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Abstract—This work presents an audio MEMS accelerometer
using energy-recovery high-voltage pulse excitation (ER-HVPE).
The proposed interface circuit is fabricated in 0.18xm BCD pro-
cess and measured with a 1.02mm?/axis sensor, achieving a low
noise floor of 14.64g/+/Hz with high efficiency, corresponding
to a FoM of 9.8pJ. It also demonstrates high PVT robustness,
achieving 0.016%/°C temperature-induced sensitivity drift and
3.5%/V supply-induced sensitivity drift.

Index Terms—MEMS accelerometer, interface circuit, high
efficiency, energy recovery, high-voltage pulse excitation (HVPE),
sensitivity drift

[. INTRODUCTION

MEMS accelerometers for emerging audio applications,
including bone-conduction hearables and speech enhancement,
require low noise (30ug/ v/Hz), wide bandwidth (2kHz), and
high linearity (THD<1%) while maintaining a small sensor
size [1]-[3]. Increasing the excitation voltage is proved to
be an effective way to achieve high noise-power efficiency
in MEMS accelerometers [4], [5]. A key challenge of high-
voltage excitation is the significant nonlinearity introduced by
the electrostatic force. To address this issue, high-voltage pulse
excitation (HVPE) was reported in [4], where the low-duty-
cycle operation alleviates both electrostatic-induced nonlinear-
ity and the pull-in effect. However, as shown in Fig. 1, HVPE-
based MEMS accelerometers still suffer from PVT-robustness
problem. Firstly, the system power significantly increases with
the sensor capacitance increment. Secondly, the sensitivity
drifts with the supply and temperature variations. To solve this
problem, this work proposes an energy-recovery high-voltage
pulse excitation (ER-HVPE) based MEMS accelerometer.

II. PROPOSED ER-HVPE BASED MEMS
ACCELEROMETER
A. System Architecture
As shown in Fig. 2, a single proof-mass biaxial MEMS
sensor is used in the proposed audio MEMS accelerometer to
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Fig. 1. Comparison of the conventional HVPE and the proposed
ER-HVPE MEMS accelerometer.
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Fig. 2. MEMS sensor of the proposed audio MEMS accelerometer.

achieve low Brownian noise (10ug/ v/Hz) with a small sensor
size [6], leading to approximately 20-pF sensor capacitance.
Fig. 3 shows the block diagram of the ER-HVPE based
interface circuit for the proposed audio MEMS accelerome-
ter. The system employs an energy-recovery excitation pulse
generator (ER-EPG) to reduce the power consumption and
an excitation-voltage reference (EVR) to ensure PVT-robust
readout. Driven by two opposite-phase high-voltage excitation
pulses (Pg1&Ppgo) generated by the ER-EPG, the capacitor
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Fig. 3. The block diagram of the proposed ER-HVPE based MEMS
accelerometer.
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Fig. 4. The power efficiency vs. Cspn of basic EPG and ER-EPG.

bridge (Cop&Cspn) produces a charge signal, which is
converted by a capacitance-to-voltage converter (CVC) and
then digitized by an ADC using the EVR.

B. Energy-Recovery Excitation Pulse Generator

As shown in Fig. 4, the key idea of the proposed ER-
EPG is to reduce the excitation power through efficiency
enhancement. The proposed ER-EPG improves the excitation
efficiency from 34% to 60%, with Csgny = 20pF, Cp1 =
200pF, Cge = 500pF, Ceopr = 6pF, and an excitation level
of 10.8V. As shown in Fig. 5, there are three designs in
the proposed ER-EPG to enhance the excitation efficiency.
Firstly, the energy-recovery path (ERP) is employed to reduce
the total power consumption by recovering the energy of
capacitor Csgy. Under Pgo excitation, considerable power
is consumed during the charging and discharging of Cspy.
During phase @3, Cg; is charged by C'sgy through the ERP,
recovering 48% of the energy stored on Csgy. Secondly,
the pre-charge path (PCP) is used to reduce the charge-
sharing loss of capacitor Ccops by 47% [7]. During phase
®o, capacitor Cpy is pre-charged to half of the pulse level
(e.g., 5.4V) through the PCP; during phase ®3, the Cops is
then charged to the full pulse level (e.g., 10.8V). Thirdly,
the feedforward energy-storage capacitor Crp increases the
energy-storage capacitance density by 5x to provide transient
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Fig. 5. The topology of (a) the basic EPG and (b) the ER-EPG.
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Fig. 6. The switch implementation in the ER-EPG circuit.

energy and minimize the ripple during pulse generation. In
the basic EPG, since the C'go operates at a high voltage (e.g.,
10.8V), it can only be implemented by a high breakdown
voltage but low capacitance density, such as MIM capacitors
with a density of 1fF/um?. To overcome this limitation, the
CFr is used to replace the grounded energy-storage capacitor
CE2. thereby reducing the operating voltage across the energy-
storage capacitor by half. As a result, a combination of low-
breakdown-voltage high-density capacitors, including MIM
capacitors (2fF/pm?), MOM capacitors (0.5fF /ym?), and N-
well capacitors (2.5fF /pm?), can be used to achieve an overall
capacitance density of 5fF/um?.

As shown in Fig. 6, a key ER-EPG design challenge is the
dynamic reverse voltage across Ss ¢, formed by the constant
voltage Vop1 (e.g., 5.4V) and the pulse voltage Pg; o (e.g.,
0.9-10.8V). A single LDMOS switch suffers from severe
leakage (Ix > 100mA) due to body-diode conduction under
reverse bias. A MOS-R switch effectively reduces leakage
(ILx < 0.6mA), but limits the charge current (Ip < 0.9mA).
In this work, a MOS-diode switch is adopted to achieve
both low leakage (Irx < 2nA) and large charge current
(Ip > 2mA).
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Fig. 7. The signal flow diagram of EVR for ratiometric readout.

Callbratlon Mode
—VDD oo

Normal Mode
3/32)Ts

o
D2 D5 Vos

© D EE
d2 d1 'd2
Do
P
Voo, |ER EPG[ ey
R1T

Trg =

[0 C <Dd i

-Actlve Dynamic Sampler
¢d1:

q)dz

M: Rz compensates|
the Vos

R

Fig. 8. The circuit implementation of the EVR.

C. Excitation-Voltage Reference

As shown in Fig. 7, the EVR generates a reference voltage
proportional to the excitation voltage for ratiometric readout.
In this architecture, PVT variation is embedded in the de-
nominator of the transfer function, which cancels the PVT-
induced sensitivity drift in the main signal path. By minimizing
EVR offset (Vog) and supply-to-output gain (Agp), sensitivity
variation caused by voltage-conversion-ratio drift and supply
fluctuation is effectively suppressed, improving overall PVT
robustness.

As shown in Fig. 8, the EVR operates in two modes. In
the power-on self-calibration mode, Vg is compensated by
adjusting Rs. In the normal mode, the excitation pulse Pgo is
sampled as the ADC reference through a ping-pong switched-
capacitor (SC) divider and an active sampler. In this mode,
amplifier A; is duty-cycled and pre-biased by a divided pulse
Px1, enabling low-power, fast-response sampling of pulse Pgo.
A single-MOS buffer then holds and outputs the sampled pulse
voltage with low Ago and low Vopg.
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Fig. 9. Chip micrograph of the MEMS accelerometer.
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III. MEASUREMENT

A prototype of the proposed interface circuit is fabricated
in a 0.18um BCD process as shown in Fig. 9. The effective
chip area is 1.75mm?2, and the circuit is measured with a
2.04mm? biaxial sensor. The test environment is shown in
Fig. 10. As shown in Fig. 11, the optimized system efficiency
is achieved with an excitation voltage from 8V to 9.5V.
Under typical test conditions (9V excitation voltage and 1g
DC input), the MEMS accelerometer achieves a noise floor
of 14.6ug/ VvHz. Owing to energy-recovery and pre-charge
operations, the measured transient waveforms of the ER-EPG
exhibit a two-step transition. Power breakdown analysis shows
that ER-HVPE and CVC dominate the overall noise and power
efficiency of the system. Sensitivity-drift measurements are
performed on 15 samples, as shown in Fig. 12. With EVR,
temperature-induced sensitivity drift over —20°C to 80°C
is suppressed by 16dB. Frequency-dependent supply-induced
sensitivity drift is measured by applying a 100mV sinusoidal
perturbation to the supply over 10Hz to 10kHz. With EVR and
self-calibration enabled, sensitivity drift under a 2kHz supply
variation is suppressed by 24dB. The measured root Allan
variance shows a bias instability of 6.89ug. The measured
THD versus input acceleration shows THD below 0.3% at
1g input and below 0.5% at 4.5g input. Table I summarizes
and compares the proposed design with state-of-the-art MEMS
accelerometers. Fig. 13 benchmarks performance in terms of
FoM;, FoM,, and noise floor. Compared with prior audio
MEMS accelerometers [1]-[4], [8], [9], this work achieves
both the best noise performance (14.6ug/ VHz) and the best
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Fig. 11. (a) Measurement results of power efficiency (F'olM1) over

excitation voltage level; (b) Measured noise performance; (c) Mea-

sured transient waveforms of the ER-EPG;(d) Power breakdown.

TABLE I. Comparison with state-of-the-art audio MEMS

accelerometers.
JSSC | JSSC | TCASI | ADXL | LIS25 [ BMA This
'24 '24 '25 380 BA 550 "
Bl 8] [ B3] [2] [1]
Process 0.18um [ 0.18um | 0.18um 0.18um
Supply voltage (V) 18 | 18 | 18 |22536| 18 |[17-36| 1.8
Power/ axis (uW) 117000 | 227 80 374 1548 | 261 118
Input range (g) +5000 [ +8 +4.5 +4 | +385 | +43 | %45
Input bandwidth (Hz) | 5700 | 4000 | 2000 | 4000 | 2400 | 2350 | 2400
Noise floor (ug/VHz) 46.6 25 325 20 30.6 25 14.6
Sensor size'/axis(mm?) | 15.6 0.93 0.64 1.08 1.33 1.2 1.02
FoM+2 (ug-uW/Hz) |72216.2 89.7 58.1 | 118.3 | 966.9 | 134.6 | 352
FoMz? (pJ) 18.1 141 16.2 37.0 | 3147 | 39.2 9.8
1 Measured by photograph 2 FoM, = Powie/er_MI;loise 3 FoM, = DF;o:/;rW

power efficiency (FoMs = 9.8pJ).

IV. CONCLUSION
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Fig. 12. Measured sensitivity drift induced by (a) temperature and

(b) supply variations; (c)Measured root Allan variance; (d) Total
harmonic distortion (THD) across input acceleration.
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Fig. 13. Performance benchmark.
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[6]

[71

The proposed audio MEMS accelerometer achieves a low
noise floor of 14.6ug/vHz with high efficiency (FoMy =

9.8pJ). With ER-HVPE, the excitation efficiency is improved

[8]

by 26%, and temperature-induced sensitivity drift and supply-
induced sensitivity drift are reduced by 16dB and 24dB,

respectively.
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