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Silicon micromechanical resonators have been designed to have a quality factor (Q) that is a strong
function of temperature. This is an ideal sensor for the temperature of the resonator—it is
instantaneous, consumes no power, and indicates the temperature of the resonator structure with
high sensitivity. The authors present a practical implementation of an oscillator system using these
resonators with a temperature resolution of better than 0.002 °C. The Q(T) signal is uniquely suited
for implementing feedback control of the resonator temperature, thereby stabilizing the frequency
silicon micromechanical resonators and enabling their use in high-stability frequency reference
applications. © 2007 American Institute of Physics. [DOI: 10.1063/1.2753758]

Frequency references, devices which supply a constant
frequency signal, are an essential component in every elec-
tronic system. Microprocessors require a clock frequency,
radios need channel specifiers, navigation systems need
timekeeping, etc. Oscillators based on quartz crystal resona-
tors dominate the frequency reference industry, especially in
high performance applications. However, quartz-based de-
vices suffer from a number of disadvantages which limit
their potential size and cost reductions. Silicon resonators,
desirable for their potential for integration with complemen-
tary metal-oxide semiconductor (CMOS) circuits, have long
been considered as candidates for replacing qualrtz.l How-
ever, only recently have advances in silicon microelectrome-
chanical system (MEMS) technology enabled silicon resona-
tors to be fabricated with the long-term stability required for
frequency references.””

Since the long-term stability of the resonators has been
established, the next challenge for designing silicon fre-
quency references is their temperature sensitivity. Silicon
resonators have an inherent frequency-temperature (f-T) sen-
sitivity of approximately —30 ppm/°C, or nearly 4000 ppm
over a —40 to 85 °C operating range. High performance
quartz sys‘tems4 may have a f-T value of 0.04 ppm over the
same temperature range, which is achieved by packaging the
oscillator in a temperature-stabilized enclosure (“oveniz-
ing”). Ovenizing is also required for high performance sili-
con devices, and temperature stabilization requires a tem-
perature sensor whose output signal is suitable for feedback
control. However, it is quite difficult to integrate conven-
tional temperature sensors, such as thin-film resistance tem-
perature detectors or CMOS diodes, into the MEMS fabrica-
tion process, which involves temperature cycles of 1000 °C
or more.” External temperature sensors cannot provide the
performance required for the desired level of temperature
control because of the inevitable offsets and time delays due
to the physical separation between the sensor and the reso-
nator. To address this need, we have designed resonators
whose quality factor (Q) is a strong function of temperatture.5
The resonator Q is almost an ideal temperature sensor—it
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consumes no additional power, has no time delay or hyster-
esis, and indicates the temperature of the resonator directly.
However, Q measurement, while straightforward in resona-
tors, is not trivial in oscillators. In this letter, we present an
implementation of a MEMS-based oscillator system that can
extract the Q(T) temperature sensor signal from the oscillator
output with millidegree resolution in a multihertz bandwidth.

The quality factor of a resonator is defined as the ratio of
the energy stored in a system to the energy dissipated per
radian of the vibration cycle,
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Four types of damping are usually associated with mi-

cromechanical resonators: air damping, thermoelastic dissi-

pation (TED), anchor loss, and surface loss. When multiple

damping mechanisms contribute to energy loss, the O can be

expressed as the inverse sum of the individual mechanisms,
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The resonators described in this work are electrostati-
cally operated double-ended tuning forks (DETF) with di-
mensions shown in Fig. 1. For these resonators, the dominant
energy loss mechanisms are well understood: the resonators
are encapsulated in a low pressure environment, so air damp-
ing is small; the tuning fork design minimizes anchor loss,
and the dimensions are relatively large so that the surface-to-
volume ratio is low and surface losses are negligible. How-
ever, the loss from thermoelastic dissipation (TED) is signifi-
cant and dominates the resonator Q value.>® TED is the
energy loss due to heat transport between regions of the reso-
nator beam which change temperature when the beam flexes,
compressing or stretching different areas of the beam.’ This
mechanism depends strongly on the material properties of
the silicon beam (thermal expansion, density, heat capacity,
and thermal conductivity), all of which change with tempera-
ture. We can describe the resulting temperature dependence
of Orgp with a temperature coefficient of Q parameter,8 Y,
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Double-ended Tuning Fork (DETF)
Features:
f. 1.3 MHz / Q: 10,000
anchor C: 30 fF per side
X, 10 nm
electrestatic

beam length:

220 ym beam width:

8 um

FIG. 1. Silicon MEMS double-ended tuning fork (DETF) resonator. The
beams of the tuning fork move in plane between the electrodes.
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Larger v indicates a higher sensitivity of O to temperature.
The value of vy for the resonators discussed here is ~2.7.

The Q of a resonator is normally measured with gain-
phase frequency-domain measurements or ring-down time-
domain measurements. Neither method is suitable for high-
resolution, high-bandwidth measurements required for
control applications. Moreover, frequency references require
oscillators, and neither gain-phase nor ring-down informa-
tion is available from the oscillator output signal, which
(ideally) consists of a sine wave at a fixed frequency. There-
fore, we need to measure resonator Q indirectly.

We can solve the standard second-order system model of
a mechanical resonator to show that the amplitude of vibra-
tion, X, at the resonant frequency f;, is proportional to the Q,

F=mx"+bx'+kx:>Q=27Tf07m, XO=Q (4)
where m, b, and k are the mass, damping, and spring constant
terms, respectively. The output transduction mechanism for
our resonators is capacitive, so that if the beam displacement
increases for the same frequency of vibration, the amplitude
of the output signal, V,,, increases proportionally,

V dc X (5)
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where C is the transduction capacitance. When the resonator

is operated in an oscillator, the amplitude of the oscillator

sine wave output reflects the resonator vibration amplitude.

Therefore, if we can design an oscillator circuit that main-
tains a constant amplitude input signal to the resonator, then

clamping amplifier rms detector

5 N dc voltage
<« d output

amplification frequency output
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FIG. 2. (Color online) Oscillator circuit topology. The clamping amplifier
ensures that the input to the oscillator has a constant amplitude.
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FIG. 3. (Color online) Oscillator output amplitude vs temperature.

the amplitude of the oscillator output will directly reflect the
resonator Q value.

Our preliminary oscillator circuit topology is shown in
Fig. 2. A clamping amplifier with clamp levels set much
lower than the lowest expected amplitude after the gain stage
is used to hold the input voltage to the resonator at a constant
level. The output amplitude of this circuit, as measured by a
Hewlett-Packard 89410A signal analyzer, is shown in Fig. 3,
and the corresponding noise density spectrum is in Fig. 4. In
temperature sensor applications, it is common to apply a
low-pass filter to the sensor signal in order to reduce the
effects of noise. The resulting minimum detectable tempera-
ture change, known as the temperature resolution, can be
estimated by integrating the square of the signal noise den-
sity up to the filter cutoff frequency, then taking the square
root and dividing by the sensitivity. The sensitivity and noise
values for the output amplitude are —1.4X 1073 V/°C and
526X 107V, in a 1 Hz bandwidth (at the lowest frequen-
cies), resulting in a temperature resolution of 0.0035 °C.
This is a reasonably good temperature resolution and it indi-
cates that the proposed method is functional.

A more practical measurement method was realized by
inserting a discrete broadband root-mean-square (rms) level
detector at the output of the oscillator (Fig. 2). The rms de-
tector output is a dc voltage with a conversion gain of
7.5 V/Vrms.9 The output of the rms detector has a worse
noise figure than the amplitude of the oscillator output but
the increase in sensitivity due to the conversion gain com-
pensates for it. The rms detector output is also shown in Figs.
3 and 4, and it has a sensitivity of —9.4 X 103 V/°C and a
noise density of 1.16 X 10V, in a 1 Hz bandwidth. The
resulting temperature resolution in a 1 Hz bandwidth is
0.0017 °C. Even after doubling sensor bandwidth to allow a
temperature control system to operate reliably at 1 Hz, the
temperature resolution is 0.0026 °C.
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FIG. 4. (Color online) Q(7) signal noise density. The shape of the noise
density of the amplitude as measured by the analyzer reflects the character-
istic of the gain stage in the oscillator. The shape of the plot from the rms
detector is defined by the low-pass output filter.
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This result is promising, and there is room for improve-
ment in several areas. First, the silicon MEMS resonator is
CMOS compatible, and we would expect that oscillator cir-
cuitry integrated with the resonator would have lower noise.
The rms detector is a commercial broadband device (de-
signed for mobile phone frequencies) which is integrating
signal amplitudes at all frequencies up to 2.5 GHz,” and op-
timizing its design for the frequencies of interest should im-
prove the noise performance. The DETF resonator design
can be optimized to minimize amplitude-frequency
interactions'” (reduce noise) and to increase v (improve sen-
sitivity). It is also true that the use of clamping amplifiers in
the oscillator (Fig. 2) introduces more noise than using com-
parable variable gain amplifiers for automatic gain control
(AGC). The Q(T) temperature measurement could easily be
implemented in an oscillator with AGC by using the gain
control feedback signal as the indicator of the resonator tem-
perature.

A practical method for measuring the temperature of a
silicon MEMS resonator in an oscillator system with high
resolution and bandwidth has been demonstrated. Tempera-
ture resolution of better than 0.002 °C in a 1 Hz bandwidth
has been achieved, and further improvements are possible.
Use of this oscillator Q(T) signal as a temperature sensor has
not been reported previously. A resonator with an f-T value
of =30 ppm/°C held to this level of temperature stability
will have frequency stability of better than 0.1 ppm over the
range of operation. Our next-generation oscillator circuits are
expected to increase the temperature resolution further,
and fabrication techniques are being developed that will re-
duce the resonator f-T value." The combination of these
technologies will enable silicon-based frequency references
that achieve performance comparable to high-end quartz
products.
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