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Abstract—The paper describes the design and implementation
of an electronically temperature compensated reference oscillator
based on capacitive silicon micromechanical resonators. The design of a 5.5-MHz silicon bulk acoustic resonator has been optimized to offer high quality factor ( 100 000) while maintaining
tunability in excess of 3000 ppm for fine-tuning and temperature
compensation. Oscillations are sustained with a CMOS amplifier.
When interfaced with the temperature compensating bias circuit,
the oscillator exhibits a frequency drift of 39 ppm over 100 C as
compared to an uncompensated frequency drift of 2830 ppm over
the same range. The sustaining amplifier and compensation circuitry were fabricated in a 2P3M 0.6- m CMOS process.
Index Terms—Reference oscillators, MEMS resonators, MEMS
oscillators and temperature compensation.
Fig. 1. Block diagram of the Reference Oscillator.

I. INTRODUCTION

T

HE reference oscillator is usually one of the hardest
blocks in a system to integrate on silicon. While quartz
crystals offer excellent temperature stability and phase noise
performance, the incompatibility with silicon integration increases the size of systems that rely on clocking schemes.
Silicon micromechanical resonators have been proven to offer
excellent stability and quality factors in excess of 50 000 over
a wide range of frequencies [1]–[3] making them suitable for
reference oscillators. The potential for electrostatic tuning of
these resonators without using noisy varactor diodes is an
attractive option for electronic fine tuning and temperature
compensation of the resonant frequency. Further, these devices
also offer the possibility of integration at the chip or package
level with standard CMOS electronics.
While micromechanical resonators have been proven to offer
excellent quality factors, the uncompensated temperature stability of these resonators (typically about 26 ppm/ C for the
single crystal silicon resonators discussed here) [2] is far inferior to that of quartz. Conventional resonator temperature compensation schemes focus on localized resonator heating or stress

compensation techniques [4]–[6]. The idea of electrostatic compensation is largely unexploited due to the need for large voltages, conventionally unavailable in CMOS.
In this work, we demonstrate a technique for electrostatic
temperature compensation of a silicon bulk acoustic resonatoroscillator with standard CMOS electronics operating with a 5-V
supply. The idea of electrostatic temperature compensation is
first introduced. With an optimal design of the I-shaped bulk
acoustic resonator (IBAR), we have achieved exceptionally high
Q and improved frequency tunability. Standard voltage multiplication techniques [7] are adapted to yield voltages in the range
of 25 V with an appropriate temperature coefficient. Frequency
stability of 0.39 ppm/ C over a 100 C temperature range is
demonstrated with the compensating scheme, a 72X improvement over an uncompensated oscillator and an 8X improvement
over a previously reported scheme [8]. Performance limits of the
compensating technique are identified and the techniques to improve performance are suggested.
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Fig. 1 shows the complete system block diagram of the implemented resonator oscillator system. The oscillation frequency
is determined by a high-Q micromechanical resonator. Oscillations are started up and sustained with the amplifier and inverting buffer that maintain unity loop gain and zero phase shift.
The gain of the amplifier is varied with a voltage-controlled
MOS resistor (controlled by an automatic level control circuit)
to minimize resonator saturation due to large drive amplitudes.
The resonator is biased with a voltage in the range of 25 V (with
an appropriate negative temperature coefficient) generated from

II. SYSTEM BLOCK DIAGRAM
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Fig. 2. Design of a 5.5-MHz extensional mode resonator for low impedance
and high tunability.

Fig. 4. Open-loop frequency response of the IBAR at 3-V bias; f
Q = 103 370.

= 5.59 MHz;

Fig. 3. SEM picture of IBAR used in this work.

a charge pump based biasing circuit. The clock ripple on the
bias voltage is minimized by using a low-pass ripple filter at the
output of the charge pump.
III. MICROMECHANICAL SILICON RESONATOR DESIGN
The characteristics of the resonator are dictated by the
system-level requirements: to achieve low phase noise, low
power consumption, and reduced frequency–temperature drift,
the micromechanical resonator must have high quality factor,
low motional impedance, and high tunability for electrostatic
frequency tuning.
These three requirements are typically difficult to achieve
simultaneously with a micromechanical resonator. Flexural
mode capacitive beam resonators in the frequency of interest
are highly tunable, but have high impedances and lower Q
( 50 000). Conventional extensional mode capacitive resonators can have high Q ( 100 000) and lower impedances, but
suffer from low tunability. Piezoelectric resonators are another
alternative; they have lower impedances, but no effective tuning
technique has been demonstrated for these resonators.
The new I bulk acoustic resonator (I -BAR) was designed
to meet all the above requirements simultaneously [9]. The
I-shaped bulk acoustic resonator (IBAR) is presented as the
solution (Figs. 2 and 3), although semantically, its mode is not
present in the bulk. The hybrid structure is a combination of a
flexural component (flange) and an extensional member (rod).
In the desired mode, the flange provides large area and low
stiffness for good electrostatic tuning and low motional resis, and the symmetric extensional nature provides
tance

Fig. 5. Electrical equivalent circuit of the 5.5-MHz I -BAR at 10-V bias
(L = 15:4 H; C = 52:8 aF; R = 10 k ; C = 2 pF; R =
3 :5 k ) .

high Q. The ability to combine multiple sections for greater
. The device shown in the
transduction area further reduces
SEM of Fig. 3 is a two-section IBAR, otherwise known as an I .
The structure resonates predominantly in a lateral extensional
mode. Large flanges are placed at the ends of the extensional
beams for increasing the capacitive transduction area (Fig. 2).
While a detailed discussion of the design is beyond the scope of
the paper, it may be stated that an optimal design of the flange
and the rod can achieve the desired properties of high quality
factor and tuning. The resonator, which is fabricated using the
HARPSS-on-SOI process [2], is shown in Fig. 3. The resonator
in Fig. 3 had a resonant frequency of 5.58 MHz with a Q of
103 000. The frequency response is shown in Fig. 4.
The resonator is modeled electrically as a series R-L-C tank
circuit shown in Fig. 5. The parasitic capacitances to ground
include the device electrode to substrate capacitance in parallel with the static capacitance. The feed-through from input
to output is modeled as a capacitance in parallel with the tank.
The motional impedance, which represents the loss component
of the resonator, was measured to be approximately 10 k with a
polarization voltage of 10 V. A series resistance
is included
to model the body resistance of the resonator which loads the
quality factor of the device at higher bias voltages. While the
added series resistance does decrease the quality factor, it offers an advantage in that the device impedance is no longer a
strong function of the bias voltage. This allows us to change the
frequency with the bias voltage (for temperature compensation)
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Fig. 6. Measured impedance and tuning characteristic of the 5.5-MHz I -BAR.
R = 10 k at 10-V bias. Tuning = 4600 ppm from 2–25 V.

without changing the transimpedance gain with the automatic
level control (ALC) circuit by a large factor ( 10).
The temperature variation of the resonant frequency can be
approximated as a linear relation as expressed in (1), as a result
of the temperature coefficient of the Young’s modulus of silicon
and that of thermal expansion [9].
(1)
where
is the temperature coefficient of the resonant freis proporquency. The frequency tuning characteristic with
and is given by (2) [8].
tional to

(2)
where is the area of the electrode, is the electrode gap,
is the natural frequency of the resonating structure (with zero
is the difference between the measured frequency
(at a bias voltage of
) and the operating frequency (at the operating
), and
is the stiffness of the resonator. The measured impedance and tuning characteristic of the device with
bias voltage are shown in Fig. 6.
IV. INTERFACE CIRCUIT ARCHITECTURES
A. Sustaining Amplifier
The sustaining amplifier for the oscillator is based on a
CMOS transimpedance amplifier with a self-biased folded-cascode operational transconductance amplifier (OTA) as the core.
The schematic of the sustaining amplifier is shown in Fig. 7.
An inverting buffer is used at the output of the amplifier to
drive an off-chip load and also to maintain zero loop phase
shift. The amplifier is implemented in a shunt–shunt feedback
configuration to minimize Q-loading [10].
B. Automatic Level Control
To maintain optimal phase noise performance, it is essential
to control the drive amplitude of the resonator to minimize nonlinearity in the resonator [11]. In crystal oscillators, amplitude

Fig. 7. Schematic diagram of sustaining transimpedance amplifier showing
MOS resistor M15.

limiting typically occurs due to the nonlinearity of the transistors in the amplifier. However, quite often with micromechanical resonators, the resonator is driven into the nonlinear region
at smaller signal amplitudes, when the circuit is still within its
linear operating region. This can occur as a result of geometric,
material, or transduction nonlinearities in the resonator.
Hence, it is essential to limit oscillation amplitude to values
smaller than the distortion limit set by the amplifier. This is
achieved with an ALC circuit, shown in Fig. 8. Level control is
achieved by detecting the output signal amplitude using a peak
detector, comparing the amplitude to a threshold value
(that depends on the type of resonator used—about 10 mV in
this case), and generating an error voltage to control the gate
of the MOS resistor M15. This varies the transimpedance gain
of the sustaining amplifier (Fig. 7), thus limiting the oscillation
amplitude within the linear limit of the resonator.
C. Temperature Compensating Bias Circuitry
As discussed earlier, the temperature drift of the resonator is
linear and approximately 26 ppm/ C for the resonators discussed here. As we can observe from Fig. 6, the frequency also
decreases with an increase in the polarization voltage. So, if the
polarization voltage has appropriate negative temperature dependence, the change in frequency with temperature is offset
by a change due to the polarization voltage. The first version
of such a compensating bias generator was designed and reported earlier [8] and uses a DC charge pump in conjunction
with a chain of diodes to generate a linear temperature slope
for the bias voltage. It has been established that perfect linear
compensation can result in temperature stability no better than
200 ppm [9]. Although this is a significant improvement over an
uncompensated oscillator, this number is still poorer than typical quartz.
The above-mentioned technique is limited in applicability to
resonators within a narrow tuning range, due to the fairly con. Further, it may be observed
stant temperature coefficient of
from (1) and (2) that the frequency tuning is a parabolic function

1428

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 6, JUNE 2007

Fig. 8. Block diagram of automatic level control (ALC) circuit.

Fig. 9. Block diagram of parabolic temperature compensating bias generator (TCB) circuit.

of
and a linear function of temperature. Hence, to achieve a
zero temperature coefficient oscillator, one should have
(3)
Hence, the polarization voltage should vary with temperature
as a parabolic function given by (4).

(4)

Fig. 10. Block diagram of slope adjustment amplifier in bias (TCB) generator.

The block diagram of a circuit that can generate a voltage of
the form of (4) for accurate temperature compensation is shown
in Fig. 9.
The bandgap and the proportional to absolute temperature
(PTAT) reference circuit generate a constant voltage and a linear
temperature slope, respectively. These voltages are scaled using
amplifiers to generate a voltage function of the form of (5). A
block diagram of the slope adjustment amplifier itself is shown
in Fig. 10. Two low-power opamps are used at the first stage
to scale the bandgap and the PTAT voltages by the gain coeffiand
by using an appropriate resistance ratio to set
cients
the closed-loop gain. On the test chip, these coefficients were set
on the test board with off-chip resistors. In a manufacturing enand
can be trimmed by trimvironment, the coefficients
ming two resistors to achieve the desired temperature stability
specification. This may be in addition to any trimming that may
be performed on the bandgap resistors to trim the temperature
coefficient (TC) of the bandgap circuit. A differential transconductance stage then combines the difference voltages to gen.
erate the required PTAT current

is used to generate a PTAT current
, the square root of
which is taken and used as a power supply for a clock generator.
, where
The generated clock thus swings between 0 and
is of the form of (6).

(5)

(6)
where is the scaling coefficient of the transconductance stage.
This voltage is multiplied by a charge pump to yield a large
DC voltage of the form of (7). Equation (7) contains a diode
loss term which affects the value and the temperature slope of
the generated voltage. This can be offset by adding an offset
voltage equal to the loss term at the last stage.
(7)
The circuits used for each of the blocks above are described
in the following section.
1) Band-Gap and PTAT Generator: The bandgap circuit
used in the implementation is shown in Fig. 11. The circuit is
based on a textbook architecture [13] that uses the summation
of complementary to absolute temperature (CTAT) voltage
of a bipolar transistor) and a PTAT
(generated by the
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Fig. 13. Square-root generation circuit schematic.

circuit is found in [14]. Writing the current equations for M1
and M2 and simplifying, we get
(8)
If the transistors are sized equal, then the transconductances
and the expression for
can be simplified as
Fig. 11. Schematic of bandgap and PTAT generator. BG and PTAT voltages are
obtained by choosing different values for the diode sizes (ratio “n”) and different
resistor sizes (R4/R3).

Fig. 12. Generated bandgap and PTAT voltages versus temperature.

voltage (generated by the
between two such devices).
The PTAT circuit is generated by a similar architecture by
simply changing the resistor ratio. The measured temperature
behavior of the bandgap and the PTAT circuits is shown in
Fig. 11.
The temperature coefficient of the bandgap cell is approximately 40 ppm/ C. The temperature slope of the PTAT circuit
is about 3 mV/ C. The curvature of the bandgap and the PTAT
voltage is evident from Fig. 12; the curvature sets a limit on the
accuracy of the generated clock voltage and hence the compensating bias voltage.
2) Square-Root Generator: The circuit schematic of the
square-root generation circuit is shown in Fig. 13 and is a
derivative of the circuit discussed in [14]. The analysis of the

(9)
Thus, the output voltage of the circuit is proportional to the
square root of the reference current. In (8), the body effect of
M1 cannot be ignored and will affect the linearity of the circuit.
However, this effect can be minimized by sizing the transistors
appropriately. Now, if the reference current is generated as a
function of the bandgap and PTAT voltages, then we can get an
output voltage that is of the form of (6). Hence, the amplifier
from the bandgap
used to generate the function
and the PTAT generators is a transconductance stage rather than
a voltage amplifier.
The square-root generator has a “gain” error because of the
change in mobility with temperature. However, the gain of the
is also made protransconductance stage used to generate
. Thus, as long as the gain of the transconducportional to
tance stage and the gain of the square-root generator depend on
of the same type of device biased appropriately, the temthe
perature effects will cancel out to the first order. In this case
the transistors were similarly sized nMOS devices biased above
threshold and in saturation.
3) Charge Pump and Clock Generation: The clock generator
and the charge pump used in the last two stages of the compensation circuit are the same as the ones used for the linear compensation circuit [8]. A standard Dickson pump architecture is
used for the charge pump since the voltage across the diodes is
in this scheme as compared to voltage
never greater than
doubler type charge pumps [12] that offer higher efficiency. The
circuit diagram is shown in Fig. 14. The diodes were made using
the p+-n-well junction in the process. The maximum voltage
that can be generated is determined by two factors: the leakage
and ultimate breakdown of the n-well substrate junction and the
breakdown of the poly–poly capacitor. The clocks for the charge
pump are realized on the chip using an inverter delay ring oscillator and a logic circuit to generate nonoverlapping clocks.
The logic diagram for the clock generator is given in Fig. 15.
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Fig. 14. Square-root generation circuit schematic.

Fig. 15. Logic diagram of nonoverlapping clock generator.

the parabolic voltage is quite small. In fact, a linear approximation of the same results in less than 5% error (200 mV over
25 V). However, the 200 mV error still degrades temperature
stability to the extent of 250 ppm.
It may be observed that the parabolic compensation circuit
adds significantly to circuit complexity due to the inclusion of
the bandgap and PTAT generators, the square-root generators
and a number of scaling amplifiers. However, this does not result
in significantly higher power consumption. This is because the
bandgap and the PTAT generators and the associated amplifiers
can be operated at very low current levels (less than 2 A for
all the blocks). The amplifier at the last stage of the square-root
generation block is used to generate the supply voltage for the
clock generator and hence has to drive a large current. Hence,
this block consumes about 170 A of current. But generating an
internal clock supply voltage also means that the clock generator does not draw current directly from the supply. Hence, the
increase in power consumption due to the added circuitry is less
than 100 W.
V. MEASURED RESULTS

Fig. 16. Generated polarization voltage versus temperature for linear and parabolic compensation circuits.

In the parabolic compensation technique, the charge pump temperature coefficient adds a linear temperature dependency to the
parabolic function represented by (7) and needs to be accounted
and
for. This is accomplished by adjusting the coefficients
to account for the dependency or by adding the loss term
to the final stage capacitor. In this case, the
equal to
former approach is chosen.
4) Comparison of Linear and Parabolic TCB Circuits: The
voltage generated (measured) from the linear and parabolic
compensation circuits is shown in Fig. 16 as a function of
temperature. A linear fit is also shown for the parabolic voltage
case to highlight the curvature arising from the quadratic
shown in Fig. 16 for
term. It may be noted the values of
the parabolic compensation circuit are slightly different from
the values used while performing temperature compensation
and
were adjusted to account for
since the coefficients
the temperature coefficient of the charge pump diodes after
characterization.
The difference between the linear and parabolic compensation voltages is evident from Fig. 16, although the curvature of

The interface IC was fabricated in a two-poly three-metal
(2P3M) 0.5- m CMOS process. The gain–bandwidth (GBW) of
the opamp was measured to be 175 MHz, which is large enough
to satisfy the gain requirements to sustain oscillations. The temperature behavior of the bandgap and PTAT generators was verified (Fig. 12) and the temperature coefficient was computed.
1) Oscillator Phase Noise: After open-loop characterization,
the resonator and the IC were interfaced with bond wires and
tested under a vacuum probe station to verify the functionality
of the oscillator. The phase noise of a 5.5-MHz oscillator (open3 V) was measured using an Agilent
loop Q of 103 000,
E5500 phase noise analyzer (Fig. 17). A smaller value of polarization voltage was chosen deliberately for two purposes: the
motional impedance is higher and that minimizes Q-loading and
improves near-carrier phase noise performance; and a smaller
polarization voltage allows for larger signal amplitude while
maintaining the resonator in its linear operating region, thus improving phase noise performance both near and far from carrier.
This, however, comes at the cost of additional power consumption in the loop amplifier, since the GBW requirement for the
transimpedance amplifier is higher.
The near-carrier phase noise at 10 Hz offset was measured
to be approximately 66 dBc/Hz and at an offset of 1 kHz is
about 112 dBc/Hz. The phase noise floor far from carrier is at
135 dBc/Hz. This is largely a result of the noise floor of the interface amplifier and the operating power level of the oscillator,
which was about 10 dBm. The phase noise floor is close to the
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Fig. 17. Phase noise of the 5.5-MHz oscillator.

Fig. 18. Comparison of temperature stability of the oscillator with linear and
parabolic compensation and w/o compensation.

number predicted by the power handling of the resonator (about
10 dBm) and the noise of the amplifier. However, despite the
high-Q of the resonator, a strong 1/f noise component is present
in the phase noise spectrum. This can be attributed to the noise
introduced by the bias generator which can be shown to add further to the 1/f noise [15]. Most of the noise is actually from the
resistors used to set the tuning coefficients and the noise of the
bandgap and PTAT generators and the low power amplifiers in
the chain. It may be noted that no charge pump was used in this
experiment and hence no clock ripple is observed on the spectrum. The error in the predicted 1/f noise is largely attributed to
the lack of certainty in the flicker noise numbers for the process.
The noise floor in this case is determined by the power handling limit of the resonator which was about 10 dBm. As expected, the 1/f and 1/f regions are present very close to carrier. The predicted 1/f corner noise also includes coefficients

for resonator and transistor nonlinearity and is determined from
resonator characterization. While the phase noise characteristic
at the temperature compensating bias voltage is most useful, it
may be noted that the phase noise is expected to deteriorate due
to the smaller power handling limit and additional charge pump
bias generator noise at higher bias voltages. The lack of sensitivity of the ALC circuit to small operating voltages (below
10 mV) prevents us from effectively limiting nonlinearity in
the resonator and hence an accurate determination of the phase
noise at the voltages. Nevertheless, given that the power han) and quality factor of the devices described here at
dling
the temperature compensating bias voltages (at 16-V bias, Q
35 000 and
30 dBm at 16 V) far exceeds that of beam
resonators [4], the phase noise can be expected to be about 10 dB
better than the beam counterparts even accounting for the additional bias voltage induced noise.
2) Temperature Stability: To evaluate the temperature stability of the oscillator, the sample was placed in a vacuum
chamber with temperature control. The results obtained from
the linear temperature compensation circuit have been reported
earlier for a 4-MHz oscillator [8]. After characterizing the
functionality of the bandgap and PTAT generators (temperature
behavior shown in Fig. 12) and the square-root generator, the
temperature coefficient of the charge pumps was characterized.
The uncompensated temperature variation is characterized (
of 15 V; Fig. 18). Based on the temperature and the tuning
coefficients of the device (shown in Fig. 6), appropriate values
and
(by using a
were chosen for the scaling coefficients
resistor ratio for setting the gain of each amplifier in the chain)
and the circuits were connected with bond wires.
The output of the square-root generator was used as the
supply to the charge pump clock generator and the oscillator

1432

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 6, JUNE 2007

was biased with the polarization voltage generated from the
bias generator. Two test runs were performed: one with the
linear compensation circuit and another with the parabolic
compensation circuit. The temperature variation of the compensated oscillator was measured to be 332 ppm and 38.7 ppm
over a temperature range of 25 C to 125 C with the linear and
parabolic compensation circuits, respectively. This represents
an improvement of 8.5X and 72X over the linearly compensated
and uncompensated oscillator, respectively. All temperature
stability plots are shown in Fig. 18. It may be noted that all
testing was done on unpackaged devices that were bonded to
the IC on a custom test board. Since the measurements were
made at steady-state and the MEMS device is fabricated on a
low resistivity substrate, any temperature mismatch between
the MEMS die and the IC is expected to be minimal and so
is the error in temperature compensation. Further, since the
devices were unpackaged, any thermal mismatch between the
IC and the package is unaccounted. However, the effect of
package–die TC mismatch may be accounted for easily by
and .
adjusting the coefficients
It is interesting to note that for the parabolic compensation
case, the zero temperature coefficient point is approximately
50 C. This indicates that the compensation is suboptimal. This
can be a result of an inaccurate choice of the coefficients in genor the nonlinearity of the square-root genererating the
ation block. The former is quite likely since the choice of the
coefficients is based on the exact tuning slope and the temperature coefficient extracted from resonator characterization. The
choice of coefficients also needs to account for the temperature slope of the charge pump diodes. For the 5.5 MHz resonator, the temperature coefficient was about 28.3 ppm/ C
and the tuning slope was estimated as 7.3 ppm/V . A small
error in either of these values would result in a wrong choice
and
, thus leading to
for the voltage scaling coefficients
suboptimal temperature compensation. It may be noted from
Fig. 6 that the variation of impedance across the tuning voltage
range was only a factor of 2 (due to the effect of series resistive
loading). Hence, there is no serious degradation of phase noise
performance across this range and the MOS resistor M15 can
easily track this variation to sustain oscillations across the entire range. The loaded quality factor of the device is measured
to be about 30 000 over the temperature compensation range.
A summary of the measured results from the linear and parabolic compensation circuits is given in Table 1. The overall
power consumption was about 1.9 mW for the parabolic compensation IC as compared to 1.8 mW for the IC with linear compensation. A die picture of the IC that includes the parabolic
compensation scheme is shown in Fig. 19. The overall die area
was 1.5 mm 1.5 mm. The IC was fabricated in a 2P3M 0.5- m
CMOS process through AMI Semiconductor.
VI. ERROR SOURCES IN THE COMPENSATION SCHEME
According to (2), any error in generating the bias voltage
is translated to a frequency error. The accuracy of the parabolic TC scheme is limited by the inaccuracy of the bandgap
reference and the PTAT generator, mismatches in the scaling

TABLE I
SUMMARY OF SPECIFICATIONS OF REFERENCE OSCILLATOR

Fig. 19. Die picture of the interface IC.

amplifiers (including feedback resistors), and the inaccuracy of
the square-root generator. Simulation predicted an overall variation of about 18 ppm over the temperature range of 25 C to
125 C with the parabolic compensation circuit. The measured
variation was about 2 times larger. This is most likely because
the effect of the opamp mismatch and resistor mismatch was
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unaccounted in the simulation. By introducing a mismatch in
the opamps, the overall simulated variation was increased to
25 ppm, a number that is closer to the measured variation. To
estimate the worst-case error analytically, one should account
for each of the error sources.
An analysis of the different error sources reveals that the
curvature contribute most to
opamp offset and the bandgap
the total error. Hence, in order to achieve further performance
gains, the accuracy of the bandgap and the PTAT circuits should
be improved by the use of curvature compensation techniques
[16] and the offset in the amplifiers should be minimized using
standard offset cancellation techniques [17]. Using these techniques, the temperature stability can potentially be improved to
sub-10 ppm, albeit at the cost of increased power consumption.

VII. CONCLUSION
In this paper, we have demonstrated the feasibility of
electronically temperature compensated reference oscillators
based on capacitive micromechanical resonators. Temperature
compensation schemes that exploit the electrostatic frequency
tuning characteristic of capacitive MEMS resonators have been
developed in a standard 2P3M CMOS process. A temperature
drift of 39 ppm was measured over 100 C for the best compensation scheme, which represents a performance gain of over
70X over an uncompensated oscillator. The accuracy limit of
the compensation technique has been analyzed and techniques
for performance gains suggested.

ACKNOWLEDGMENT
The authors wish to thank the staff of the Georgia Tech MiRC
clean room for their assistance.

REFERENCES
[1] S. Pourkamali, A. Hashimura, R. Abdolvand, G. K. Ho, A. Erbil, and
F. Ayazi, “High-Q single crystal silicon HARPSS capacitive beam resonators with self-aligned sub-100 nm transduction gaps,” IEEE/ASME
J. MEMS, vol. 12, no. 4, pp. 487–496, Aug. 2003.
[2] S. Pourkamali, Z. Hao, and F. Ayazi, “VHF single crystal silicon capacitive elliptic bulk-mode disk resonators—Part II: Implementation and
characterization,” IEEE/ASME J. MEMS, vol. 13, no. 6, pp. 1054–1062,
Dec. 2004.
[3] J. Wang, J. E. Butler, T. Feygelson, and C. T. C. Nguyen, “1.5 GHz
nanocrystalline diamond micromechanical resonator with material
mismatched isolating support,” in Proc. IEEE MEMS 2004, Jan. 2004,
pp. 641–644.
[4] Y.-W. Lin, “Series resonant VHF micromechanical resonator reference oscillators,” IEEE J. Solid-State Circuits, vol. 39, no. 12, pp.
2477–2491, Dec. 2004.
[5] W. T. Hsu and C. T.-C. Nguyen, “Geometric stress compensation for
enhanced thermal stability in micromechanical resonators,” in Proc.
IEEE Int. Ultrasonics Symp., 1998, pp. 945–948.
[6] M. Hopcroft, “Active temperature compensation for micromachined
resonators,” in Solid-State Sensor, Actuator and Microsystems Workshop Tech. Dig., Jun. 2004, pp. 364–367.
[7] J. F. Dickson, “On-chip high-voltage generation in NMOS integrated
circuits using an improved voltage multiplier technique,” IEEE J. SolidState Circuits, vol. SC-11, no. 3, pp. 374–378, Jun. 1976.

1433

[8] K. Sundaresan, G. K. Ho, S. Pourkamali, and F. Ayazi, “A 2-chip,
4-MHz micro-electro-mechanical reference oscillator,” in Proc. ISCAS
2005, May 2005, pp. 5461–5464.
[9] G. K. Ho, K. Sundaresan, S. Pourkamali, and F. Ayazi, “Low-motionalimpedance highly-tunable I resonators for temperature-compensated
oscillators,” in Proc. IEEE MEMS 2005, Jan. 2005, pp. 116–120.
[10] C. T.-C. Nguyen and R. T. Howe, “An integrated high-Q CMOS micromechanical resonator-oscillator,” IEEE J. Solid-State Circuits, vol.
34, no. 4, pp. 440–455, Apr. 1999.
[11] V. Kaajakari, “Nonlinearities in single-crystal silicon micromechanical resonators,” Proc. Int. Conf. Solid-State Sensors, Actuators and
Microsystems, pp. 1574–1577, Jun. 2003.
[12] J. A. Startzyk, “A DC-DC charge pump based on voltage doublers,”
IEEE Trans. Circuits Syst. I: Fundam. Theory Applicat., vol. 48, no. 3,
pp. 350–359, Mar. 2001.
[13] P. R. Gray, R. G. Meyer, P. J. Hurst, and S. H. Lewis, Analysis and
Design of Analog Integrated Circuits. Hoboken, NJ: Wiley, 2001.
[14] I. M. Filanovsky and H. P. Baltes, “Simple CMOS analog squarerooting and squaring circuits,” IEEE Trans. Circuits Syst. I: Fundam.
Theory Applicat., vol. 39, no. 4, pp. 312–315, Apr. 1992.
[15] M. Agarwal, “Effect of mechanical vibrations and bias voltage noise
on phase noise of MEMS resonator based oscillators,” in Proc. IEEEASME MEMS 2006, Jan. 2006, pp. 154–157.
[16] B.-S. Song and P. R. Gray, “A precision curvature corrected bandgap
reference,” IEEE J. Solid-State Circuits, vol. SC-18, no. 6, pp.
634–643, Dec. 1983.
[17] C. C. Enz and G. C. Temes, “Circuit techniques for reducing the effects
of opamp imperfections: Autozeroing, correlated double sampling, and
chopper stabilization,” Proc. IEEE, vol. 84, no. 11, pp. 1584–1614,
Nov. 1996.

Krishnakumar Sundaresan (S’98–M’07) was born
in Chennai (Madras), India, in 1980. He received the
B.E. degree in electrical and electronics engineering
from the University of Madras, India, in 2001, and the
Ph.D. degree in electrical and computer engineering
from the Georgia Institute of Technology, Atlanta, in
2006.
He is currently a System-on-Chip Designer with
GE Global Research, Niskayuna, NY. His research
interests are in the area of analog circuit design and
include interface circuits for medical detectors, circuits for MEMS-based frequency references, and PVT tolerant circuit design.
Dr. Sundaresan was a recipient of the 2005 Analog Devices–Georgia Tech
Student Analog Designer of the Year.

Gavin K. Ho (S’01) was born in Vancouver, Canada.
He received the B.A.Sc. degree with distinction
and the M.Eng. degree in mechanical engineering
(electromechanical design option) from the University of British Columbia, Vancouver, BC, Canada, in
2001. He is currently pursuing the Ph.D. degree in
the School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta.
He was given the opportunity to teach undergraduate courses at Georgia Tech. His primary teaching
objectives include instilling curiosity in science and
motivating interdisciplinary research. His research interests include capacitive
and piezoelectric micromechanical resonators for sensors, reference oscillators,
and bandpass filter applications.
Mr. Ho was the recipient of the UBC Letson Prize in 2001. At Georgia Tech
in 2002, he received the Col. Oscar P. Cleaver Award and N. Walter Cox Fellowship from the School of Electrical and Computer Engineering.

1434

Siavash Pourkamali (S’02–M’06) received the
B.S. degree in electrical engineering from Sharif
University of Technology, Tehran, Iran, in 2001,
and the M.S. and Ph.D. degrees from the Georgia
Institute of Technology, Atlanta, in 2004 and 2006,
respectively.
Currently, he is an Assistant Professor at the Department of Electrical and Computer Engineering,
University of Denver, Denver, CO. His main research
interests are in the areas of integrated silicon MEMS
and microsystems, micromachining technologies,
RF MEMS resonators and filters, nanomechanical resonant sensors, and
micro/nano-robotics.
Dr. Pourkamali was a recipient of the 2005 Georgia Tech Sigma Xi Best M.S.
Thesis Award, and a 2006 Georgia Tech Electrical and Computer Engineering
Research Excellence Award.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 6, JUNE 2007

Farrokh Ayazi (S’96–M’99–SM’05) received
the B.S. degree in electrical engineering from the
University of Tehran, Iran, in 1994, and the M.S.
and Ph.D. degrees in electrical engineering from the
University of Michigan, Ann Arbor, in 1997 and
2000, respectively.
He joined the faculty of the Georgia Institute of
Technology, Atlanta, in December 1999, where he is
now an Associate Professor in the School of Electrical and Computer Engineering. His research interests are in the areas of integrated micro- and nanoelectromechanical resonators, IC design for MEMS and sensors, RF MEMS,
inertial sensors, and microfabrication techniques.
Prof. Ayazi is a 2004 recipient of the NSF CAREER Award, the 2004 Richard
M. Bass Outstanding Teacher Award (determined by the vote of the ECE senior
class), and the Georgia Tech College of Engineering Cutting Edge Research
Award for 2001–2002. He received a Rackham Predoctoral Fellowship from
the University of Michigan for 1998–1999. He is an editor for the IEEE/ASME
JOURNAL OF MICROELECTROMECHANICAL SYSTEMS and serves on the technical
program committees of the IEEE International Solid-State Circuits Conference
(ISSCC), and the International Conference on Solid-State Sensors, Actuators
and Microsystems (Transducers).

