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Abstract—For the first time, a parametric modulation (PM) 

is exploited to enhance the scale factor (SF) of a resonant MEMS 

accelerometer. By applying a parametric modulation signal, the 

effective stiffness of the resonator is periodically modulated, 

leading to sensitivity transfer between two modes of operation. As 

a result, an enhancement of the scale factor from 506Hz/g to 

834Hz/g is attained. With improved SF, the measured noise floor 

of the accelerometer is 2.8μg/Hz1/2. However, the measurement 

results suggest that the noise of the sensor is likely to be dominated 

by ambient vibrations. The fundamental limit of the sensor noise 

floor with PM is estimated to be approximately 60ng/Hz1/2. 
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I. INTRODUCTION

Resonant MEMS accelerometers have attracted extensive

interest from the MEMS community [1-4]. Owing to their 

extraordinary performance, excellent long-term stability in 

particular, resonant MEMS accelerometers are in great demand, 

in particular, for the applications of navigation [5], gravimetry 

[6], and seismometry [7]. 

In order to achieve high-resolution resonant accelerometers, 

it is necessary to enhance the scale factor (SF). However, a 

limited approach exists, other than structure optimizations, to 

improve the SF and thus resolution of the resonant MEMS 

accelerometers. One feasible approach is operating the 

resonator at its high-order modes (HOM) of vibration, which 

are deemed to have better sensitivity subject to input 

acceleration [8]. But it is also worth noting that HOM produces 

a signal with a lower signal-to-noise ratio (SNR), ultimately 

nullifying the advantage of the higher SF. 

Recently, parametric modulation (PM) techniques attracted 

interests in the community, to manipulate the modal coupling 

of the resonator [9-11], and the vibration modes of the resonator 

[12]. As a proof-of-concept, a new scheme based on parametric 

modulation is proposed to enhance the SF of a resonant 

thermometer [13]. In this work, originated from a similar 

principle, as well as introducing a parametric pumping source, 

an SF enhancement scheme is proposed and verified for a 

resonant MEMS accelerometer. The PM method is utilized to 

transfer the scale factor of the second mode to the first mode, 

hence improving the sensitivity of the resonant accelerometer. 

Such an approach can concurrently mitigate the negative effect 

of the SNR and allow for an enhancement of scale factor from 

506Hz/g to 834Hz/g. 

II. STRUCTURE DESIGN AND WORKING PRINCIPLE

An illustrative schematic of the resonant MEMS

accelerometer is shown in Fig. 1. The device is composed of 

two sensing resonators connected to the proof mass via force 

amplifying levers. A differential sensing scheme can be 

realized by employing the two opposite resonators. As a result, 

the sensitivity of the accelerometer can be double, and a first-

order cancellation of the frequency shift induced by 

temperature fluctuations can be attained. The resonator, whose 

length is 400µm, width is 6µm, thickness is 50µm, is able to be 

driven in the first two lateral transverse modes. The first two 

resonant frequencies are f1 =196.9kHz (Mode I), f2 =399.6kHz 

(Mode II). The device is vacuum packaged at the wafer level, 

with a vacuum level of 0.01Pa. The extracted Q-factors, with 

respect to the two modes, namely, Mode I and II, are 57k and 

36k respectively, as shown in Fig.2a.  

The experimental setup is exhibited in Fig. 3. The interface 

Fig. 1.  Schematics of the resonant MEMS accelerometer. 



 

 

readout circuitry consists of a trans-impedance amplifier to 

convert the motional current to a voltage signal. The MEMS 

device, along with the circuitry, are placed on a tilt table. The 

temperature control system consists of a thermistor and a digital 

temperature controller (PTC10, Stanford Research Systems), 

aiming to alleviate the frequency shift caused by the 

temperature fluctuations. The open-loop frequency sweeps are 

performed using a lock-in amplifier (MFLI, Zurich 

Instruments). A polarization voltage VDC=20V is applied to the 

body of the resonator to facilitate the capacitive transduction, 

and the actuation voltage is vac =800μV, ensuring the resonator 

operates in a linear regime. To characterize the SF of the 

accelerometer, a digitally-controlled tilt table is employed, to 

provide an adjustable acceleration for the resonant MEMS 

accelerometer. The measured SFs of the first two modes are        

-506Hz/g and -840Hz/g respectively, as illustrated in Fig. 2b 

and 2c. 

PM is introduced using a second AC source, with an 

amplitude of vp = 2V. The electrostatic force generated by the 

PM periodically modulates the effective stiffness of the 

resonator, at a frequency equaling the difference between the 

first two modes, i.e. fp ≈ f2 − f1. Upon introducing the parametric 

modulation signal at the frequency of fp, the dynamics of the 

first two modes subject to PM can be formulated as follows:  
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Where mr, cr, kr, ker, kcr, λr, Λr, Fr are the effective mass, damping, 

effective stiffness, electrostatic stiffness, inter-modal coupling 

stiffness, pumping coefficient, inter-modal pumping coefficient 

and driving force for the rth mode (r = 1, 2), respectively. The 

transient response ur is also associated with the modes. These 

equations are based on the Bernoulli-Euler equation but have 

additional coupling terms, electrostatic forces and pump 

relevant forces.  

Harmonic Balance Method (HBM) [14] is introduced here 

to solve the numerical solutions, following the expansion of Eqs. 

1 and 2, by applying their complex exponential forms with the 

help of Euler’s formula: 
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It should be pointed out that other harmonic terms are neglected 

due to the negligible nonlinearity. The steady-state solutions of 

Eqs. 1 and 2 can be numerically solved by substituting Eqs. 3 

into Eqs. 1 and 2. From the solutions, it is worth noting that 

once using PM, fp ≈ f2 − f1, where energy is transferred between 

the two modes, a virtual energy coupling appears between the 

two modes, leading to a mode splitting occurring near the first 

mode and also the second mode, as depicted in Fig.4a, in which 

Mode I splits into Mode I-1 and Mode I-2.  

III. RESULTS 

 

Fig. 2. Measured open-loop frequency response, as well as the scale 
factor (SF) of the resonant accelerometer at its first two modes, without 

PM. 

Fig. 3.  Experimental setup for the characterizations. 

Fig. 4.  (a) Measured open-loop frequency response, with PM (black solid) 
and without PM (red dashed), showing reduced amplitude with PM. 

Therefore, in noise characterizations, increasing of drive amplitude with 

PM is necessary to maintain the same amplitude; (b) measured frequency 
shifts of both Modes I-1 and I-2 with respect to acceleration with PM; (c)-

(d) measured SF of Mode I-1 (SI-1) and Mode I-2 (SI-2) in Zone 1 and Zone 

3, respectively. 



Without applying the parametric modulation signal, i.e. vp 

=0V, the open-loop frequency response of the first mode is 

shown in Fig.4a (red dotted line). The measured modal 

frequency of Mode-I is f1=196.943kHz. The PM is introduced 

with an amplitude vp = 2V and a frequency fp ≈ f2 − f1, where 

the measured modal frequency of Mode-II is f2=399.567kHz. It 

can be observed that two new modes are created near Mode-I 

due to the mode splitting, which is Mode I-1 and I-2 shown in 

black solid line in Fig. 4a.  

This phenomenon confirms that there is a considerable 

energy coupling between the split modes that are caused by the 

PM. On account of the energy transferring between the two 

modes, it makes sense that the amplitudes of the two modes, 

Mode I-1 and I-2, are lower than Mode I.  

It is also worth mentioning that this energy coupling not 

only leads to mode splitting but also allows for SFs to be 

transferred between the two modes [13]. With the presence of 

PM, the SFs of the device for different modes are extracted and 

are demonstrated in Fig. 4b.  

It can be observed in Fig. 4b that the frequency shift of the 

Mode I-1 and Mode I-2 with respect to the input accelerations 

exhibit a nonlinear behaviour, similar to a veering curve in 

mode-localized sensors [11]. This is in contrast with the linear 

response of Mode I without PM, as shown in Fig 2b. Under 

different circumstances, i.e. Zone 1, Zone 3 and the veering 

zone (near 0g), the modal frequency shows different SFs to the 

input accelerations. In Zone 1, the extracted SF of Mode I-2 is 

-746Hz/g, which is similar to the SF of Mode II without PM, 

whereas the SF of mode I-1 is -435Hz/g, which approximates 

the SF of Mode I (see Fig. 4c). It is noticeable that Mode I-2 

inherits the sensitivity of the second fundamental mode, Mode 

II, while Mode I-1 inherits the sensitivity of the first 

fundamental mode, Mode I. In Zone 3, the SF of Mode I-2 

decreased to -500Hz/g, close to the SF of Mode I, and the SF of 

Mode I-1 improved to -834Hz/g, near to the SF of Mode II (see 

Fig. 4d). It affirms that the SF of Mode II is transferred to Mode 

I-1. 

This result proves the fact that the energy coupling between 

the two modes is created by the PM, allowing energy exchange, 

as well as the interchange of the SF. This shows that the SF can 

be enhanced by utilizing the PM approach in a resonant MEMS 

accelerometer as well.  

The output noise floor of the device, both with and without 

PM, is characterized using a closed-loop configuration of the 

MFLI based on the embedded Phase-Locked Loop (PLL) 

function. In order to verify the effect of PM on the noise 

performance, the measurement bandwidth is set to 10Hz. The 

experiment is carried out when the device is operating in Zone 

1, and the mode of interest is Mode I-2 (SF is shown in Fig. 4c). 

To maintain the same SNR with/without the PM [13], the drive 

amplitude is increased to ensure equal amplitudes between 

Mode I-2 (with PM) and Mode I (without PM), as can be seen 

in Fig. 5a. Although Mode I-1 exhibits obvious nonlinearity, 

there is no clear nonlinearity that can be observed in Mode I-2.  

 

As shown in Fig. 5b, the output noise PSD with PM is 

relatively higher than that of without PM. However, this is likely 

due to the enhanced SF of Mode I-2, as it is observed that the 

input-referred noise PSDs are at very similar levels, both at 

approximately 2.8μg/Hz1/2 (see Fig. 5c). This is expected based 

on our previous observations [13], where the PM does not 

contribute additional noise to the system. This also suggests that 

the input-noise of the sensor system is likely to be dominated by 

the ambient vibrations. 

IV. DISCUSSION 

Benefiting from the virtual energy coupling between the 

two modes that is facilitated by the PM, the sensitivity transfer 

can be achieved and hence improving the SF of the resonant 

MEMS accelerometer. The merit of such an approach grants the 

possibility that the sensing resonator can operate in low-order 

mode, featuring both higher SNR at the lower-order mode, and 

the higher sensitivity of the higher-order mode. It is worth 

pointing out that the PM approach can be applied to other 

modes of the resonator, not only restricted to the first two in-

plane flexural modes reported in this work. Therefrom, higher 

sensitivity of high-order mode could be transferred to low-order 

mode with an appropriate device design and configuration.  

It is also worth mentioning that, though the SF has been 

boosted, the PSD of the input-referred noise of the device 

with/without PM are at very similar levels, both at 2.8μg/Hz1/2. 

The results suggests that the input-noise floor is likely to be 

dominated by ambient vibrations within the lab. Therefore, it is 

necessary to further isolate the ambient noise, in order to 

achieve a low noise floor. Utilizing the noise model proposed 

Fig. 5.  (a) Measured frequency response, with PM (red line) and without 
PM (blue line), after increasing the drive amplitude with PM, to ensure 

equal amplitudes; (b) measured output frequency PSD, as well as the 
theoretical limits; (c) estimated input-referred noise PSD of the resonant 

MEMS accelerometer. 



in [15], a theoretical limit of the output frequency noise floor is 

calculated based on the sensor design. This is shown in green 

in Fig. 5b. Using the estimated noise floor limits of 50µHz/Hz1/2, 

with the enhanced SF with PM, the input-noise limit could 

potentially reach 60ng/Hz1/2. 

V. CONCLUSIONS 

In this work, the PM scheme is proposed and exploited to 

enhance the SF of a resonant accelerometer. The experimental 

results demonstrate the SF of the second mode can be 

transferred to the first mode, hence boosting the SF of the 

accelerometer, confirming the effectiveness of the proposed 

approach. Further, the noise characterization is conducted, 

denoting the input-referred noise with/without PM has a similar 

level, both at 2.8μg/Hz1/2. It is likely that the current noise 

performance of the device is limited by the ambient vibrations 

within the lab, and the fundamental limit of the sensor 

resolution could reach 60ng/Hz1/2. Future efforts should focus 

on the reduction of ambient noise and the optimization of noise 

performance, as well as coupling the fundamental mode and 

higher-order modes, e.g., third-order flexural mode, with the 

aim to improve the SF even further.  
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