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A Closed-loop System for Resonant MEMS Sensors

Subject to Blue-sideband Excitation
Lei Xu, Jingqian Xi, Lu Gao, Fangzheng Li, Jianyuan Pi, Chengxin Li, Kunfeng Wang, Xingyin Xiong,

Yuan Wang, Huafeng Liu, Xudong Zou, Chun Zhao, Senior Member

AbstractÐhis studyhis studyT reports a closed-loop system
(CLS) for resonant micro-electromechanical systems (MEMS)
sensors subject to blue-sideband excitation (BSE) for the first
time. Compared with the conventional excitation scheme, which
uses an AC signal with a frequency that is very close to or
equal to that of the desired MEMS resonator mode, the BSE
scheme applies an AC signal with a frequency equal to or near
the sum of two resonant frequencies to excite the resonator. This
requires a CLS to provide a sum-frequency excitation signal to
serve as the resonator’s feedback driving signal for practical
applications. The proposed CLS mainly consists of a digital
lock-in amplifier (DLA), a phase-locked loop (PLL) and a BSE
control module (BSE-CM), and is implemented using a field-
programmable gate array (FPGA). Experiments showed that
the system can track the combined frequency of two flexural
modes of the resonator in real-time. In addition, a potential
application of the CLS for resonant MEMS sensors subject to
BSE is preliminarily demonstrated, showing that the sensitivity
of a vacuum-packaged resonant MEMS accelerometer can be
enhanced by 166%. This approach could also be applied to reduce
the effects of the feedback phase, or to simultaneously monitor
multiple parameters. This study represents critical progress for
practical sensing using the BSE scheme.

Index TermsÐMEMS resonant sensor, oscillator, sensitivity
enhancement, blue-sideband excitation, FPGA.

I. INTRODUCTION

MEMS resonators are increasingly employed as the key

sensing element for high-precision sensors, includ-

ing accelerometers [2]±[5], gyroscopes [6]±[8], pressure sen-

sors [9], [10], magnetometers [11], [12] and thermometers

[13], [14]. These sensors are usually implemented using a

This article is extended from a paper presented at the 2022 The 35th
International Conference in MEMS [1].

L. Xu, J. Xi, L. Gao, F. Li, J. Pi, C. Li, Y. Wang, H. Liu and C. Zhao are
with MOE Key Laboratory of Fundamental Physical Quantities Measurement
and Hubei Key Laboratory of Gravitation and Quantum Physics, PGMF and
School of Physics, Huazhong University of Science and Technology, Wuhan,
China, 430074.

K. Wang, X. Xiong and X. Zou are with The State Key Laboratory of
Transducer Technology, Aerospace Information Research Institute, Chinese
Academy of Sciences, Beijing, China, 100190.

X. Zou is also with School of Electrical and Communication Engineer-
ing, University of Chinese Academy of Sciences, Beijing, China, 100049,
and QiLu Aerospace Information Research Institute, Chinese Academy of
Sciences, Jinan, China, 250100.

C. Zhao is also with Department of Electronics Engineering, University of
York, Heslington, York, UK, YO10 5DD.

This work is supported in part by the National Key Research and De-
velopment Program of China, grant No. 2018YFB2002300, and in part by
theªFundamental Research Funds for the Central Universitiesº, HUST, grant
No.: 2019kfyXJJS157.

L. Xu and J. Xi contributed equally in this work.
Corresponding author: Yuan Wang, yuan wang@hust.edu.cn.

frequency-modulated (FM) readout to achieve a high stability

performance [15]. The MEMS resonators must be driven into

resonance for these sensors to work properly, and the driving

frequency must be modified in real-time when the measurand

changes in value. Therefore, a closed-loop system (CLS) that

automatically generates an appropriate excitation frequency

is indispensable for practical applications of such a resonant

sensor.

Up to this point, virtually all resonant sensors employ

a type of system that automatically generates an excitation

frequency equal to the vibration mode, which can be the

fundamental mode [16] or other modes [17]. With this con-

figuration, the drive signal has the same frequency as the

frequency of the motional current generated by the resonator.

The operation of this type of CLS [15], [18] requires that

the Barkhausen criterion for oscillations is satisfied [19].

The output frequency depends on the feedback phase due to

the phase condition of the Barkhausen criterion. Parametric

oscillators, in which parametric excitation at twice the resonant

frequency is applied, also exist in the literature [20]. This

topology is advantageous in terms of minimum cross-talk,

nonlinear properties control, large frequency tunability, and

significant phase-noise reduction. However, the frequency-

phase dependence (14 kHz/deg) is a drawback in this topology.

This frequency-phase dependence is one of the limiting factors

of readout noise for resonant MEMS sensors [21], [22].

Recently, optomechanical self-oscillations, as well as micro-

and nanoelectromechanical system (MEMS/NEMS) resonators

subject to blue-sideband excitation (BSE) have attracted re-

search interest from the community [23]±[32]. The resonator

can be excited by applying a signal that periodically modulates

the resonator’s stiffness, at a frequency equal to the sum of

two modal frequencies. Frequency-phase sensitivity can be

eliminated with this excitation method compared with the con-

ventional approach [27]. This advantage of the BSE scheme

allows the improvement of the resonant sensor performance.

Finally, two modes can be simultaneously excited using the

BSE approach [28]. This can be useful for achieving simul-

taneous multiple-input monitoring, or frequency synthesizer

applications [33]. However, there are few reports on closed-

loop readout systems for resonant MEMS sensors subject to

BSE despite their interesting properties.

This study proposes a closed-loop control and readout sys-

tem for a prototype resonant MEMS sensor subject to BSE and

implements it based on an off-the-shelf field-programmable

gate array (FPGA). The all-digital control system, consisting

of a lock-in amplifier, phase-locked loop, and BSE control
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module, can track the combined frequency of two flexural

modes of the resonator in real-time. It can also produce a

frequency output equal to the sum of two modal frequencies.

This could potentially be useful for enhancing the sensitivity

of a resonant MEMS sensor. Further, as a proof-of-concept, the

sensitivity enhancement is preliminarily demonstrated using a

vacuum packaged resonant MEMS accelerometer in this study.

This represents a first step toward employing BSE for practical

resonant MEMS sensor applications, which could help reduce

the effects of the feedback phase, enhancing the sensitivity of

resonant MEMS sensors, or multiparameter monitoring.

II. BLUE-SIDEBAND EXCITATION

f1 f2 f1+f2

BSE
excitation

Conventional

Fig. 1: Illustration of the blue-sideband excitation (BSE)

scheme, where only the excitation signal near the sum of two

resonant frequencies is applied.

Instead of conventional driving where the excitation signal

is near the fundamental mode, blue-sideband excitation (BSE)

applies an AC signal with a frequency near the sum of two

modes of the resonator [29] (Fig. 1). Based on our previous

derivation [13], the dynamics of the first two modes subject

to only BSE can be expressed as follows:

m1ü1 + c1u̇1 + k1u1

+kn1u
3

1 + kn2u
2

1u2 + kn3u1u
2

2 + kn4u
3

2

=kc1u2 + λ1 cos(2πfBSEt)u1 + Λ1 cos(2πfBSEt)u2

(1)

m2ü2 + c2u̇2 + k2u2

+kn5u
3

2 + kn6u
2

2u1 + kn7u2u
2

1 + kn8u
3

1

=kc2u1 + λ2 cos(2πfBSEt)u2 + Λ2 cos(2πfBSEt)u1

(2)

where mr, cr, kr, kcr, λr, and Λr represent the effective mass,

damping, effective stiffness, inter-modal coupling stiffness,

pumping coefficient, and inter-modal pumping coefficient for

the rth mode (r = 1 and 2), respectively. knj (j = 1, 2, ..., and

8) denote the corresponding nonlinear stiffness. The equations

can be numerically solved using the method of multiple scales

[34]. Previous solutions to a similar problem [35] showed that

when fBSE ≈ f1 + f2, numerical solutions of u1 and u2 exist

simultaneously; therefore, both modes 1 and 2 can be excited

by the BSE signal. The term ’blue-sideband’ is used here,

which is contrary to recent studies of parametric modulation

using a red-sideband modulation signal, fred ≈ f2 − f1 [36]±

[38], in which energy is transferred between the two modes.

The blue-sideband signal can pump energy from the me-

chanical cavity into both modes [32], thereby simultaneously

exciting modes 1 and 2.

In addition, this excitation scheme is distinguishable from

conventional driving, where the readout frequency is f1 or f2
and the excitation frequency is fBSE.

III. CLOSED-LOOP SYSTEM FOR A GENERIC RESONATOR

A. Device description

This section describes a closed-loop control system for

a generic resonator. The resonator used in this study is a

clamped-clamped beam resonator (Fig. 2a), which is fabri-

cated using a commercially available SOIMUMPS process

provided by MEMSCAP. The dimensions of the resonator are

800× 8× 25µm3 (length × width × thickness).

(a) Device optical image (b) Mode simulation
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Fig. 2: (a) Optical image of the clamped-clamped beam

resonator used in this study; (b) simulated mode shapes and

frequencies of the resonator’s first two modes; (c) measured

frequency responses of the first two modes of the resonator;

(d) measured sensitivity of mode 1 frequency with respect to

offset voltage changes; (e) measured sensitivity of mode 2

frequency with respect to offset voltage changes.

The modes of interest here are the resonator’s first two

in-plane flexural modes. Fig. 2b shows the simulated mode

shapes and frequencies of these two modes. Fig. 2c shows

the measured frequency responses, and extracted resonant

frequencies (f1=99.78 kHz and f2=278.86 kHz, respectively)

and quality factors (Q1=2600 and Q2=10000, respectively).

The resonator can also be used as a prototype sensor, as

its resonant frequencies change when a DC offset voltage is

applied to one of the electrodes (Fig. 2a). This property can

be used to mimic the typical behavior of a resonant MEMS

sensor subject to stiffness perturbations. Measured sensitivities

of each of the first two modes with respect to the applied offset

voltage are S1=62.0 Hz/V and S2=21.5 Hz/V, respectively,

(Fig. 2d and Fig. 2e).

B. Closed-loop system design

To implement the feedback control loop, conventional

MEMS oscillators use a phase feedback approach to lock to the
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Fig. 3: Detailed block diagram of the closed-loop system (CLS), consisting of DLA, PLL, and BSE control modules.

resonant frequency. However, the BSE response is independent

of the excitation signal’s phase. Thus, using other methods to

achieve and sustain oscillations is critical.
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Fig. 4: Measured amplitude of the first mode with respect to

blue-sideband excitation (BSE) frequency, with different offset

voltages, Voffset.

Previous solutions to a problem similar to Equations 1 and

2 show that the solution u1 is a function of the BSE frequency

fBSE [35]. This is demonstrated in the experiment results (Fig.

4). The amplitude control approach is employed to achieve and

sustain oscillations based on this observation.

The CLS is designed to function as follows. Initially, the

numerically controlled oscillator (NCO) generates a frequency,

f0 = fBSE,0 near the sum of the two modal frequencies. With

this BSE signal, the MEMS resonator responds and produces

a motional current containing three frequency components

(mainly at f1 and f2, in addition to feedthrough at fBSE).

When the amplitude of mode 1 is different from an amplitude

setpoint (SP), A0, a control scheme in the feedback loop

produces a change in the BSE frequency, which automatically

corrects the deviation from the SP value (Fig. 4). Thus, the

feedback loop can automatically produce a BSE frequency to

sustain the oscillation, with the amplitude of mode 1 sustained

at A0.

Similarly, by introducing an external perturbation, the feed-

back loop detects the amplitude deviation from the SP A0

(see Fig. 4) and responds with a change in BSE frequency to

maintain the same vibrational amplitude, thereby tracking the

frequency changes.

To achieve these desired functionalities, the system imple-

mentation is described in the following sections.

1) System overview: The CLS based on BSE is essentially

a two-stage feedback control system (Fig. 3). The first stage

is the phase-locked loop (PLL), which is designed to lock to

the resonator’s first mode (f1) and extract the amplitude of

mode 1 (A), among other frequency components. The PLL

also contains a digital lock-in amplifier (DLA). The most

challenging part of the proposed CLS compared with that of

a parametric oscillator [20], [39] is the amplitude control in

the second loop, which is realized in the second-stage BSE

control block. In the second stage, the extracted amplitude

is compared with the amplitude SP (A0), generating a digital

control signal for the NCO based on Fig. 4. The NCO produces

a square wave signal with a frequency of fBSE, which is

used to excite the MEMS resonator. In this study, the PLL,

DLA and BSE controls are implemented using a commercially

available Xilinx AX7102 FPGA.

In addition to the digital circuits, the analog part of the CLS,

consisting of a transimpedance amplifier (TIA) and a voltage

divider is also essential. The detailed design of the CLS is

described below.

2) Analog-to-digital converter (ADC): To enable the FPGA

for subsequent signal processing, an ADC is employed to

digitize the analog voltage signal from the TIA. In this study,

an off-the-shelf 16-bit high-speed ADC (LTC2204, Analog

Devices Inc.), with an optional full-scale input range of 2.25

VP−P and a maximum sampling rate of up to 40 MHz, is used

as a standalone ADC, rather than the integrated 12-bit ADC

in the FPGA for improved noise performance. The selected

ADC is sufficient for this proof-of-concept work, in which

the sampling rate and bit width are capable of processing the
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dynamic signals in this study (frequency in the 100 kHz range,

and amplitude in the range of 100 mV). If the signal-to-be-

processed has a higher frequency, or if low-noise performance

is required, ADCs with larger bit width and higher sampling

rate would be necessary.

3) PLL and DLA: A PLL is required to extract the signal

of the first flexural mode (f1) from the other frequency

components (predominantly f2 and fBSE).

In the PLL, a DLA is employed to act as the phase detector,

to extract the phase difference (Φ) between the f1 component

within the resonator output signal and the reference signals.

The DLA approach can obtain the amplitude information

compared with other phase detectors, such as XOR gates

[40] and hybrid-phase frequency detectors (PFD) [41]. By

multiplying the input signal with a pair of quadrature reference

signals, and then passing the output of the mixer through a

low-pass filter, the in-phase and quadrature components (X
and Y , respectively) can be obtained. The amplitude A and the

phase Φ can be derived by converting the Cartesian coordinates

into polar coordinates using the following relationship:

A =
√

X2 + Y 2 (3)

Φ = atan 2(Y,X) (4)

Here, the atan2 function is used rather than the atan function,

to expand the phase-detection range to (−π, π].
The phase information is then fed to a PID controller and an

NCO, which acts as the voltage-controlled oscillator (VCO) in

the PLL. The PLL is capable of locking to the f1 component

by setting the reference signals near the first modal frequency,

f1 ≈100 kHz. Notably, since the PLL is implemented based

on the FPGA, it can also be easily configured to extract the

frequency component at f2 if necessary.

To achieve high-resolution frequency generation, the clock

frequency used here is fclk =20 MHz, and the bit width of

the phase accumulator is N =40 bits. With these parameters,

the theoretical frequency resolution of the NCO can reach

fclk /2
N = 18 µHz.

The lock-in approach as a phase detector has the additional

advantage of filtering out undesired signals and noise. The

bandwidth of the low-pass filter is set to 1 kHz in this

prototype system to balance the response speed and precision.

The bandwidth can be tuned accordingly for high-precision or

high-speed applications, due to the digital nature of the system.

However, the inaccuracies and noise added in the amplitude

demodulation process could be a contributing factor to the

system total instability and noise.

4) BSE control: The amplitude of the first mode is fed

into the BSE control to generate a BSE signal based on the

amplitude and BSE frequency relationship shown in Fig. 4. By

comparing the amplitude to a setpoint (SP), A0, the excitation

frequency is adjusted so that the amplitude of the first mode is

maintained at A0. In this proof-of-concept work, the amplitude

SP is arbitrarily chosen as A0 = 173 mV. This parameter can

be easily adjusted based on different requirements, considering

the digital nature of the control circuit.

A square wave excitation signal with 3.3 VP−P is gen-

erated by the NCO, and is then attenuated to VBSE =2.5

VP−P through a voltage divider. This attenuated square wave

signal ultimately becomes the driving signal for the BSE

scheme. To begin the oscillation, an initial BSE frequency

of fBSE,0 = 378.77 kHz is generated using the NCO, which

ensures that the resonator is excited. Thereafter, the feedback

control loop starts to function, and the BSE frequency is

adjusted, maintaining the amplitude of the resonator in the

first mode at 173 mV. Because the NCO in the second loop

has the same clock frequency and phase accumulator width as

the NCO in the PLL, the same frequency step resolution of 18

µHz can be achieved. The quality of the NCO output signal

also depends on the quality of the clock signal. Therefore,

to minimize the noise, selecting clocks with high stability,

accuracy, and low jitter is recommended. Therefore, an ex-

ternal high-resolution clock generator is used rather than the

embedded clock generator in the FPGA board. In addition, the

clock generator could be a contributing factor to the system’s

total power consumption. In low-power applications, selecting

a low-power clock generator, such as a MEMS-based clock

generator, is necessary.

The parameters used in the CLS are presented in Table I.

TABLE I: Parameters used in the closed-loop system (CLS)

design

Parameters Values

System sample frequency 20 MHz

ADC sample frequency 20 MHz

Clock of NCO 20 MHz

LPF bandwidth 1 kHz

f0 99.8 kHz

Φ0 0 deg

A0 173 mV

fBSE,0 378.77 kHz

VBSE 2.5 VP−P

Phase accumulator width 40 Bit

C. Experimental results

Fig. 5: Demonstration of the implemented closed-loop system

(CLS) for the generic clamped-clamped beam type resonator.

The CLS is designed and implemented using the param-

eters above, achieving self-sustained oscillations. Thereafter,

an additional offset voltage Voffset is introduced to perturb

the resonator to verify the system’s dynamic functionality.
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A commercially available lock-in amplifier (MFLI, Zurich

Instruments) is connected to the output of the TIA to monitor

the mode frequency and amplitude of the resonator’s first

mode. The MFLI lock-in amplifier is not necessary for the

CLS implementation; however, it is added here merely to

monitor the first mode to ensure proper CLS operation. In

addition, a frequency counter (53230A, Keysight) is employed

to measure the changes in BSE excitation frequency fBSE. Fig.

6 shows the measured results.
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Fig. 6: (a) Measured response of the resonator’s first mode,

when an offset voltage ranging from -1 V to 1 V is changed

in steps. The frequency changes are shown in blue and

amplitude changes are shown in red (f1−GR−CL represents

the first mode frequency of the generic resonator under test,

with the closed-loop configuration); (b) the simultaneously

measured results of the blue-sideband excitation (BSE) fre-

quency (fBSE−GR−CL represents the blue-sideband excitation

frequency of the generic resonator under test, with the closed-

loop configuration).

Fig. 6a shows that when the DC offset voltage Voffset

changes in steps from -1 V to 1 V and back, the prototype

sensor’s first modal frequency changes accordingly. The in-

significant discrepancies between the measured frequency and

the first mode frequency (Fig. 2c) may be due to frequency

drifts between measurements.

Meanwhile, the amplitude of the first mode is maintained

at an amplitude of approximately 171 mV due to the CLS.

The spikes in amplitude represent the transients of the CLS

responding to the sudden Voffset changes. The CLS is capable

of controlling the amplitude as anticipated, except for a slight

discrepancy between measured amplitude and the SP, which

may be due to a mismatch between the two voltage references

in the FPGA and MFLI.

Fig. 6b shows that the BSE signal’s frequency is close to

the sum of two resonant frequencies as designed. Further, the

BSE bidirectional changes in offset voltage do not result in

significant hysteresis in BSE frequencies. These characteristics

make the CLS suitable for sensing and timing reference

applications.

In addition, it is also expected that ∆fBSE = ∆f1 +∆f2.

To verify this, the sensitivity of the BSE frequency, fBSE with

respect to Voffset is characterized. The results are shown in

Fig. 7. The extracted sensitivity is SBSE =82.5 Hz/V. Fig.

2d and Fig. 2e show that the measured sensitivities of each

of the first two modes with respect to this offset voltage are

S1=62.0 Hz/V and S2=21.5 Hz/V, respectively. Therefore, the

conclusion of SBSE = S1+S2 can be drawn. This confirms the

proper functionality of the CLS. In addition, another advantage

of the CLS based on BSE scheme, which is its capability

of improving the sensitivity of resonant MEMS sensors, is

demonstrated.
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Fig. 7: Measured sensitivity of the blue-sideband excita-

tion (BSE) frequency with respect to offset voltage changes

(SBSE−GR−CL represents the blue-sideband excitation sensi-

tivity of the generic resonator under test, with the closed-loop

configuration).
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Fig. 8: Measured dynamic response of fBSE (in black) and

f1 (in red) after introducing a dynamic stiffness perturbation

signal, foffset=0.1 Hz (f1−GR−CL and fBSE−GR−CL repre-

sents the first mode frequency and the blue-sideband excitation

frequency of the generic resonator under test, with the closed-

loop configuration, respectively).

Next, the dynamic response of the CLS is characterized. For

this test, a periodically modulated offset voltage signal, with

voffset=10 mV and foffset=0.1 Hz, is applied to the resonator

to generate a dynamic stiffness perturbation. Fig. 8 shows

the measured results. The changes in fBSE are capable of

tracking the periodic change at a frequency of 0.1 Hz. This

represents additional evidence of the CLS’s full functionality.

This measurement demonstrates that measuring the changes in

fBSE is beneficial for improving the resonant MEMS sensor’s

sensitivity.
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IV. CLOSED-LOOP SYSTEM FOR A RESONANT MEMS

ACCELEROMETER

The CLS can enhance the sensitivity of a resonant MEMS

accelerometer, based on previous demonstrations. To conduct

a preliminary investigation of this idea, the CLS parameters

are adjusted to work with a wafer-level vacuum-encapsulated

resonant MEMS accelerometer, whose design is described in

detail elsewhere [4].

Fig. 9a and Fig. 9b show the open-loop frequency responses

of the sensing resonator’s first two flexural modes, without

any acceleration input. The resonant frequencies are 196.94

kHz and 393.82 kHz, and the extracted Q-factors are approx-

imately 57000 and 36000, for the first and the second mode

respectively. The accelerometer’s sensitivity is characterized

using a standard tilt test with the open-loop configuration. In

addition, Fig. 9c and Fig. 9d show that the measured sensitivity

of the first two flexural modes are 456.1 Hz/g and 752.9 Hz/g,

respectively.

Mode 1

f1-ACC = 196.94kHz

Q1-ACC = 57000

A
m

p
lit

u
d

e
 (

m
V

)

0

5

10

15

Frequency (kHz)

196.95 197.00

(a) Accelerometer Mode 1

Mode 2

f2-ACC = 393.82kHz

Q2-ACC = 36000

A
m

p
lit

u
d

e
 (

m
V

)

0

0.5

1.0

1.5

Frequency (kHz)

393.80 393.84 393.88

(b) Accelerometer Mode 2

S1-ACC-OL = 456.1Hz/gΔ
f 
(H

z
)

0

20

40

Acceleration (g)

0 0.05 0.10

(c) Sensitivity of Mode 1

S2-ACC-OL = 752.9Hz/gΔ
f 
(H

z
)

0

20

40

60

80

Acceleration (g)

0 0.025 0.050 0.075 0.100

(d) Sensitivity of Mode 2

Fig. 9: Measured frequency response of (a) the first flexural

mode, and (b) the second flexural mode, using an open-loop

configuration. The measured sensitivity of (c) the first flexural

mode, and (d) the second flexural mode, based on a tilt test

with an open-loop configuration.

Subsequently, the parameters are adjusted to implement the

CLS for the resonant accelerometer. Particularly, the f0, A0

and fBSE,0 values are adjusted, whereas all other parameter

values remain the same (Table II). Fig. 10 shows the measured

amplitude of the first mode with respect to the BSE frequency.

The nonlinear PI control function is also changed based on the

measurements.

The oscillation can be initiated and sustained for the reso-

nant accelerometer based on the aforementioned CLS design.
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Fig. 10: Measured amplitude of the first mode with respect

to blue-sideband excitation (BSE) frequency for the resonant

MEMS accelerometer.

TABLE II: Parameters used in the closed-loop system (CLS)

design for the resonant accelerometer

Parameters Values

System sample frequency 20 MHz

ADC sample frequency 20 MHz

Clock of NCO 20 MHz

LPF bandwidth 1 kHz

f0 195.8 kHz

Φ0 0 deg

A0 175 mV

fBSE,0 595.06 kHz

VBSE 2.5 VP−P

Phase accumulator width 40 Bit

Fig. 11: Demonstration of the implemented closed-loop system

(CLS) for the vacuum-packaged resonant MEMS accelerom-

eter, as shown on the inset.

Closed-loop sensitivity of the accelerometer can also be char-

acterized, using a similar experimental setup as the generic

resonator. The vacuum chamber was not used here since

the accelerometer under-test is vacuum packaged. Thermal

insulation and an active temperature controller are used to

minimize the effect of ambient temperature fluctuations. The

acceleration change is introduced using a tilt table, which

is placed beneath a thick layer of vibration isolation foam

attached to the analog circuit for the MEMS device. Fig. 11

shows the experimental setup.

The sensitivity of the resonant accelerometer can be char-

acterized in a closed-loop configuration using the CLS with

the aid of an external MFLI lock-in amplifier. The extracted

sensitivity for the first mode is S1−ACC−CL = 457.1 Hz/g,
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Fig. 12: Measured sensitivity of (a) Mode 1 and (b) blue-

sideband excitation (BSE) frequency in the closed-loop con-

figuration.

as shown in Fig. 12a, which is consistent with the open-loop

sensitivity of S1−ACC−OL = 456.1 Hz/g, with an error of

0.2%. This shows the proper operation of the CLS.

The closed-loop sensitivity, SBSE−ACC−CL = 1215.9 Hz/g

can be extracted by measuring the frequency changes at

the CLS output. This is also consistent with the sum of

open-loop sensitivity, which is approximately 1209 Hz/g. The

output sensitivity can be enhanced by 166% when the CLS

is implemented compared with the conventional closed-loop

readout system, in which the first mode is typically tracked.

V. DISCUSSION

A. Noise discussion

The noise performance of the CLS is also characterized, and

compared with the noise floor of the conventional oscillator

configuration obtained using similar vibration amplitudes. For

discussion, it is desired to exclude the effects of ambient vibra-

tion; therefore, only the result from the clamped-clamped beam

is presented in Fig. 13. The measurement results show that

the noise performance of our CLS is worse, particularly in the

low-frequency part, compared with the conventional oscillator

configuration. Further, some of the low-noise resonator sensors

reported so far can reach the level of tens µHz/Hz1/2 in the

vicinity of 10 Hz bandwidth [42]±[44], which is superior to our

results. Through our analysis, the additional noise likely comes

from a few factors discussed below; therefore, to improve the

noise performance of the proposed closed-loop system, the

following aspects should be addressed in the future.

First of all, improving the oscillation amplitude SP A0 does

not significantly improve the noise performance (Fig. 14).

Therefore, it is speculated that most of the additional noise

may be attributed to the amplitude-to-frequency conversion

(Fig. 4). This problem can be solved by reducing the amplitude

noise entering the BSE control module, such as employing

an ADC with higher precision, reducing the bandwidth of the

BSE

Conventional excitation

P
S

D
 (

H
z
/H

z
1

/2
)

100µ
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10m

100m

Frequency (Hz)

100m 1 10

Fig. 13: Measured PSD of the clamped-clamped beam using

the closed-loop system (CLS) (in red) and the conventional

oscillator setup (in blue), with similar vibration amplitude in

both cases.
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S
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Fig. 14: Measured PSD of the clamped-clamped beam using

the closed-loop system (CLS) with different oscillation ampli-

tude SPs A0.

DLA and PLL, or adding more digital filters for the amplitude.

From our experience in designing and optimizing the system,

we propose that the most effective method for addressing

this problem is to optimize the MEMS structures and/or

dynamics, to obtain a low amplitude-to-frequency conversion

slope, which is ideally close to a vertical line in Fig. 4.

The system noise may also be attributed to the inaccuracies

of the demodulator, which is not typically used in the conven-

tional oscillator. The amplitude produced from the demodula-

tor is critical to the output frequency noise, as discussed above.

To reduce the system noise from the demodulator, further

investigations on the underlying mechanisms, and optimization

of the demodulator structure will be necessary for future

studies.

Furthermore, the additional noise can be attributed to DC

bias-voltage-to-frequency conversion, since this conversion

ratio is increased by employing the CLS. This can be solved

by employing a low-noise DC bias voltage source. Other

noise deterioration factors can include undesired ground loops,

which can be solved by integrating all systems onto a single

mixed-signal board.

B. Other sensors, structures and modes

Modal interaction, or coupling, is critical for devices to

operate with the BSE scheme. Therefore, resonant sensors that

benefit from this scheme would require the presence of modal

coupling. This can include a capacitively transduced clamped-

clamped beam as a thermometer [13], single-ended or double-

ended tuning forks based sensors such as pressure sensors [45]
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and magnetometers [46]. Capacitively transduced ring res-

onators also exhibit similar modal interactions [36]; therefore,

such an approach should also apply to gyroscopes with similar

structures [6], [47]. Previous experimental evidence shows that

nonlinear modal coupling exists in bulk mode resonators [48];

therefore, it is believed that sensors based on these resonators

can be used. Recently reported resonant sensor devices, such

as mass sensors [49], based on two or more weakly coupled

resonators [50]±[53], can also benefit from this scheme. In

this study, the first two modes of the clamped-clamped beam

resonator are used. However, this approach is not necessarily

limited to these two modes. Implementing the CLS should be

possible as long as there is sufficiently strong modal coupling

between other modes, such as a cantilever-beam type resonator

through the coupling between flexural and extensional bulk

modes [54]. However, to practically use other structures, more

investigations into the underlying coupling mechanism, and

experimental verification are necessary.

VI. CONCLUSION

This study presents a CLS for resonant MEMS sensors

subject to BSE for the first time. The CLS mainly consists of

a digital control system implemented based on a commercially

available FPGA. We demonstrated that the proposed CLS is

capable of capturing dynamic frequency changes in real-time,

making the system suitable for practical sensing applications.

A potential application of the CLS is also preliminarily

demonstrated, which is to improve the sensitivity of a vacuum-

packaged resonant MEMS accelerometer. Because the output

sensitivity of the CLS approximately equals the sum of the

sensitivity of the two fundamental modes of the resonator,

experimental results show that the sensitivity of the resonant

MEMS accelerometer was enhanced by 166%, compared with

a common AC drive scheme.

This study represents an important first step toward em-

ploying BSE for practical resonant MEMS sensor applications,

which can be a viable alternative to existing oscillator topolo-

gies. The CLS described in this study enhances the sensitivity

of resonant sensors. The interesting property of the feedback

phase independence can also be explored. Furthermore, em-

ploying BSE and the proposed CLS can also be useful for

simultaneous multiparameter monitoring, since various modal

information can be extracted concurrently from the system.

However, compared with the existing oscillator topologies, the

noise performance and power consumption could be current

limiting factors of the CLS. Therefore, future studies should

focus on optimization of the design of the entire system, from

the resonator to each system module, to improve the overall

system’s performance, such as noise and power consumption.
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