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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 de-
sign of a 5.5-MHz silicon bulk acoustic resonator has been opti-
mized to offer high quality factor (>100000) 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 cir-
cuitry were fabricated in a 2P3M 0.6-yum CMOS process.

Index Terms—Reference oscillators, MEMS resonators, MEMS
oscillators and temperature compensation.
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Fig. 1. lock diagram of the Reference Oscillator.

compensation techniques 6 . The idea of electrostatic com-
pensation is largely unexploited due to the need for large volt-
ages, conventionally unavailable in CMOS.

n this work, we demonstrate a technique for electrostatic
temperature compensation of a silicon bulk acoustic resonator-
oscillator with standard CMOS electronics operating with a 5-
supply. The idea of electrostatic temperature compensation is
rst introduced. With an optimal design of the -shaped bulk
acoustic resonator (  AR), we have achieved exceptionally high

and improved frequency tunability. Standard voltage multipli-
cation techniques  are adapted to yield voltages in the range
is determined by a high- micromechanical resonator. Oscil-
lations are started up and sustained with the amplier and in-
verting buffer that maintain unity loop gain and zero phase shift.
The gain of the amplier 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 (with
an appropriate negative temperature coefcient) generated from
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Fig. 2. Design of a 5.5-MHz extensional mode resonator for low impedance
and high tunability.
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Fig. 4. Open-loop frequency response of the IBAR at 3-V bias; 5.59 MHz;
Q= 103370.
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Fig. 3. SEM picture of IBAR used in this work. ¢

a charge pump based biasing circuit. The clock ripple on tﬁgn > fsleztr:al ff‘“:”%'S”; gécu'tffzthfoSks_MHffiRza:)éo_vssbfs
bias voltage is minimized by using a low-pass ripplier atthe 35k) .
output of the charge pump.
high Q. The ability to combine multiple sections for greater
transduction area further reducBs,. The device shown in the
SEM of Fig. 3 is a two-section IBAR, otherwise known as an |
The characteristics of the resonator are dictated by tfibe structure resonates predominantly in a lateral extensional
system-level requirements: to achieve low phase noise, lomode. Large anges are placed at the ends of the extensional
power consumption, and reduced frequerieynperature drift, beams for increasing the capacitive transduction area (Fig. 2).
the micromechanical resonator must have high quality factd¥hile a detailed discussion of the design is beyond the scope of
low motional impedance, and high tunability for electrostatithe paper, it may be stated that an optimal design of trege
frequency tuning. and the rod can achieve the desired properties of high quality
These three requirements are typically diflt to achieve factor and tuning. The resonator, which is fabricated using the
simultaneously with a micromechanical resonator. FlexurdIARPSS-on-SOI process [2], is shown in Fig. 3. The resonator
mode capacitive beam resonators in the frequency of intergstig. 3 had a resonant frequency of 5.58 MHz with a Q of
are highly tunable, but have high impedances and lower 13 000. The frequency response is shown in Fig. 4.
( 50000). Conventional extensional mode capacitive res-The resonator is modeled electrically as a seRidsC tank
onators can have high @00 000) and lower impedances, butircuit shown in Fig. 5. The parasitic capacitances to ground
suffer from low tunability. Piezoelectric resonators are anotharclude the device electrode to substrate capacitance in par-
alternative; they have lower impedances, but no effective tuniaflel with the static capacitance. The feed-through from input
technique has been demonstrated for these resonators. to output is modeled as a capacitance in parallel with the tank.
The new ¥ bulk acoustic resonator’dBAR) was designed The motional impedance, which represents the loss component
to meet all the above requirements simultaneously [9]. Tleéthe resonator, was measured to be approximately Wikh a
I-shaped bulk acoustic resonator (IBAR) is presented as thelarization voltage of 10 V. A series resistariég is included
solution (Figs. 2 and 3), although semantically, its mode is ntwt model the body resistance of the resonator which loads the
present in the bulk. The hybrid structure is a combination ofcuality factor of the device at higher bias voltages. While the
exural component @nge) and an extensional member (rodadded series resistance does decrease the quality factor, it of-
In the desired mode, theange provides large area and lowers an advantage in that the device impedance is no longer a
stiffness for good electrostatic tuning and low motional resistrong function of the bias voltage. This allows us to change the
tance(R,,), and the symmetric extensional nature providefrequency with the bias voltage (for temperature compensation)

I1l. M ICROMECHANICAL SILICON RESONATORDESIGN
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Fig. 8. Block diagram of automatic level control (ALC) circuit.

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

of  andalinear function of temperature. Hence, to achieve a
zero temperature coefient oscillator, one should have

— — ®)

Hence, the polarization voltage should vary with temperature
as a parabolic function given by (4).

- (4) Fig. 10. Block diagram of slope adjustment ampliin bias (TCB) generator.

The block diagram of a circuit that can generate a voltage of 5 sed to generate a PTAT current , the square root of
the form of (4) for accurate temperature compensation is shoyRich is taken and used as a power supply for a clock generator.

in Fig. 9. . The generated clock thus swings between 0 and , where
The bandgap and the proportional to absolute temperature g of the form of (6).

(PTAT) reference circuit generate a constant voltage and a linear
temperature slope, respectively. These voltages are scaled using (6)

ampli ers to generate a voltage function of the form of (5). A ) i i
block diagram of the slope adjustment amgli itself is shown where isthe scaling coefcient of the transconductance stage.

in Fig. 10. Two low-power opamps are used at thst stage This voltage is multiplied by a charge pump to y_ieId a Igrge

to scale the bandgap and the PTAT voltages by the gain coePC Voltage of the form of (7). Equation (7) contains a diode

cients and by using an appropriate resistance ratio to sigss term which affects the_ value and the temperature slope of

the closed-loop gain. On the test chip, these cciehts were set the generated voltage. This can be offset by adding an offset

on the test board with off-chip resistors. In a manufacturing e}‘gltage equal to the loss term at the last stage.

vironment, the coeftients and can be trimmed by trim- - @)

ming two resistors to achieve the desired temperature stability

speci cation. This may be in addition to any trimming that may The circuits used for each of the blocks above are described

be performed on the bandgap resistors to trim the temperaturdéhe following section.

coef cient (TC) of the bandgap circuit. A differential transcon- 1) Band-Gap and PTAT GeneratoiThe bandgap circuit

ductance stage then combines the difference voltages to gesed in the implementation is shown in Fig. 11. The circuit is

erate the required PTAT current . based on a textbook architecture [13] that uses the summation

of complementary to absolute temperature (CTAT) voltage

(5) (generated by the of a bipolar transistor) and a PTAT
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'V”ﬁ__ll__' M5 circuit is found in [14]. Writing the current equations for M1
. and M2 and simplifying, we get
M4
Q3n=6 our & V2 rer [V(1/K1) + (1/Ks) = /(1/K5)]  (8)
Q1 Q2n=6
If the transistors are sized equal, then the transconductances
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| K, =K, =K and the expression forpyT can be simplied as
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Fig. 11. Schematic of bandgap and PTAT generator. BG and PTAT voltages are ouT = 7% REF 9)

obtained by choosing different values for the diode sizes (ratipand different

istor sizes (R4/R3). L :
resistor sizes ( ) Thus, the output voltage of the circuit is proportional to the

square root of the reference current. In (8), the body effect of

1.26 : : . 13 M1 cannot be ignored and will affect the linearity of the circuit.
i ; However, this effect can be minimized by sizing the transistors
I R D O A 112 appropriately. Now, if the reference current is generated as a
' i ' function of the bandgap and PTAT voltages, then we can get an
124 poeeees ; ; free g output voltage that is of the form of (6). Hence, the amgii
= ; ’ ; T & used to generate the functign; — ;7 from the bandgap
:§ L T By 'é and the PTAT generators is a transconductance stage rather than
i i i T1 > avoltage amplier.
L o e S R The square-root generator hasgain error because of the
: —¢—BG Voltage Los change in mobility with temperature. However, the gain of the
LD b { W PTAT Voltage [~ transconductance stage used to genefatg is also made pro-
: ; : portional to ,,,. Thus, as long as the gain of the transconduc-
1'2_50 0 50 100 1500'3 tance stage and the gain of the square-root generator depend on

the ,,, of the same type of device biased appropriately, the tem-

perature effects will cancel out to thest order. In this case

Fig. 12. Generated bandgap and PTAT voltages versus temperature. the transistors were similarly sized nMOS devices biased above
threshold and in saturation.

3) Charge Pump and Clock Generation: The clock generator
voltage (generated by thd g between two such devices).and the charge pump used in the last two stages of the compen-
The PTAT circuit is generated by a similar architecture bgation circuit are the same as the ones used for the linear com-
simply changing the resistor ratio. The measured temperatpensation circuit [8]. A standard Dickson pump architecture is
behavior of the bandgap and the PTAT circuits is shown imsed for the charge pump since the voltage across the diodes is
Fig. 11. never greater thanpp in this scheme as compared to voltage

The temperature coefient of the bandgap cell is approxi-doubler type charge pumps [12] that offer higheraééncy. The
mately 40 ppnf/C. The temperature slope of the PTAT circuitircuit diagram is shown in Fig. 14. The diodes were made using
is about 3 mVWC. The curvature of the bandgap and the PTAfhe p+-n-well junction in the process. The maximum voltage
voltage is evident from Fig. 12; the curvature sets a limit on thihat can be generated is determined by two factors: the leakage
accuracy of the generated clock voltage and hence the compamd ultimate breakdown of the n-well substrate junction and the
sating bias voltage. breakdown of the polypoly capacitor. The clocks for the charge

2) Square-Root Generator: The circuit schematic of the pump are realized on the chip using an inverter delay ring os-
square-root generation circuit is shown in Fig. 13 and is dllator and a logic circuit to generate nonoverlapping clocks.
derivative of the circuit discussed in [14]. The analysis of th€he logic diagram for the clock generator is given in Fig. 15.

Temperature [°C]
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Fig. 14. Square-root generation circuit schematic.

the parabolic voltage is quite small. In fact, a linear approxi-
mation 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 signicantly to circuit complexity due to the inclusion of
the bandgap and PTAT generators, the square-root generators
and a number of scaling ampérs. However, this does not result
in signi cantly higher power consumption. This is because the

Fig. 15. Logic diagram of nonoverlapping clock generator. bandgap and the PTAT generators and the associated argli
can be operated at very low current levels (less thal\Zor
all the blocks). The amplier 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 17@ of current. But generating an
internal clock supply voltage also means that the clock gener-
ator 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. MEASUREDRESULTS

The interface IC was fabricated in a two-poly three-metal
(2P3M) 0.5- m CMOS process. The gaihandwidth (GBW) of
the opamp was measured to be 175 MHz, which is large enough
Fig. 16. Generated polarization voltage versus temperature for linear and ptgr-satiSfy the gain requirements to sustain oscillations. The tem-
abolic compensation circuits. perature behavior of the bandgap and PTAT generators was ver-
i ed (Fig. 12) and the temperature cogént was computed.
1) Oscillator Phase NoiseAfter open-loop characterization,
In the parabolic compensation technique, the charge pump tetire resonator and the IC were interfaced with bond wires and
perature coefcient adds a linear temperature dependency to thested under a vacuum probe station to verify the functionality
parabolic function represented by (7) and needs to be accourtéthe oscillator. The phase noise of a 5.5-MHz oscillator (open-
for. This is accomplished by adjusting the cogénts and loop Q of 103000, 3 V) was measured using an Agilent
to account for the dependency or by adding the loss tef5500 phase noise analyzer (Fig. 17). A smaller value of po-
equal to to the nal stage capacitor. In this case, théarization voltage was chosen deliberately for two purposes: the
former approach is chosen. motional impedance is higher and that minimizes Q-loading and
4) Comparison of Linear and Parabolic TCB Circuit$he improves near-carrier phase noise performance; and a smaller
voltage generated (measured) from the linear and parabgarization voltage allows for larger signal amplitude while
compensation circuits is shown in Fig. 16 as a function afiaintaining the resonator in its linear operating region, thus im-
temperature. A lineart is also shown for the parabolic voltageproving phase noise performance both near and far from carrier.
case to highlight the curvature arising from the quadratithis, however, comes at the cost of additional power consump-
term. It may be noted the values of shown in Fig. 16 for tion in the loop amplier, since the GBW requirement for the
the parabolic compensation circuit are slightly different frortransimpedance amplr is higher.
the values used while performing temperature compensationThe near-carrier phase noise at 10 Hz offset was measured
since the coefcients and  were adjusted to account forto be approximately 66 dBc/Hz and at an offset of 1 kHz is
the temperature coefient of the charge pump diodes afteabout 112 dBc/Hz. The phase noiseor far from carrier is at
characterization. 135 dBc/Hz. Thisis largely a result of the noiseor of the in-
The difference between the linear and parabolic compenserface amplier and the operating power level of the oscillator,
tion voltages is evident from Fig. 16, although the curvature afhich was about 10 dBm. The phase nois®or is close to the
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Fig. 17. Phase noise of the 5.5-MHz oscillator.

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 sen-
sitivity 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-
dling (P ) and quality factor of the devices described here at
the temperature compensating bias voltages (at 16-V bias, Q
35000 and® = —30dBm at 16 V) far exceeds that of beam
réasonators [4], the phase noise can be expected to be about 10 dB
Better than the beam counterparts even accounting for the addi-
tional bias voltage induced noise.

2) Temperature Stability: To evaluate the temperature sta-
number predicted by the power handling of the resonator (ab@jifity of the oscillator, the sample was placed in a vacuum
—10 dBm) and the noise of the ampéir. However, despite the chamber with temperature control. The results obtained from
high-Q of the resonator, a strong2ffoise componentis presentthe linear temperature compensation circuit have been reported
in the phase noise spectrum. This can be attributed to the naigglier for a 4-MHz oscillator [8]. After characterizing the
introduced by the bias generator which can be shown to add fifnctionality of the bandgap and PTAT generators (temperature
ther to the 1/ noise [15]. Most of the noise is actually from thebehavior shown in Fig. 12) and the square-root generator, the
resistors used to set the tuning cagénts and the noise of thetemperature coetient of the charge pumps was characterized.
bandgap and PTAT generators and the low power arapiin - The uncompensated temperature variation is characterized (
the chain. It may be noted that no charge pump was used in ts15 V; Fig. 18). Based on the temperature and the tuning
experiment and hence no clock ripple is observed on the spggef cients of the device (shown in Fig. 6), appropriate values
trum. The error in the predicted 1/f noise is largely attributed tgere chosen for the scaling coefents ; and ; (by using a
the lack of certainty in theicker noise numbers for the processyesistor ratio for setting the gain of each ampli in the chain)

The noise oor in this case is determined by the power hamnd the circuits were connected with bond wires.
dling limit of the resonator which was aboutl0 dBm. As ex- The output of the square-root generator was used as the

pected, the 1/fand 1/f regions are present very close to carsypply to the charge pump clock generator and the oscillator
rier. The predicted 1#corner noise also includes coefents

Fig. 18. Comparison of temperature stability of the oscillator with linear ai
parabolic compensation and w/o compensation.
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was biased with the polarization voltage generated from the TABLE |
bias generator. Two test runs were performed: one with the SUMMARY OF SPECIFICATIONS OFREFERENCEOSCILLATOR
linear compensation circuit and another with the parabolic
compensation circuit. The temperature variation of the com-
pensated oscillator was measured to be 332 ppm and 38.7 ppm
over a temperature range of 26 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
packagedie TC mismatch may be accounted for easily by
adjusting the coeftients  and

It is interesting to note that for the parabolic compensation
case, the zero temperature casént point is approximately
50 C. This indicates that the compensation is suboptimal. This
can be aresult of an inaccurate choice of the coehts in gen-
erating the or the nonlinearity of the square-root gener-
ation block. The former is quite likely since the choice of the
coef cients is based on the exact tuning slope and the tempera-
ture coef cient extracted from resonator characterization. The
choice of coefcients also needs to account for the tempera-
ture slope of the charge pump diodes. For the 5.5 MHz res-
onator, the temperature coefent was about 28.3 ppm/C
and the tuning slope was estimated a&.3 ppm/V . A small
error in either of these values would result in a wrong choice
for the voltage scaling coetients and , thus leading to
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 en-
tire 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 par-
abolic compensation circuits is given in Table 1. The overall
power consumption was about 1.9 mW for the parabolic com-
pensation IC as compared to 1.8 mW for the IC with linear com-
pensation. A die picture of the IC that includes the parabolic
compensation scheme is shown in Fig. 19. The overall die area o .
was 1.5 mm 1.5 mm. The IC was fabricated in a 2P3M 0.6 i 10, Diepicure of the interface IC.
CMOS process through AMI Semiconductor.

ampli ers (including feedback resistors), and the inaccuracy of

the square-root generator. Simulation predicted an overall vari-
According to (2), any error in generating the bias voltagation of about 18 ppm over the temperature range ofQ%0

is translated to a frequency error. The accuracy of the paf®5 C with the parabolic compensation circuit. The measured

bolic TC scheme is limited by the inaccuracy of the bandgariation was about 2 times larger. This is most likely because

reference and the PTAT generator, mismatches in the scalthg effect of the opamp mismatch and resistor mismatch was

VI. ERRORSOURCES IN THECOMPENSATION SCHEME
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