase noise is independent of vibra-
tion amplitude for amplitudes below critical Duffing pares down
the list of possible mechanisms to those that are amplitude inde-
pendent. Among these mechanisms is the previously proposed [8]
shaping of aliased 1/f noise by the resonator passband, leading to a
1/f phase noise component governed by
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where d, and A, are the electrode-to-resonator gap and overlap area,
respectively; and K;(50kHz) and /3(50pA) are the 1/f noise con-
stant and base current, respectively, of the bipolar transistor at the
input of the sustaining transimpedance amplifier with gain R,,,,,, 14
kQ.

Another possible mechanism arises when 1/f noise on the dc-
bias voltage Vp leads to electrical-stiffness-induced frequency in-
stability, which then generates a 1/f phase noise component gov-
erned by
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(6)

2
1 8{) A()V f()z
l‘[J“m:lz 2[ k 3Pj 2qKIIBR3mp f3 (7)

ml™ o m

Unfortunately, neither of the above equations exactly matches
the measured phase noise of Fig. 8. In particular, using the data in
the 4™ column of Table I, (6) predicts -124 dBc/Hz at 1 kHz offset,
while (7) yields -120 dBc/Hz—each more than -7 dBc/Hz from the

measured value. A new formulation based on frequency shifts due
to Duffing distortion (3) leads to the expression

2
1 3k, | 407V, (g,A)° x*
arg L) S s

kiod)
This expression yields -115 dBc/Hz at 1kHz using the data in the
4™ column of Table I, which is very close to the measured value.
However, this expression also exhibits a dependence on amplitude
not seen in measurement, so cannot be entirely correct.

Perhaps the previous observation that ALC or limiting via
electronics rather than the resonator eliminates 1/f phase noise is
more telling. In particular, the mechanism for 1/f phase noise is
likely tied to the Duffing distortion-based limiting mechanism
described in Section III. Efforts to properly model 1/£ phase noise
are ongoing.

Llf,]=

m

VI. CONCLUSIONS

A 46.4-MHz pmechanical resonator reference oscillator has
been demonstrated using a series resonant oscillator topology in
which a transimpedance amplifier with zero phase shift sustains
the oscillation of a high stiffness wine-glass mode pumechanical
disk resonator. Due to the high-Q, high power handling, and large
stiffness (relative to previous micromechanical devices), of the
wine-glass disk resonator, this oscillator achieves a phase noise
performance consistent with the needs of commercial wireless
communications without the need for ALC. This performance is
attained as long as the vibration amplitude of the resonator is kept
below the critical Duffing amplitude; otherwise, excessive phase
noise ensues. In addition, without ALC or some electronic means
for limiting, this oscillator still exhibits the 1/]5 close-to-carrier
phase noise seen in previous micromechanical oscillators, further
verifying that limiting via resonator nonlinearity (e.g., Duffing-
related nonlinearity) is likely responsible for this noise. The fact
that 1/ noise is found to be independent of vibration amplitude for
operation below critical Duffing sheds more light on the roots of
this noise phenomenon.
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