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Abstract

A novel low power, low phase noise CMOS oscillator based on thin film bulk acoustic
resonator (FBAR) is submitted in this paper, which aims at application in wireless sensor
networks. This oscillator is designed as current-reuse configuration to reduce power
dissipation. The simulation results show that the oscillator operating at 1.878 GHz consumes
1.8 mW with a low supply voltage of 900 mV. That is only a half of power consumption of
the conventional topologies. Moreover, its phase noises are -107 dBc/Hz and -135 dBc/Hz at
10 kHz and 100 kHz offsets respectively, and its FOM is -238 dBc/Hz.
Keywords: FBAR; low power; low phase noise; oscillator

INTRODUCTION

Film Bulk Acoustic Resonator (FBAR), a thin film piezoelectric resonator based on bulk
acoustic, is a good candidate of integrated mass sensor chip owing to its high operating
frequency, very high Q factor (above 1000), integrated process and small size [1]. So FBAR
mass sensor has increasingly been used in chemical, biological, liquid, gaseous environment
[1, 2], which as, for example, a liquid sensor [3, 4, 5], a gas sensor [4, 5], a biosensor sensor
[6, 7, 8, 9] or a DNA and protein detector [6], a mercury-ion detector [10], a sensor in viscous
media [11], a glycerol detector [12], a explosive trace detector [13], or a localized-mass
detector [14, 15]. As an important part of FBAR mass sensor, FBAR oscillator provides an
amplified resonate frequency signal to sense mass change, thus it requires low phase noise.
And while FBAR mass sensor is used in wireless sensor networks (WSN), it also needs radio
frequency transceiver with an oscillator, such as FBAR oscillator with low power
consumption [16, 17, 18, 19]. In the last few years, several efforts for FBAR oscillators with
both CMOS integrated circuit and discrete circuit have been reported with impressive phase
noise performance [2, 19, 20, 21, 22]. This paper presents a novel two-transistor oscillator
topology that utilizes an on-chip FBAR as its series resonance circuit and a traditional LC
tank as a parallel resonator.

THEORY, DESIGN AND SIMULATION

FBAR Model



The FBAR is composed of a thin piezoelectric film sandwiched by two metal electrodes.
Considering its fabrication process being compatible with current standard CMOS
technology, there are two main structures shown in Fig. 1, which are back-etching bulk
silicon structure [19] and air gap structure [20]. In practice, the resonance characteristics of
FBAR device are similar to quartz crystals with one series resonant frequency and one
parallel resonant frequency. Its Q factor is mainly determined by the electrode material and
the thickness, area, surface roughness, stress, and crystal orientation of the piezoelectric

material [20, 23, 24, 25, 26].

[Enlarge Image]
Figure 1 (a) Cross-section of the FBAR, Bottom etching structure. (b) Cross-section of the
FBAR, Air gap structure.

The MBVD (Modified Butterworth Van Dyke) equivalent circuit of FBAR is shown in Fig.
2, which includes a static capacitor C0 and its loss R0, mechanically dynamic capacitor Cm,
dynamic inductor Lm, and dynamic loss Rm [27]. So FBAR has two resonant frequencies as
the serial resonant frequency fs and the parallel resonant frequency fp. The Lm and Cm account
for fs, whereas Lm, Cm, and C0 account for fp. Then it is a narrow frequency band between fs
and fp, in which the FBAR behaves like an inductor with high Q factor. Thus, this



characteristic leads to low power and high performance oscillators, coupled with good circuit

design [28].

[Enlarge Image]
Figure 2 Schematic of the FBAR oscillator and the equivalent circuit of FBAR.

Circuits Design

The FBAR oscillator circuit is designed as the current -reuse differential configuration
structure, shown in Fig. 2. The usage of the current-reuse differential configuration structure
is to reduce the current consumption, namely which obtains the same transconductance for
oscillator but at a decreased power dissipation compared to standard topologies [29]. As in
this FBAR oscillator circuit,the negative conductance is provided by the cross-connected
pairs of transistors M1 and M2, which compensates the losses in the FBAR. Ordinarily, the
cross-connected transistors of the traditional differential oscillator consist of a pair of NMOSs
or a pair of PMOSs in order to generate the negative conductance, while the cross -connected
transistors of the proposed FBAR oscillator is composed of a NMOS and a PMOS; and the
transistors of the former switch alternately, while the transistors of the latter switch
simultaneously. Therefore, comparing with the conventional structures, the proposed
configuration can reduce the power consumption by half and provide the same negative
conductance. Furthermore, the output voltage is biased at Vdd/2 to maximize the allowable
voltage swing.

With Rs = 0, the schematics and corresponding large-signal equivalent circuits during each
half period of operation (when the voltage at node X is high and low) are shown in Fig. 3 to
explain the operation of the proposed FBAR oscillator, where C1 and C2 represent the
parasitical capacitances of electrodes, MOS transistors, pads and interconnects. As shown in
the figure, during the first half-period (when the voltage at node X is high), the transistors M1
and M2 are on and the current flows from Vdd to ground through the FBAR.; and during the
second half-period (when the voltage at node X is high), the transistors are off and the current
flows in the opposite direction through the capacitors C1 and C2. In fact, in the former half-
period of oscillation, the PMOS and the NMOS operate in triode mode near the peak of the
voltage swing. In this case, the output voltage swing is limited by the supply voltage, this
region of operation is consequently known as the voltage-limited regime; on the other hand,
in the latter half-period of oscillation, the voltage swing across the FBAR is not limited and



can lead to a voltage swing which is higher than the supply voltage.

[Enlarge Image]
Figure 3 The FBAR oscillator operates with Rs = 0 during each half period.

Capacitors C1 and C2 transform gm which is the transconductance of the amplifier into a
negative resistance -gm/ω2 C1 C2 at the frequency ω. Accordingly higher current consumption 
is required to obtain higher negative resistance, considering that gm is proportional to the
device current. The impedance looking across node X and node Y is given as [28]

where Z1 = 1 /jω C1,Z2 = 1 jω C2,Z3 = R0 + 1 /jω 
C0. To ensure the oscillator startup, the real part of the impedance Re [Z XY] is typically about
two times higher than -Rm. When the output voltage swing increases to the sufficiently large
amplitude, M1 and M2 are pushed into gain compression, moreover, gm and Re [ZXY] are
reduced. Steady state oscillation is not achieved until the large signal Re [Z XY] is equal to -Rm.

Fabrication and Simulation

FBAR based on air bag reflector is fabricated on the silicon wafer, shown in Fig. 4(a). FBAR
resonator curve is measured and shown in Fig. 4(b). Its resonating frequency is not very
located at the designed range. Owing to no equipment to adjust resonating frequency and
according process, we can not finish FBAR oscillator as design. We extracted FBAR



parameters in the model MBVD and simulated this FBAR oscillator based on MBVD model.

[Enlarge Image]
Figure 4 (a) Chip-photo of FBAR. (b) Measured resonator frequency of FBAR.

The harmonic characteristics are effectively improved by developing the current-reuse
differential configuration. Figure 5(a) shows the voltage swing at node X of the circuit with
Rs = 0 in Fig. 2, and it illustrates that the output voltage swing of X node is beyond the supply
voltage, thereby the drain-source voltage of M1 drops significantly, which results in the
voltage-waveform distortion, namely the large drop in dynamic current during the first half-
period leads to voltage-waveform distortion. Meanwhile, the oscillator circuit enters the
voltage-limited mode, which causes that the NCR (noise-to-carrier ratio) increases with the
increase of the inductance, and the inductance is wasted while NCR becomes higher,
furthermore it is a disadvantage to noise suppression [30]. Figure 5(b) shows the result of
PSS (periodic-steady-state) analysis, which represents the output harmonics. The 2nd order
harmonic is -30.5dB which is a high value, so it is not suitable to generate a balanced
differential voltage swing. In practice, the problem of distortion is solved by adding a series
resistor Rs which controls the DC current as well as the peak dynamic current of the FBAR
oscillator. By regulating the value of the resistor Rs to degrade the changes of the dynamic



current, the circuit can operate in a current-limited mode consequently.

[Enlarge Image]
Figure 5 (a) Voltage limited mode (Rs = 0), Output voltage waveform. (b) Voltage limited
mode (Rs = 0), The PSS response.

In view of the balance of FBAR oscillator, the resistors are connected to both drains of M1
and M2. Then the circuit is in the current-limited mode, and the output voltage swing is
symmetric and represents well-balanced behavior during whole period, which is shown in
Fig. 6(a), where the voltage swing is 70-850 mV, which contributes to the reduction of the
harmonic noise of the whole circuit [30]. Figure 6(b) also shows the results of PSS analysis



of the modified oscillator circuit, and the 2nd order harmonic is reduced to -39.5 dB.

[Enlarge Image]
Figure 6 (a) Current limited mode (Rs≠0), Output voltage waveform. (b) Current limited 
mode (Rs≠0), The PSS response. 

Unlike the conventional oscillator, the FBAR-based oscillator with current-reuse differential
configuration operates in the mode that the transistors switch alternately, and switch on and
off at the same time, which not only reduces the power consumption but also improves the
noise performance [29]. Figure 7 shows the simulated values of phase noise for the FBAR
oscillator operating at 1.878 GHz, which are -107 dBc/Hz and -135 dBc/Hz at 10 kHz and
100 kHz frequency offset respectively. This low phase noise attributes to the high Q-factor of
FBAR and the work mode that the circuit works only in half period so that the noise power
generated by the MOS transistors as the main noise source is reduced by a half comparing



with other oscillators.

[Enlarge Image]
Figure 7 Phase noise of the FBAR oscillator.

Usually, the figure-of-merit (FOM) which is the benchmark of the performance of oscillator

is defined as [2] where
PDC is the power consumption of oscillator, and L foffset is the phase noise of the oscillator
at an offset frequency foffset from its resonant frequency fosc, Oscillating at 1.878 GHz, the
FBAR oscillator is self-biased by 900 mV supply and dissipates 1.8 mW, thus the FOM of
the FBAR oscillator is -238 dBc/Hz, and this value is much better than the ones of the on-
chip LC oscillator and other FBAR oscillators with different structures: [18] presented the
phase noise performance of -103 dBc/Hz and 100 kHz in 2005; [19] presented the phase
noise performance of -98 dBc/Hz and -120 dBc/Hz at 10 kHz and 100 kHz in 2005; [20]
presented the phase noise performance of -144.1 dBc/Hz and -149.6 dBc/Hz at 1 MHz and 3
MHz in 2006; [21] presented the phase noise performance of -110 dBc/Hz at 1 MHz in 2007;
[22] presented the phase noise performance of -97 dBc/Hz at 10 kHz in 2008; [2] presented
the phase noise performance of -125 dBc/Hz at 100 kHz in 2008.

This low power, low phase noise oscillator can be employed widely. The digital data can be
modulated onto the RF carrier directly by cycling “on” and “off” states of the FBAR
oscillator to apply FBAR oscillator to both the mass sensor and the radio frequency front -end
of wireless sensor networks. Incidentally, with a variable-capacitance diode attached, its
application is widen as a voltage-controlled oscillator with high performance. By combining
the high Q factor FBAR with advanced CMOS process, low-power highly-integrated and
high performance can be implemented.

CONCLUSION



A CMOS oscillator based on FBAR operating at 1.878 GHz is designed as the current-reuse
configuration presented in this paper. This FBAR oscillator has ultra-low power consumption
and low phase noise, simulation results show that its power consumption is 1.8 mW and its
phase noise is -107 dBc/Hz@10 kHz and -135 dBc/Hz@100 kHz respectively with the
voltage supply of 900 mV. Moreover, its FOM is -238 dBc/Hz, which is good FOM in the
state-of-the-art oscillators.

ACKNOWLEDGMENTS

This work is supported by Zhejiang Province Natural Science Fund (Y107149) and National
863 Project (2008AA04Z309) of China.

REFERENCES

 1. Zhang, H. and Kim, E. S. (2005) Micromachined acoustic resonant mass sensor.
Journal of Microelectromechanical Systems 14:4 , pp. 699-706. [your library's links] [
crossref ]

 2. Norling, M., Enlund, J., Katardjiev, I. and Gevorgian, S. (2008) Oscillators based
on monolithically integrated AlN TFBARs. IEEE Transactions on Microwave Theory
and Techniques 56:12 , pp. 3209-3216. [your library's links]

 3. Weber, J., Albers, W. M., Tuppurainen, J., Link, M., Gabl, R., Wersing, W. and
Schreiter, M. (2006) Shear mode FBARs as highly sensitive liquid biosensors.
Sensors and Actuators A-Physical. 128:1 , pp. 84-88. [your library's links] [ crossref ]

 4. Wingqvist, G., Yantchev, V. and Katardjiev, I. (2008) Mass sensitivity of
multilayer thin film resonant BAW sensors. Sensors and Actuators A-Physical. 148:1
, pp. 88-95. [your library's links] [ crossref ]

 5. Schreiter, M., Link, M. and Weber, J. (2008) Application potential of integrated
thin film resonators in liquid and gaseous media. Tm-Technisches Messen 75:2 , pp.
120-128. [your library's links]

 6. Gabl, R., Feucht, H. D., Zeininger, H., Eckstein, G., Schreiter, M., Primig, R.,
Pitzer, D. and Wersing, W. (2004) First results on label-free detection of DNA and
protein molecules using a novel integrated sensor technology based on gravimetric
detection principles. Biosensors & Bioelectronics 19:6 , pp. 615-620. [your library's
links]

 7. Wingqvist, G., Bjurstrom, J., Hellgren, A. C. and Katardjiev, I. (2006)
Immunosensor utilizing a shear mode thin film bulk acoustic sensor. 20th European
Conference on Solid-State Transducers pp. 248-252. [your library's links]

 8. Zhang, H., Marma, M. S., Bahl, S. K., Kim, E. S. and McKenna, C. E. (2007)
Sequence specific label-free DNA sensing using film-bulk-acoustic-resonators. IEEE
Sensors Journal 7:11-12 , pp. 1587-1588. [your library's links] [ crossref ]

 9. Dickherber, A., Corso, C. D. and Hunt, W. D. (2008) Optimization and
characterization of a ZnO biosensor array. Sensors and Actuators AV144 , pp. 7-12.
[your library's links]

 10. Zhang, H., Marma, M. S., Kim, E. S., McKenna, C. E. and Thompson, M. E.
(2007) Mercuric ion sensing by a film bulk acoustic resonator. IEEE Transactions on
Ultrasonics Ferroelectrics and Frequency Control 54:9 , pp. 1723-1725. [your
library's links]



 11. Wingqvist, G., Bjurstrom, J., Liljeholm, L., Yantchev, V. and Katardjiev, I.
(2007) Shear mode AlN thin film electro-acoustic resonant sensor operation in
viscous media. Sensors and Actuators B-Chemical 123:1 , pp. 466-473. [your library's
links] [ crossref ]

 12. Link, M., Weber, J., Schreiter, M., Wersing, W., Elmazria, O. and Alnot, P.
(2005) Sensing characteristics of high-frequency shear mode resonators in glycerol
solutions. 19th Eurosensors Conference pp. 372-378. [your library's links]

 13. Lin, A., Yu, H., Waters, M. S., Kim, E. S. and Goodman, S. D. (2008)
Explosive trace detection with FBAR-based sensor. 2008 21st IEEE International
Conference on Micro Electro Mechanical Systems - MEMS 1908 pp. 208-211. [your
library's links]

 14. Campanella, H., Esteve, J., Montserrat, J., Romano-Rodriguez, A., Uranga, A.,
Abadal, G. and Barniol, N. (2006) Sensitivity considerations in localized mass
detection based on thin-film bulk acoustic wave resonators. IEEE Ultrasonics
Symposium pp. 1828-1831. [your library's links]

 15. Campanella, H., Uranga, A. Romano-Rodriguez, A. et al. (2008) Localized-mass
detection based on thin-film bulk acoustic wave resonators (FBAR): Area and mass
location aspects. 20th Eurosensors Conference pp. 322-328. [your library's links]

 16. Ruby, R. C., Bradley, P., Oshmyansky, Y., Chien, A. and Larson, J. D. (2001)
Thin film bulk wave acoustic resonators (FBAR) for wireless applications.
Proceedings of IEEE 2001 Ultrasonics Symposium pp. 813-821. [your library's links]

 17. Otis, B. P. and Rabaey, J. M. (2003) A 300-μW 1.9-GHz CMOS oscillator
utilizing micromachined resonators. IEEE Journal of Solid-State Circuits 38 , pp.
1271-1274. [your library's links]

 18. Yun, S. J., Shin, S. B., Choi, H. C. and Lee, S. G. (2005) A 1 mW current-reuse
CMOS differential LC-VCO with low phase noise. IEEE ISSCC, Digest of Technical
Papers 1 , pp. 540-616. [your library's links]

 19. Chee, Y. H., Niknejad, A. M. and Rabaey, J. (2005) A sub-100 μW 1.9 GHz
CMOS oscillator using FBAR resonator. Digest of Papers, 2005 Radio. Frequency
Integrated Circuits Symposium (RFIC) pp. 123-126. [your library's links]

 20. Ostman, K. B., Sipila, S. T., Uzunov, I. S. and Tchamov, N. T. (2006) Novel
VCO architecture using series above-IC FBAR and parallel LC resonance. IEEE
Journal of Solid-State Circuits 41:10 , pp. 2248-2256. [your library's links]

 21. ElBarkouky, M., Wambacq, P. and Rolain, Y. (2007) A low-power 6.3 GHz
FBAR overtone-based oscillator in 90 nm CMOS technology. Conference on Ph D
Research in MicroElectronics and Electronics pp. 61-64. [your library's links]

 22. Ito, H., Lakdawala, H., Ravi, A., Pellerano, S., Ruby, R., Soumyanath, K. and
Masu, K. (2008) A 1.7-GHz 1.5-mW Digitally-Controlled FBAR Oscillator with
0.03-ppb Resolution. 34th European Solid-State Circuits Conference pp. 98-101.
[your library's links]

 23. Lee, H., Park, J., Lee, K., Ko, Y. and Bu, J. (2005) Silicon bulk micromachined
high q film bulk acoustic resonator devices with mo/aln/mo structures. Integrated
Ferroelectrics 69 , pp. 323-332. [your library's links] [informaworld]

 24. Yu, Y., Ren, T. L. and Liu, L. T. (2005) High quality silicon-based aln thin films
for MEMS application. Integrated Ferroelectrics 69 , pp. 367-374. [your library's
links] [informaworld]

 25. Dubois, M. A., Carpentier, J. F., Vincent, P., Billard, C., Parat, G., Muller, C.,
Ancey, P. and Conti, P. (2006) Monolithic above-IC resonator technology for
integrated architectures in mobile and wireless communication. IEEE Journal of
Solid-State Circuits 41 , pp. 7-16. [your library's links]



 26. Park, Y., Kim, E. K., Lee, T. Y. and Song, J. T. (2004) The modeling and
fabricating of film bulk acoustic resonators using sputtered PZT films with various
thickness. Integrated Ferroelectrics 66:12 , pp. 187-194. [your library's links]
[informaworld]

 27. Larson, J. D., Bradley, P. D., Wartenberg, S. and Ruby, R. C. (2000) Modified
butterworth-van dyke circuit for FBAR resonators and automated measurement
system. IEEE Ultrasonics Symposium pp. 863-868. [your library's links]

 28. Ueda, M., Nishihara, T., Tsutsumi, J., Taniguchi, S., Yokoyama, T., Inoue, S.,
Miyashita, T. and Satoh, Y. (2005) High-Q resonators using FBAR/SAW technology
and their applications. IEEE MTT-S Dig 1 , pp. 209-212. [your library's links]

 29. Karanicolas, A. N. (1996) A 2.7-v 900-mhz cmos lna and mixer. 1996
International Solid-State Circuits Conference (ISSCC) pp. 1939-1944. [your library's
links]

 30. Hajimiri, A. and Lee, T. H. (1998) A general theory of phase noise in electrical
oscillators. IEEE Journal of Solid-State Circuits 33 , pp. 179-194. [your library's
links]

List of Figures

[Enlarge Image]
Figure 1 (a) Cross-section of the FBAR, Bottom etching structure. (b) Cross-section of the
FBAR, Air gap structure.
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Figure 2 Schematic of the FBAR oscillator and the equivalent circuit of FBAR.
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Figure 3 The FBAR oscillator operates with Rs = 0 during each half period.

[Enlarge Image]



Figure 4 (a) Chip-photo of FBAR. (b) Measured resonator frequency of FBAR.
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Figure 5 (a) Voltage limited mode (Rs = 0), Output voltage waveform. (b) Voltage limited
mode (Rs = 0), The PSS response.
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Figure 6 (a) Current limited mode (Rs≠0), Output voltage waveform. (b) Current limited 
mode (Rs≠0), The PSS response. 
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Figure 7 Phase noise of the FBAR oscillator.


