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This project studies the clock oscillator with MEMS
vibrating resonator. The resonator is built by a
cantilever structure, which is formed by the top
metal layer in TSMC CMOS process. Two electrodes and
the resonator are separated via dry etching proposed
by CIC. The center frequency of the resonator
determined by the length, width, and thickness of the
cantilever is examined by the three-dimensional
software ANSYS. After that, the electric performance
1s obtained and is translated in an equivalent
circuit, which is employed in the integrated circuit
simulations. The temperature coefficient of the
resonator i1s studied by oscillator with the resonator
bonded to the CMOS cross-coupled pair. With this
information, a total integrated MEMS oscillator is
developed. The performances are aimed to 20mA current
consumption, power supply 3.3V, in package size

5*3. 2%0. 8bmm. The center is designed at 10MHz with
phase noise at 10KHz offset is -70dBc. The frequency
stability in within 100ppm.

MEMS ~ MicroElectromechanical -~ Cantilever ~ Cross—
Coupled Pair » Clock Oscillator
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Balanced SAW Oscillators with Cross-Coupled CMOS Pair
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Abstract — The cross-coupled pairs in CMOS are employed
to the voltage controlled oscillator with surface acoustic wave
(SAW) resonator. The problem of latch, which is not encounted
in conventional LC oscillator, is essential in our case. With a
careful design in bias this problem is solved. This oscillator has
the advantage of inherent opposite polarity appeared on the
terminals of SAW resonator, which leads to fast growing
amplitude during transition. As compared to the well known
Colpitts oscillator, the transition period is significantly shrinked.
For completeness three kinds of oscillator with single ended,
balanced Colpitts, and cross coupled one are compared in terms
of figure of merit (FOM) under the same magnitude across the
resonator. Also the power consumption and phase noise are
indicated.

1. INTRODUCTION

Clock oscillators utilize the high quality factor piezoelectric
resonators to obtain the stable frequency. As the author’s
knowledge, the configuration of the oscillator normally adopt
the Pierce or Colpitts oscillators with single ended output [1].
As the clock frequency is raised The outputs are normally
converted to a differential pair before connected to next
stages, such as mixer in receiver and counter or phase
detector in phase locked loop to take advantages of noise free
and direct match to the inputs of preceded stages. Although
the configurations of cross coupled pair are effective in the rf
oscillators with parallel LC tank [2-6]. They are not yet
applied to the oscillators with piezoelectric resonator. The
key factor lies in the property of dc insulation in the
piezoelectric resonator. In LC resonator, the metal-wounded
inductor not only provides the ac inductance but also
provides the dc short circuit between two drains such that the
latch phenomena often seen in the cross pair is automatically
suppressed. As applied to the piezoelectric resonator, the pair
already goes into latch situation as a memory cell in the
digital circuit. In this study we try to use this compact cross-
coupled pair to construct a voltage controlled oscillator with
surface acoustic wave resonator (SAW), which is denoted as
VCSO and intended to use in the clock and data recovery
(CDR) shown in Fig. 1. A simple method of biasing is
proposed to overcome the latch problem. The phase noise and
transition time are especially investigated. Due to the
manufacture variation and temperature, Tuning capability is
needed to overcome the frequency precision. Here, two
switched capacitances are designed to increase the tuning
range. Low power consumption under TSMC 0.18um CMOS
process is implemented. In the meantime, a comparison in
performances with other balanced type of Colpitts is
presented [7, 8].

This research is funded in part by National Science Council under
contract no. NSC 99-2221-E-216-018
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Fig. 1 Application of VCSO in giga-bit CDR

II. OSCILLATOR WITH DIFFERENTIAL OUTPUTS

SAW resonator exhibits a series LC resonance in parallel
with a capacitance regarding to motional vibration and
parasitic of interdigital electrodes, respectively. The
equivalent circuit parameters of SAW resonator are listed in
Table I. Co is the parasitic capacitance of interdigital
transducer. Ls, Cs, and Rs are the series equivalent circuit of
the piezoelectric motion. As applied to oscillator, two
operating modes of series and parallel are often employed.
The former has the resonator acted in series short circuit,
while the latter acts as parallel open circuit at resonance. Here,
the latter is utilized. The schematic of VCSO is shown in Fig.
2a. Two stacks in CMOS process are used for low voltage
operation. As usual, the cross-coupled nMOS pair provides
the loop gain and 2m phase to satisfy the so called
Barkhausen’s condition. The drain voltage from the left
nMOS MS5 is fed to the gate of the right one M6. Then the
drain voltage of M6 returns to the gate of M5. It is noted that,
due to the insulated nature of SAW resonator, the cross
coupled nMOS are actually latched. To avoid latching, two
small dc blocking capacitors C; and C,(=0.9pF) are inserted
into the signal paths to block the latching. In the meantime,
the gates of the active nMOS’s are connected from two
duplicated current mirrors, which allow the same dc bias but
with opposite ac swing. With such an arrangement, the latch
problem can be easily overcome.

On the other hand, two pMOS M2 and M3 in the upper
rack act as active load to obtain high gain. Their gate voltages
are obtained from same current mirror. Because of wide-band
nature of the cross coupled pair the desired frequency is
determined by the parallel tank, which now is originated from
the SAW resonator operated in the parallel mode with
motional arm acted as inductor and electrode parasitic as
capacitance. Of course, the parasitic capacitances from active
part, varactors, switched capacitors, and package are also
taken into account. Because the opposite phase between drain
and gate, the piezoelectric SAW resonator can be easily
excited.
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Fig. 2 (a) Schematic of the balanced oscillator with cross-coupled CMOS pair and (b) Balanced Colpitts oscillator.

To test the occurrence of oscillation, the impedance seen at
the intersection plane of A A’ indicated in Fig. 2a is
examined. During calculation the A-A’ is disconnected
without disturbing the dc bias. A small ac voltage source is
inserted and the input impedance is then calculated by
measuring the current. The oscillation starts as long as the
real part of impedance is negative and imaginary part crosses
the zero axis with positive slope. Both conditions are also
equivalent to the Barkhausen’s conditions. The design factors
have C,, C, size, MOS dimension, size of switching
capacitance, and varactor size. Capacitance C,, C, are traded
off in area and negative resistance. MOS dimensions are
traded off is between phase noise and tuning. Phase noise
gets better as MOS area is enlarged. However, its parasitic
degrades the tuning capability. The parameters of transistors
are extracted from TSMC 0.18um CMOS process. The aspect
ratio of M2 and M5 are 60/.18 and 30/.18, respectively. The
current consumption in the core is 2,68mA. The effects of
bonding wire and pads are also taken into account. The
results by using microwave software ADS is shown in Fig. 3.
The starting frequency is determined from the zero crossing
point of the imaginary part, which is equal to 425.1MHz as
denoted MS.

Table I Parameters of 425MHz SAW Resonator
Co Rs Ls Cs

3.8pF 10.53Q | 46.3uH 3.03fF

For clearance, the capability of the balanced Colpitts
oscillator as shown in Fig. 2b is also examined. It is basically
built from two single-ended Colpitts oscillator sharing one
SAW resonator. M7 and M8 are the main amplifiers and M9
and M10 are the current sources. For comparison, a single
ended Colpitts with similar model is firstly constructed. One
pin of the resonator is connected to ground. With this success,
the balanced one is easily obtained just by copying the single
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SAW
M7 i H:H i M8
Output Output
Buffer c7T—— ——cs Buffer
co—— ——C10
| Current |
M9 | | Mirror | | M10
R

ended one and connecting the resonator to the gates of the
main amplifiers. The SAW resonator now is re-modeled as
two series resonators with center point virtually grounded [7,
8]. The ac swing across the SAW resonator in each oscillator
is set equal to 100mV by trimming the aspect ratio of the
transistors. The current consumptions of the core circuit
without buffer are listed in Table II. Die size and phase noise
are also indicated. It reveals that output power and turn-on
transition in cross-coupled oscillator are the best. The turn-on
transitions in cross-coupled pair and single-ended Colpitts are
shown in Fig. 4. The former is about 150us in Fig. 4a and the
latter is about 500us in Fig. 4b. The Balanced Colpitts is the
worst. Because no strong force exists to identify the polarity,
the transition period may take a long time. According to our
observation, it takes about Sms (not shown here). The cross
coupled one as expected has the shorted transition time.

Phase noise is medium. The single-ended one has the best
about -159.2dBc at 1Mhz offset. It seems to be due to just
only one active transistor. As for the high power
consumption in balanced Colpitts is due to the doubling in
equivalent Co capacitance, which degrades the negative
resistance.
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Fig. 3 The calculated negative resistance and reactance

To compare the performances, figure of merit is often
used as



Table II Predicted Performances

Cross-couple |SE Colpitts  [Balanced
Colpitts

(CMOS Process 0.18um 0.18um 0.18um
Power Supply (V) [1.6 1.6 1.6
Current (mA) 3.05 1.27 5.22
(no Buf)
Power Dissipation  [4.88 2.032 8.352
(mW) (no Buf)
Oscillator Frequency [622 622 622
(MHz)
Phase Noise -156.6 -159.282 -154.309
(dBC/Hz@1MHz)
Output Power 2.94 -9.725 -9.942
(dBm)
Transition 150 500 5000
(usec)
FOM 205.6 212 200.9

FOM (dB) = IOIOg[[Z);) L(Acf))xP}

where P is the power consumption of the core circuit, A @ is
the offset angular frequency from the carrier, @), is the center

frequency, and L(Am) is the phase noise. It reveals the cross
coupled one is better than balanced Colpitts.
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Fig. 4 Transition period in (a) cross-coupled pair and (b) single
ended Colpitts oscillators.

III. PERFORMANCES

The layout is illustrated in Fig. 5 with die area about
0.545x0.510mm*. The chip is fabricated by TSMC. The
measured results are shown in Fig. 6. The differential
waveform with p-p 250mV is demonstrated in Fig. 6(a). The
low phase noise with high quality factor SAW resonator is
demonstrated in Fig. 6(b). The slope near the carrier appears
1/f with noise floor around -160dBc. The continuous tuning
range as shown in Fig. 6(c) is around 30ppm, depending on
the size of MOS varactor, which is varied from 1.8pF to
2.45pF with VT from 0 to 1.8V. Two tuning switches are
also added to increase the application. Capacitances in VT1
and VT2 switches are 0.1pF and 0.3pF, respectively.

Fig. 5 Layout of the cross coupled SAW oscillator

VI. CONCLUSION

In this study a balanced VCSO using the compact cross
coupled configuration is first presented. The latched problem
is solved by separating carefully the drain and gate voltages.
The SAW resonator acts as a parallel tank circuit to select the
desired frequency. The nature of inverse polarity between
gate and drain drives quickly the oscillator into steady state
as compared to the balanced Colpitts one. The tuning range
in this version needs to be improved in the future. Our results
can be extended to other high frequency and high Q
resonators such as MEMS and FBAR.
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Abstract — The cross-coupled pairs in CMOS are employed
to the voltage controlled oscillator with surface acoustic wave
(SAW) resonator. The problem of latch, which is not encounted
in conventional LC oscillator, is essential in our case. With a
careful design in bias this problem is solved. This oscillator has
the advantage of inherent opposite polarity appeared on the
terminals of SAW resonator, which leads to fast growing
amplitude during transition. As compared to the well known
Colpitts oscillator, the transition period is significantly shrinked.
For completeness three kinds of oscillator with single ended,
balanced Colpitts, and cross coupled one are compared in terms
of figure of merit (FOM) under the same magnitude across the
resonator. Also the power consumption and phase noise are
indicated.

1. INTRODUCTION

Clock oscillators utilize the high quality factor piezoelectric
resonators to obtain the stable frequency. As the author’s
knowledge, the configuration of the oscillator normally adopt
the Pierce or Colpitts oscillators with single ended output [1].
As the clock frequency is raised The outputs are normally
converted to a differential pair before connected to next
stages, such as mixer in receiver and counter or phase
detector in phase locked loop to take advantages of noise free
and direct match to the inputs of preceded stages. Although
the configurations of cross coupled pair are effective in the rf
oscillators with parallel LC tank [2-6]. They are not yet
applied to the oscillators with piezoelectric resonator. The
key factor lies in the property of dc insulation in the
piezoelectric resonator. In LC resonator, the metal-wounded
inductor not only provides the ac inductance but also
provides the dc short circuit between two drains such that the
latch phenomena often seen in the cross pair is automatically
suppressed. As applied to the piezoelectric resonator, the pair
already goes into latch situation as a memory cell in the
digital circuit. In this study we try to use this compact cross-
coupled pair to construct a voltage controlled oscillator with
surface acoustic wave resonator (SAW), which is denoted as
VCSO and intended to use in the clock and data recovery
(CDR) shown in Fig. 1. A simple method of biasing is
proposed to overcome the latch problem. The phase noise and
transition time are especially investigated. Due to the
manufacture variation and temperature, Tuning capability is
needed to overcome the frequency precision. Here, two
switched capacitances are designed to increase the tuning
range. Low power consumption under TSMC 0.18um CMOS
process is implemented. In the meantime, a comparison in
performances with other balanced type of Colpitts is
presented [7, 8].
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Fig. 1 Application of VCSO in giga-bit CDR

II. OSCILLATOR WITH DIFFERENTIAL OUTPUTS

SAW resonator exhibits a series LC resonance in parallel
with a capacitance regarding to motional vibration and
parasitic of interdigital electrodes, respectively. The
equivalent circuit parameters of SAW resonator are listed in
Table I. Co is the parasitic capacitance of interdigital
transducer. Ls, Cs, and Rs are the series equivalent circuit of
the piezoelectric motion. As applied to oscillator, two
operating modes of series and parallel are often employed.
The former has the resonator acted in series short circuit,
while the latter acts as parallel open circuit at resonance. Here,
the latter is utilized. The schematic of VCSO is shown in Fig.
2a. Two stacks in CMOS process are used for low voltage
operation. As usual, the cross-coupled nMOS pair provides
the loop gain and 2m phase to satisfy the so called
Barkhausen’s condition. The drain voltage from the left
nMOS MS5 is fed to the gate of the right one M6. Then the
drain voltage of M6 returns to the gate of M5. It is noted that,
due to the insulated nature of SAW resonator, the cross
coupled nMOS are actually latched. To avoid latching, two
small dc blocking capacitors C; and C,(=0.9pF) are inserted
into the signal paths to block the latching. In the meantime,
the gates of the active nMOS’s are connected from two
duplicated current mirrors, which allow the same dc bias but
with opposite ac swing. With such an arrangement, the latch
problem can be easily overcome.

On the other hand, two pMOS M2 and M3 in the upper
rack act as active load to obtain high gain. Their gate voltages
are obtained from same current mirror. Because of wide-band
nature of the cross coupled pair the desired frequency is
determined by the parallel tank, which now is originated from
the SAW resonator operated in the parallel mode with
motional arm acted as inductor and electrode parasitic as
capacitance. Of course, the parasitic capacitances from active
part, varactors, switched capacitors, and package are also
taken into account. Because the opposite phase between drain
and gate, the piezoelectric SAW resonator can be easily
excited.
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Fig. 2 (a) Schematic of the balanced oscillator with cross-coupled CMOS pair and (b) Balanced Colpitts oscillator.

To test the occurrence of oscillation, the impedance seen at
the intersection plane of A A’ indicated in Fig. 2a is
examined. During calculation the A-A’ is disconnected
without disturbing the dc bias. A small ac voltage source is
inserted and the input impedance is then calculated by
measuring the current. The oscillation starts as long as the
real part of impedance is negative and imaginary part crosses
the zero axis with positive slope. Both conditions are also
equivalent to the Barkhausen’s conditions. The design factors
have C,, C, size, MOS dimension, size of switching
capacitance, and varactor size. Capacitance C,, C, are traded
off in area and negative resistance. MOS dimensions are
traded off is between phase noise and tuning. Phase noise
gets better as MOS area is enlarged. However, its parasitic
degrades the tuning capability. The parameters of transistors
are extracted from TSMC 0.18um CMOS process. The aspect
ratio of M2 and M5 are 60/.18 and 30/.18, respectively. The
current consumption in the core is 2,68mA. The effects of
bonding wire and pads are also taken into account. The
results by using microwave software ADS is shown in Fig. 3.
The starting frequency is determined from the zero crossing
point of the imaginary part, which is equal to 425.1MHz as
denoted MS.

Table I Parameters of 425MHz SAW Resonator
Co Rs Ls Cs

3.8pF 10.53Q | 46.3uH 3.03fF

For clearance, the capability of the balanced Colpitts
oscillator as shown in Fig. 2b is also examined. It is basically
built from two single-ended Colpitts oscillator sharing one
SAW resonator. M7 and M8 are the main amplifiers and M9
and M10 are the current sources. For comparison, a single
ended Colpitts with similar model is firstly constructed. One
pin of the resonator is connected to ground. With this success,
the balanced one is easily obtained just by copying the single
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Output Output
Buffer c7T—— ——cs Buffer
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ended one and connecting the resonator to the gates of the
main amplifiers. The SAW resonator now is re-modeled as
two series resonators with center point virtually grounded [7,
8]. The ac swing across the SAW resonator in each oscillator
is set equal to 100mV by trimming the aspect ratio of the
transistors. The current consumptions of the core circuit
without buffer are listed in Table II. Die size and phase noise
are also indicated. It reveals that output power and turn-on
transition in cross-coupled oscillator are the best. The turn-on
transitions in cross-coupled pair and single-ended Colpitts are
shown in Fig. 4. The former is about 150us in Fig. 4a and the
latter is about 500us in Fig. 4b. The Balanced Colpitts is the
worst. Because no strong force exists to identify the polarity,
the transition period may take a long time. According to our
observation, it takes about Sms (not shown here). The cross
coupled one as expected has the shorted transition time.

Phase noise is medium. The single-ended one has the best
about -159.2dBc at 1Mhz offset. It seems to be due to just
only one active transistor. As for the high power
consumption in balanced Colpitts is due to the doubling in
equivalent Co capacitance, which degrades the negative
resistance.
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Fig. 3 The calculated negative resistance and reactance

To compare the performances, figure of merit is often
used as



Table II Predicted Performances

Cross-couple |SE Colpitts  [Balanced
Colpitts

(CMOS Process 0.18um 0.18um 0.18um
Power Supply (V) [1.6 1.6 1.6
Current (mA) 3.05 1.27 5.22
(no Buf)
Power Dissipation  [4.88 2.032 8.352
(mW) (no Buf)
Oscillator Frequency [622 622 622
(MHz)
Phase Noise -156.6 -159.282 -154.309
(dBC/Hz@1MHz)
Output Power 2.94 -9.725 -9.942
(dBm)
Transition 150 500 5000
(usec)
FOM 205.6 212 200.9

FOM (dB) = IOIOg[[Z);) L(Acf))xP}

where P is the power consumption of the core circuit, A @ is
the offset angular frequency from the carrier, @), is the center

frequency, and L(Am) is the phase noise. It reveals the cross
coupled one is better than balanced Colpitts.
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Fig. 4 Transition period in (a) cross-coupled pair and (b) single
ended Colpitts oscillators.

III. PERFORMANCES

The layout is illustrated in Fig. 5 with die area about
0.545x0.510mm*. The chip is fabricated by TSMC. The
measured results are shown in Fig. 6. The differential
waveform with p-p 250mV is demonstrated in Fig. 6(a). The
low phase noise with high quality factor SAW resonator is
demonstrated in Fig. 6(b). The slope near the carrier appears
1/f with noise floor around -160dBc. The continuous tuning
range as shown in Fig. 6(c) is around 30ppm, depending on
the size of MOS varactor, which is varied from 1.8pF to
2.45pF with VT from 0 to 1.8V. Two tuning switches are
also added to increase the application. Capacitances in VT1
and VT2 switches are 0.1pF and 0.3pF, respectively.

Fig. 5 Layout of the cross coupled SAW oscillator

VI. CONCLUSION

In this study a balanced VCSO using the compact cross
coupled configuration is first presented. The latched problem
is solved by separating carefully the drain and gate voltages.
The SAW resonator acts as a parallel tank circuit to select the
desired frequency. The nature of inverse polarity between
gate and drain drives quickly the oscillator into steady state
as compared to the balanced Colpitts one. The tuning range
in this version needs to be improved in the future. Our results
can be extended to other high frequency and high Q
resonators such as MEMS and FBAR.
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