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Fig. 2. The schematic and SEM photo of the proposed resonator structure
fabricated under the 1P6M CMOS ASIC/MEMS process

are used for the resonator structure except in the routing area to
increase the mass. The finger structures comprise both six N D43 x120 500 um

metal layers and vias to increase the sensing capacitance. ixiir

Unlike traditional designs [3][6], two Clamp-Clamp beams it T t%o uvs -ue
connect four symmetrical springs and four anchors rather than
direct connection between springs and anchors. This structure N
compensates the curvature of the long movable shutter caused I e sili
by high residual stress of multiple composite layers in the i ™ e B
ASIC/MEMS process. The design gives the structure the ! e s
degree of freedom to release the stress. Figure 3 shows the M RAN o111 oAl 6111 6An o1 omii il
simulation result of the curvature of the structure. In addition, E]A]vP D}

the anchors are located in corners rather than at center to iXiir
provide DC bias connection routes and to reduce the clearance /\ ] 1e%eol uvE ~ue

area for substrate etching. it o=y S

The study of resonators with spring structures [7] showed that Xl =11
the stiffness constant of the resonator depends on the B Jwz oo
environment temperature and the resonant frequency changes o WM\\‘MA
according to the stiffness constant. Therefore, the proposed N hiRad
structure can be used for environmental temperature sensing. A R man el emn 6l eanl il oAl ol
PLL with a transimpedance amplifier (TIA) is used in the " ve]vP D}
readout circuit to provide a sustaining loop to drive the Fig. 4. The SEM photo and frequency response of the dual function resonator
proposed resonator with high motional impedance and to track ~ measured by MMA
the resonant frequency shifts due to the variation of the stiffness
constant.

In addition, the characteristic of the proposed resonator is also
found correlated with air pressure. Q factor is approximately
inversely proportional to the air pressure [8][9] and the resonant
displacement is proportional to the Q factor. The variation of air
pressure can be detected through the sensing finger
displacement using the TIA and an envelope detector. The
single sensor structure, therefore, can be acted as both an
ambient temperature sensor and a pressure sensor.

iXiirio

Fig. 5. Die photo of the temperature sensor test chip and WLI image of the
proposed resonator structure
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Fig. 6. Frequency response and displacement of eight chips of the proposed

Fig. 3. Simulation of curvature of the resonator structure resonator
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Furthermore, a dual-function accelerometer/gyro sensor
[10][11] can be realized by extending the proposed core
resonator structure with the masses and additional sensing
fingers to detect acceleration or Coriolis force. Fig. 4 shows the
SEM photo of the proposed structure. Two sensing masses are
introduced to both sides of the shutter to allow sensing of
Y-axis displacement while the two masses resonate oppositely
along the X axis. Capacitance variation of interdigitated
sensing fingers provides the sensing outputs of the acceleration,
while it also provides the angular rate at the same time by
subtracting sensing outputs of two resonant masses. The high
gain low noise differential difference amplifiers (DDA) are
used for capacitance variation readout. The amplified Coriolis
signals are demodulated using a chopper mixer. With the
structure in Fig. 4, we can obtain both angular rate and
acceleration of the resonator.

IV. DESIGN PARAMETERS AND MEASUREMENT RESULTS

The proposed resonator structures were designed and
simulated with CoventorWare. The area of the resonant
structure is 301.2 x 288.6um. The minimal gap is 2.6um and
the simulated resonant frequency is 41.1 kHz. The movement
and resonant frequency response of actual sensor dies are
measured by the MEMS Motion Analyzer (MMA). Fig. 5
shows the die photo of the temperature sensor test chip and
white light interferometer (WLI) image of the proposed
resonator structure. The sensor sensitivity is -5.7Hz/°C
(-143ppm/°C) in the temperature range between -40°C and
120°C. The measurement results across eight dies are shown in
Fig. 6. The measured resonant frequencies f; at room
temperature are between 38.5 kHz and 38.8 kHz with
displacements of 0.5~0.8um. The average measured frequency
is less than the simulation result possibly due to that the mass of
via layers was not considered in the simulation.

Fig. 7 shows simulation and measurement results of the
proposed structure with modified spring turns. The resonant
frequency is 14.94 kHz by simulation and 15.4 kHz by
measurement. The overestimation of spring constant of the
modified spring structure in the simulation may lead to the
lower simulated resonant frequency than the average measured
resonant frequency. Q factor changes from 2566 to 452 when
the air pressure changes from 130 to 1600 Pa. The measured Q
factor is lower than simulation possibly due to that only
damping effect of the interdigitated finger structures rather than
the whole structure was considered in the FEA simulation due
to the computational complexity.

The proposed dual-mass accelerometer/gyro sensor structure
is 2.5mm”. It resonates at 6.3 kHz for both driving and sensing
frequencies by design. The measured driving and sensing

frequencies are 6.8 kHz and 7 kHz respectively, as shown in Fig.

4. Based on the measurement result of more than 90% finger
overlap by WLI, the proposed structure shall achieve the
sensitivity of more than 4.0 aF per degree/s.

V. SOC INTEGRATION

Fig. 8 shows the proposed architecture for the multi-sensor
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Fig. 7. The relation between ambient pressure and resonator characteristics
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Fig. 8. Schematic of the readout circuit

SOC integration. The PLL provides the constant driving
voltage for the resonator and the sensing capacitance variation
is proportional to the quality factor of the resonator. Based on
the architecture, integration of temperature can be done by
monitoring the clock frequency. A frequency counter is used
for counting PLL output frequency to track the frequency shift
due to temperature. Ambient pressure sensing is done by
measuring capacitance variation using a 133dBQ TIA. The TIA
is followed by a band-pass filter to improve SNR. The envelope
detector detects the amplitude of the filtered output for quality
factor measurement. The proposed interdigitated finger and
dual-mass structure driven by the PLL allows differential
sensing of acceleration and angular rate for the accelerometer
and gyro applications. Table I, II, and IIT show performance
comparison between prior works with the proposed
resonator-based monolithic sensors fabricated by the
ASIC/MEMS CMOS process.

VI. CONCLUSION

The resonator-based MEMS structures have been developed
and demonstrated using the 0.18um 1P6M CMOS
ASIC/MEMS process. Multiple sensing functions for
environmental temperature, ambient pressure, accelerometer
and gyro can be integrated monolithically with the proposed
SOC architecture. Performances of the proposed structures
were compared with other discrete designs in this paper. Other
sensing functions such as magnetic sensing based on Lorentz
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force could also be implemented using the proposed structures
with coil circuits [6]. An MCU IP commonly available under
the 1P6M 0.18um ASIC process can be embedded to acquire
sensing signals from multiple sensors for data conversion and
sensor fusion. With the resonator-based building blocks, the
proposed multi-sensor SOC architecture could enable compact
and multi-functional sensor designs for the emerging wearable
and IOT applications.
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