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Abstract— This article presents a triaxial microelectromechani-
cal system (MEMS) capacitive accelerometer using a high-voltage
biasing technique to achieve high resolution with ultralow power.
The accelerometer system generates a differential pair of high
voltages to bias the MEMS structure, raising the MEMS signal
substantially above the noise floor of the analog front-end
(AFE) circuits. With the consequent increased signal-to-noise
ratio (SNR), the proposed accelerometer system eliminates the
need for a power-hungry low-noise amplifier (LNA) and signal
chopping which significantly improves the power-noise tradeoff
found in conventionally biased MEMS accelerometers. Moreover,
by fine-tuning the bias voltages, the proposed method cancels the
electrostatic mismatch in the MEMS due to process variation
and ensures robust operation. The proposed accelerometer is
composed of one integrated MEMS-CMOS chip and one CMOS-
only chip. In postfabrication testing, it achieves a 121-ug/./Hz
input-referred noise floor with £1.5-g dynamic range, <1%
linearity error, and 184-nW per-axis power (including high-
voltage bias generation). Compared to prior art, the design
achieves a 10.3x FoM improvement in both power and noise
specifications.

Index Terms— Accelerometer, analog-front-end (AFE), electro-
static force, high-voltage generation, low-noise amplifier (LNA),
low-power circuit, microelectromechanical system (MEMS).

I. INTRODUCTION

ICROELECTROMECHANICAL system (MEMS)
capacitive accelerometers have become increasingly
popular in motion detection (MD) applications such as object
monitoring, gesture recognition, and tilt control [1], [2].
Consisting of a micromechanical spring-mass system, MEMS
capacitive accelerometers are capable of high acceleration
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sensitivity while maintaining good linearity, low Brownian
(mechanical) noise, and good temperature consistency, all
within a miniaturized volume. An analog front-end (AFE)
interface circuit is required to amplify the signals generated
by the MEMS sensing elements before they can be read
out and utilized by other circuits such as analog-to-digital
converters (ADCs).

In all capacitive MEMS accelerometers, there is a
fundamental tradeoff between the acceleration resolution
and readout power consumption, limiting their use to either
applications that require high resolution and can accommodate
a high power budget [3], [4], [7], [8], or applications where
resolution can be sacrificed to accommodate a low power
budget [9], [10], [11], [12]. This tradeoff stems from the
inverse relationship between AFE noise and power. High-
resolution accelerometers require an ultralow noise floor for
their AFE circuit so that the signal-to-noise ratio (SNR)
does not limit the overall resolution. As a result, low-noise
amplifiers (LNAs) and signal chopping techniques are required
to reduce thermal noise and flicker noise, respectively, creating
a tradeoff between the benefit they provide and the circuit
power required for their operation. For a typical accelerometer
achieving a resolution of <1 mg with a power consumption
of <1 uW remains challenging. For even higher resolution
(ng levels), prior works adopt feedback from the AFE
output to the MEMS structure [13], [14] to further reduce
Brownian noise, or utilizing noise reduction techniques such
as oversampling successive approximation [15], correlated
double amplifying [16] and closed-Loop hybrid dynamic
amplifier [17]. These approaches achieve low noise specifica-
tion with wide bandwidth and large input acceleration range
but require higher power for the front-end circuit and dynamic
excitation.

One way to address the resolution-power dilemma is to
increase the signal (VIN) directly generated by the MEMS.
Instead of reducing the AFE/MEMS noise and accepting the
associated AFE power overhead, increasing the sensitivity of
the MEMS signal so that it produces a larger signal with the
same acceleration would improve the SNR and accelerometer
resolution. An increase in MEMS signal sensitivity can be
achieved by either: 1) increasing the MEMS sensitivity, such
as increasing proof mass or reducing spring stiffness and
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2) increasing the MEMS electrical signal with a higher MEMS
bias voltage. The first class of approaches requires redesigning
the MEMS structure [18] with the cost of the high-shock
survivability and sensing capability (dynamic range). The sec-
ond approach can be implemented completely in the electrical
domain, but it has its own challenges associated with the
high power consumption, reliability, and electrostatic feedback
to the MEMS sensing element [19], [20]. To address these
challenges, we present a triaxial MEMS capacitive accelerom-
eter [21], consisting of one MEMS chip and two CMOS chips,
with the following advantages.

1) The proposed accelerometer adopts a >10x higher
MEMS bias compared to a conventional biasing scheme,
resulting in a >40x larger MEMS signal. Because of
the large MEMS signal and nonchopping operation, this
approach significantly relaxes the noise and bandwidth
requirement for AFE circuits, making it possible to
achieve 1-mg sensitivity with nW level power consump-
tion for the first time.

2) We describe an electrostatic mismatch compensation
(EMC) technique in this article that addresses the elec-
trostatic feedback from the high-voltage bias to the
MEMS structure. It guarantees optimal MEMS bias-
ing, thereby ensuring sufficient dynamic range while
compensating for process variation during the MEMS
fabrication.

3) The high-voltage bias generation with EMC is imple-
mented with a high-voltage companion (HVC) chip that
only consumes sub-uW and generates + >40-V bias
voltage with <0.1% errors/ripples. The AFE circuit is
also customized with ultralow-power amplifier designs
and high-voltage protection techniques for robustness
with high bias voltage. We perform measurements for
multiple chip samples (from different wafers) and vali-
date their functionality, performance, and robustness.

The remainder of this article is organized as follows.

Section II presents the advantages and challenges of using
a high bias for an MEMS a capacitive accelerometers and the
analysis of EMC. Sections III and IV describe the implemen-
tation of the HVC chip and the MEMS-CMOS AFE chip,
respectively. Section IV shows the measurement results of
the proposed accelerometer system. Section V presents our
conclusions.

II. PROPOSED HIGH-VOLTAGE MEMS BIASING
WITH EMC

A. Overview of the MEMS Capacitive Accelerometer

The sensing element of an MEMS capacitive accelerometer
is a micromechanical structure consisting of fixed electrodes
and movable proof masses. As shown in Fig. 1(a) as a
simplified diagram, both the electrodes and the proof masses
have multiple fingers that interleave with each other, forming
a coupling capacitance network between the fingers. When an
acceleration occurs, the proof-mass fingers deflect from their
initial position while the electrodes stay stationary (relative
to the substrate), changing the gap distance between them
and causing a capacitance change that can be detected to
determine the acceleration amount. A fully differential MEMS
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capacitive accelerometer that consists of two proof masses and
two electrodes. The proof-masses are anchored to the substrate
via the spring, and their displacement x under the acceleration
a can be expressed as

dx m 1 {

da  k, ? 0
where m represents the proof mass, k,, is the spring constant
of the spring, and w is the fundamental frequency of this
mechanical system, which determines the bandwidth of the
MEMS sensing element. The proof-mass displacement causes
the capacitance change of C| and C, between itself and two
neighboring electrode plates, as shown in Fig. 1(b). The values
of C and C, are expressed as follows:

Cl _ SQA C2 _ EoA (2)

80— X go+x
where g is the permittivity of vacuum, A is the area of parallel
plates, and gq is the initial gap distance between the centered
proof mass and the electrodes. Taking C; as an example, its

capacitive sensitivity to displacement can be derived as

dc &0A
X 0—2_ 3)
dx (8o —x)
Combining (1) and (3), we obtain the MEMS sensitivity to
the acceleration as

dC1 _ dC1 dx _ m&‘oA (4)
da  dx da  kn(go—x)*
To maintain good linearity in sensing accelerations, the MEMS
is usually designed with x < go, and both C; and C; will have
constant sensitivities within the accelerometer measurement
range
dC1 . dC2 . m&‘oA (5)
da ~ da = kpgo®

A fully differential MEMS structure shown in Fig. 1(b) pro-
duces two pairs of C; and C, with the opposite sensitivity for
accelerations. They are configured as a capacitive Wheatstone
bridge that has 2x the MEMS sensitivity compared with a
single-ended sensing element.

B. Motivation for High-Voltage MEMS Biasing

To convert the MEMS capacitance change into a signal that
is convenient for readout, the MEMS is usually biased with
a voltage Vp so that it produces an electrical voltage that
reflects the MEMS acceleration. Fig. 2(a) shows a conventional
MEMS capacitive accelerometer with Vg applied across the
electrode side (EL1 and EL2) and the voltage signal Viy read
out from the proof masses (PM1 and PM2). The output voltage
sensitivity of the Wheatstone bridge is defined by

dVin \Z;

dC ~ Cq+ Cpar
where C; = ¢g9A/go is the static capacitance of C; and
C, without any accelerations, and Cp,; is the parasitic capaci-
tance between the proof mass and the substrate. Combining (5)

and (6), we obtain the MEMS signal sensitivity in the electrical
domain

(6)

dVix  dVindC

da  dC da

m80A VB
kmgoz(cd + Cpar) .

)
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(a) Conventional scheme for reading out sensing signals from the MEMS capacitive accelerometer. (b) Proposed high voltage biasing scheme that

increases the MEMS signal and relaxes the AFE noise requirement for low power operation.

All the right terms in (7) are constant, indicating a linear
transformation from input accelerations to the voltage signals
produced by the MEMS device. However, the linearity largely
depends on the assumption made in (5), that is, that the MEMS
displacement is negligible compared to the gap distance,
indicating a small MEMS signal amplitude in the £V to mV
range. The small signal needs to be conditioned and amplified
by the AFE before it can be processed by other circuits (e.g.,
ADCs). While amplifying the MEMS signals, the AFE circuit
also induces electrical noise that adds to the mechanical noise
(known as Brownian noise [22]) originating from the MEMS-
proof mass.

Fig. 2(a) shows a conventional readout approach for
an MEMS capacitive accelerometer, which includes three
AFE techniques from prior works to improve the SNR.
First, an LNA with a large bias current is necessary in

high-resolution accelerometer designs to suppress the in-band
thermal noise from transistors and other circuit components.
Second, signal chopping is used either at the MEMS bias
node or at the amplifier input to reduce the flicker noise
that dominates in the low-frequency domain. The MEMS
signal is chopped with a higher frequency than that of the
input acceleration, and it is later unchopped to be recovered
after the AFE circuit. The chopping operation results in large
power overhead due to the higher bandwidth requirement
for the amplifiers, and also due to the excessive switching
loss and the chopped nodes. Third, to further reduce the
accelerometer noise floor to ng levels, feedback is used to
control the proof-mass displacement. However, all of these
techniques require extra power, so there is a tradeoff between
the accelerometer resolution and power consumption, which
is consistent with the fundamental tradeoff between the AFE
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Fig. 3. (a) Stress analysis of the proof mass when considering both mechanical forces F), and electrostatic force F,. (b) With a fixed acceleration, the change

of MEMS signal Viy with increasing bias voltage Vp.

noise and power. In power-constrained applications such as
IoT devices, it, therefore, remains challenging for MEMS
capacitive accelerometers to achieve a sub-mg sensitivity with
uW-level power consumption.

To overcome this power-noise dilemma, we propose to
increase the MEMS signal rather than reduce the noise.
From (7), we know that the MEMS signal sensitivity is related
to two factors: 1) the capacitive sensitivity to accelerations and
2) the bias voltage being applied on the MEMS. The capacitive
sensitivity, as explained earlier, is related to Brownian noise
and the linearity of the MEMS design and, thus, is difficult
to improve. Instead, using higher bias voltages is the better
solution because it can increase the MEMS signal proportion-
ally without changing the MEMS structure. Fig. 2(b) shows
the proposed high-voltage biasing scheme for the MEMS
capacitive accelerometer. By applying a significantly higher
bias voltage (e.g., 10x) than that in a conventional MEMS
accelerometer design, the MEMS signal is raised 10x before
it hits the input of CMOS AFE. Targeting the same SNR,
the 10x MEMS signal lowers the requirement for the AFE
input-referred noise, effectively reducing the AFE amplifier’s
bias power by 100x. Moreover, the increased MEMS sig-
nal also lowers the flicker noise requirement and makes
it possible to eliminate signal chopping. The nonchopping
scheme eliminates the switching loss and it also relaxes the
bandwidth requirements for the AFE, which further reduces
overall power. Wrapping this all up, we were able to design
the AFE with a nano-amp bias current while still maintaining
a good SNR with the high-voltage MEMS bias.

Compared to the conventional scheme, the high-voltage
biased MEMS accelerometer overcomes the conventional
tradeoff between AFE power and noise. Instead, its
power-resolution performance is determined by what voltage
level is applied to the MEMS for a given power budget. Some
of the prior works also utilized a high-than-usual (e.g., 7 V
in [4] and 12 V in [8]) drive voltage for MEMS sensing
element, but this article first proposes a complete mechanism

to generate 10x higher differential bias voltages on the chip
and balance the electrostatic mismatch effect with a nano-watt
level power overhead. Section III introduces the details about
our implementation, but before presenting those circuit details,
we first explain the impact of electrostatic feedback, which
determines the upper limit of the MEMS bias voltage in a
more fundamental way.

C. Electrostatic Feedback of the High-Voltage Biasing

As discussed in Section II-B, one can, in principle, achieve
an almost infinite signal gain by applying an extremely high
voltage to the MEMS. However, the benefit of high-voltage
bias is less straightforward when considering the impact of
bias voltage on the MEMS’s mechanical movement. The
large voltage stress across the proof mass and electrodes
generates an electrostatic force between them and results in
an additional movement of the proof mass. To quantitatively
analyze the impact of the electrostatic force, we again take
C; as an example to calculate the force between PM1 and
EL1, as shown in Fig. 3(a). When a bias voltage Vp is applied
across them, the total energy stored in C; is expressed by

E = (Vg% ®)

The electrostatic force F, between PM1 and EL1 can be
derived by

_ SOAV32
(80— x)% ©

_dU_dC1V2
¢ dx  dx B

Note that F, increases nonlinearly with the proof-mass dis-
placement, and it is always a destabilizing (positive feedback)
force that fights against the mechanical recovery force F,,
from the MEMS spring. In a stable MEMS system, F, always
remains lower than F,, or the electrostatic force will keep
moving the proof mass toward the electrode and eventually
result in an electrostatic pull-in [23]. To maintain a stable
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MEMS system, we need to find an upper bound of the
displacement x that satisfies

e0AVp?
(80— x)?’

While the complete solution of (10) remains complicated,
an important tradeoff between the MEMS bias voltage and
the proof-mass displacement range can be found here. The
maximum bias voltage that we can use for the accelerometer
is determined by the MEMS specifications, as well as the
proof mass displacement range x (proportional to the input
acceleration). Equivalently, with a larger Vp applied to the
MEMS, its proof-mass displacement must be more constrained
to maintain F,, > F, and avoid pull-in. A special case is when
Vp exceeds a certain limit, and the MEMS proof mass will
destabilize and pull-in even with x = 0 (no acceleration),
implying a theoretically maximum Vj that can be used to
bias a specific MEMS. Section V provides additional results
supporting this tradeoff between Vp and the MEMS full-scale
(measurement range).

Another way to understand the impact of Vj is through
the change in the MEMS sensitivity that was derived in (4).
Intuitively, if the proof mass initially moves a distance x; with
input acceleration, it moves closer to the electrode and expe-
riences a greater attraction force from it. This will move
the proof mass an additional distance x, so that its overall
displacement becomes x; + x, under the same acceleration.
The proof mass behaves as it has a “reduced stiffness” from
the spring, hence we rewrite (4) as

dC, B meygA
da N (km + ke)(gO - X)2
where k,, and k., represent the mechanical stiffness (by the

spring) and electrostatic stiffness (by high-voltage bias V3),
respectively, and their values are expressed by
2
k, = — k, = _M.
x (80 — x)?

With a larger Vp, the MEMS’s overall stiffness (k,, + k)
decreases, resulting in a higher MEMS sensitivity to accel-
eration. This further transfers into a nonlinear increase in the
MEMS signal Viy at given accelerations as shown in Fig. 3(b).
When Vg is small, the electrostatic feedback is negligible,
and Vi increases linearly with Vg, as described in (7). When
Vg becomes large and generates a strong enough electrostatic
force on the proof mass, a super-linear increase in Viy results.
This super-linear increase in the MEMS signal has not been
utilized in prior work because of the challenges associated with
the MEMS full-scale reduction and the risk of pull-in. How-
ever, there is a large potential associated with it to improve
the accelerometer’s SNR without necessarily increasing power
consumption and circuit complexity. Section II-D outline the
proposed approach to generate the proper high-voltage bias
and achieve an optimized accelerometer performance with sub-
nW ultralow-power.

mX >

(10)

Y

(12)

D. Electrostatic Mismatch Compensation

To take advantage of the high-voltage bias while mitigating
its side effect due to electrostatic feedback, we utilize the

MEMS’s differential structure and apply balanced +/— voltage
on the two electrodes neighboring a proof mass. As shown in
Fig. 4(a), EL1 is biased with a positive high-voltage Vj.,
while EL2 is biased with a negative voltage Vz_ = —Vp,.
When PMI1 is dc coupled to ground/substrate, it will expe-
rience equal electrostatic forces F,; and F,, from EL1 and
EL2, respectively, but in opposite directions, so they cancel
each other out. Then, PM1 will no longer suffer from the
mismatch of electrostatic force regardless of the value of Vg
and Vp_.

However, maintaining a balanced electrostatic force on
PM1/PM2 is tricky in practical applications, and electrostatic
feedback still exists due to electrostatic mismatch, defined
as Fn = F.1 + F,. There are two reasons for a nonzero
electrostatic mismatch.

1) During MEMS fabrication, process variation can cause

a mismatch in the MEMS’s mechanical parameters [e.g.,
area A or gap distance go in (9)]. Circuit nonidealities
also induce electrical mismatches, such as voltage errors
and ripples, making it difficult to generate exactly equal-
ized Vg4 and Vp_ voltages.

2) Even if we have a perfectly symmetric MEMS and a
well-balanced Vg and Vp_, we can only guarantee the
electrostatic balance under stationary conditions

SQA V32 SoA V32

80* 80*
Once there is an input acceleration (x # 0), F,; and F,,
will diverge and cause electrostatic mismatch

Fmis: el+Fe2= =0.

13)

e0AVE?  e9AVg?
Fuis = Fot + Fo = ———— — 2P (14)
(8o —x)* (8o +x)
which is simplified as
4g0x
Fris = 80AVp> ———. 15
s = e0AVs Ty 15)

When x? < go%, Fnis increases proportionally with the

proof-mass displacement (acceleration). And if x grows

large enough under strong accelerations, the increase of

Fhnis becomes more dramatic and eventually converges

to the single-ended electrostatic force described in (9).

For both of the reasons listed above, the electrostatic mis-

match increases quadratically with increasing Vg, and thus

both issues need to be carefully considered in the high-voltage

bias scheme for MEMS capacitive accelerometers. This article

presents a technique called EMC, which intentionally modu-

lates the bias voltages to address the challenges raised by Fpis.
The EMC technique has two goals.

1) Extend the linear region of MEMS signal sensitivity to
higher V3 levels. As described by (15), the electrostatic
mismatch due to MEMS process variation and circuit
nonideality is amplified with a larger V. To compensate
for the mismatch, EMC directly equalizes F,; and F,,
by introducing an intended voltage skew AVp between
Vp+ and Vp_ and maintaining ultralow voltage errors
and ripples for AVg. As a result, the MEMS signal
sensitivity remains linear at a higher Vjp threshold,
as shown by the blue curve in Fig. 4(b). This implies that
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we can increase the MEMS signal sensitivity by using
higher V3, but without changing the MEMS sensitivity
which results in the reduction of the MEMS full scale.
2) Beyond the linear region, optimize the tradeoff between
MEMS sensitivity and full scale. At very Ilarge
Vg, nonlinearity appears in the MEMS sensitivity,
and electrostatic mismatch is mainly caused by the
proof-mass displacement (input acceleration). A static
EMC approach (e.g., in this article a fixed voltage
skew on the bias voltages) cannot compensate for
the displacement-induced electrostatic mismatch, but it
helps to achieve a better tradeoff between the MEMS
sensitivity and dynamic range by properly controlling
the linearity increase rate and avoid pull-in. The EMC
implementation in this work carefully chooses the values

of Vg, and Vp_ so that sufficient dynamic range is
achieved, and the pull-in point is pushed to a higher
bias voltage. EMC also needs to determine the necessary
safety margin on the bias voltages to accommodate
variation across MEMS chips/wafers.

In summary, EMC aims to guarantee a more stable, pre-
dictable, and variation-robust MEMS operation when utilizing
a high-voltage bias for better accelerometer SNR. EMC is
realized through the HVC chip that we discuss in Section III.

III. IMPLEMENTATION OF THE HVC CHIP
A. High-Precision Bias Voltage Generation for EMC

The EMC technique relies on generating precisely con-
trolled Vg, and Vg_ with proper values to compensate for the
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(a) Comparison between the voltage divider of parallel/serial switched capacitors, showing that the serial structure has a better ac path only controlled

by ®,. (b) Implementation of the Vg, sampling and division circuit, with a separated dirty Vp to precharge the sampling nodes and reduce Vp. ripples.
(c) Implementation of the Vpy and Vp_ average circuit and (d) conceptual waveform showing transient voltages (b) and (c).

MEMS process variation and CMOS circuit nonideality. In this
work, the high-voltage biases are upconverted from Vpp using
Dickson charge pumps [24] for a large conversion ratio, chip
integration, and high efficiency with low load current (Vg
and Vp_ are dc voltages, and EL1/EL?2 are purely capacitive).

Fig. 5 shows the positive and negative charge pumps on
the HVC chip used to generate Vp, and Vp_, respectively.
The charge pump outputs are sampled and compared with the
+/— reference voltages, and the comparison results modulate
the charge pumps’ operations in a delta-sigma manner to
form a closed-loop control on the bias voltages. In addition,
Vg4 and Vp_ are in the range of 20-30 V, so they must
be divided before they can be compared with the on-chip
reference voltages (0-2 V). However, any voltage errors from
the reference are amplified by the large division ratio (e.g.,
20x) when they appear in the bias voltages. For example,
the programmable reference voltages are multiplexed from
a resistive voltage divider that divides 2 V with 128 poly-
resistors, and the quantization error is 2 V/128 & 15 mV. The
resulting error on Vg, and Vp_ will then become 15 mV x

20 = 300 mV, making it difficult to achieve EMC with the
required voltage precision.

To address this challenge, we only perform voltage sampling
and division (20x) for Vg, to control the positive charge
pump. For Vg_, we sample its arithmetic mean with Vg,
and directly compare the mean value with the other reference
voltage to determine the negative charge pump operation. As a
result, Vp_ will follow the change of Vp, while keeping a
programmable voltage skew AVp = (|Vpy| — |Vp-|) that
is determined by the second comparison. In other words,
we refactor the bias voltages into a “common-mode” part and
a “differential-mode” part

Ve+ = 20Vem
Ve_ —20Vem + 2VboMm

(16)
a7

where Veum and Vpy are the reference voltages that are used
by the comparison for the positive and negative charge pumps,
respectively. While the voltage error of V¢ is multiplied by
20 on both V. and Vg_, the Vpy error only has a 2x effect on
(|Vg+|—|Vp_|). This greatly benefits EMC as the electrostatic
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mismatch effect is directly associated with the voltage skew
AVp. More specifically, when we rewrite (14) with x < go
(which is true within our accelerometer’s measurement range),
we have
- e0AUVe+l = [Ve-D(V+| + Vs
mis g02

which shows that Fy,;s scales proportionally to AVp =
(|Ve+| — |Vp—|). With the 128-step voltage divider, the AVp
precision is around 30 mV which is comparable to the level
of voltage ripples at EL1 and EL2, so increasing the precision
(voltage divider step) will not benefit the EMC effect further.
Besides, with a pF-level capacitance at the voltage divider,
the noise level at AVp is 100 ©V which is negligible when
compared to the voltage ripples. In future implementations,
in case a finer EMC controllability is required, the fine-grain
technique proposed by [32] can be utilized to achieve better
mismatch compensation with the same voltage variation.

Meanwhile, to mitigate the effect of supply noise/fluctuation
on Vg, and Vp_, we utilize a subthreshold voltage refer-
ence [25] to generate a 2-V voltage and divide it with the
128-step voltage divider to obtain Vcy and Vpy. The designed
voltage reference is simulated with a 0.7% line sensitivity (LS)
and —41-dB power supply rejection ratio (PSRR), while a
<1% error from 0 °C to 100 °C is also achieved to guarantee
a stable Ve and Vpy at all temperatures. Considering that the
subthreshold voltage reference has a large current variation
between temperatures, we buffer its output voltage before
applying it to the voltage divider to guarantee a sufficient
current that flows through the voltage divider and generates
precise Vem and Vpy. Since AVg = 2 x Vpy, the volt-
age/temperature variation will also have a negligible effect on
EMC, maintaining the potential sensitivity improvement with
proper bias voltages.

(18)

B. High-Voltage Sampling Circuits for Vg, and Vg_

Several circuit challenges are raised with sampling/dividing
the high-voltage Vz, and Vp_. First, the switched-capacitor
voltage divider induces a switching loss approximately equal
to 0.5 fCV2, where f is the sampling frequency, C is the sam-
pling capacitance, and V is the voltage swing. For a sufficiently
fast charge pump feedback control required by EMC (e.g.,
f =1000 Hz, C = 100 fF and V = 30 V), the resulting power
losses on Vg4 and Vp_ are in the 100-nW range, and it takes
even more power consumption from Vpp to replenish the bias
voltage losses. To mitigate the power overhead that results
from frequently sampling/dividing the high-voltage nodes,
we implement a serial-connected switched-capacitor voltage
converter shown in the right-hand side of Fig. 6(a). Unlike its
parallel counterpart on the left, the serial switched-capacitor
divider does not rely on the alternative ®; and &, to update its
output voltage (Vg /20). Instead, its ac signal division is only
activated and maintained by turning on ®,. Although, in many
cases, this can be a disadvantage because of no isolation
between the input and output voltages, it is beneficial for our
application because we want the input voltage variation to be
reflected in the output. So, in the proposed circuit we highly
duty-cycle @, to keep it on and update Vg,/20 with any
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ripples and variations that occur at V.. Meanwhile, for @,
we only turn it on once after a long time (e.g., seconds), so the
sampling frequency will be in the sub-Hz range, significantly
saving power.

A second challenge manifests itself when the storage capac-
itor (300 pF) charge shares with the sampling capacitor,
resulting in ripples on Vp, and Vp_. Even with a large
capacitor ratio, the ripples can be in the 100-mV range
due to the high-voltage scales of Vg, and Vjp_, causing an
unpredictable, transient Fp,;; to the MEMS and increasing the
common-mode noise seen by the AFE circuits. To address
this issue, we separate Vg, and Vp_ from two “dirty” nodes,
DVp, and DVp_, each through a large RC constant (r =
1 G x 100 pF = 0.1 s). During voltage sampling, DVpg
and DVpg_ will first precharge the sampling capacitors to near
V. and Vp_ so that the ripples occur on the dirty nodes
instead of the actual MEMS bias voltages. The dirty nodes’
voltage loss will later be replenished by the charge pump but
through the large RC network. As a result, Vg, and Vp_ only
see charge pump ripples rather than the much larger sampling
ripples.

Fig. 6(b) and (c) shows the final implementation of the
high-voltage sampling and division/average circuits, while
Fig. 6(d) describes the transient waveform during voltage
sampling. The pulsewidth of ®; and &, remains less than
1% of the sampling clock period, while @5 are turned on for
the vast majority of time to maintain an ac path from the
input to the output voltage, as we discussed above. Timing
switches are implemented with high-voltage transistors with
their control signals level-shifted with the capacitive level
shifters from [26], mitigating control power with low sampling
frequency. Furthermore, in the voltage average circuit in
Fig. 6(c), we include current-limiting resistors to reduce volt-
age spikes on (|Vgy| —|Vp_])/2 due to the timing difference
of the Vg, and Vp_ switches and prevent the spike from
damaging the comparator circuit.

C. Electrostatic Pull-In Detection and Protection

When EMC optimizes the tradeoff between MEMS sen-
sitivity and full scale, it applies the highest Vp, and Vp_
with a safe margin for input accelerations and MEMS process
variation. However, it is still possible that during the oper-
ation/calibration phase, an improper bias voltage is applied
and triggers an electrostatic pull-in for the MEMS. While the
pull-in is mechanically recoverable and nondamaging for the
MEMS chip, it raises issues for the AFE chip because of
the electrical contact between the proof mass and electrode.
As shown in Fig. 7(a), when PM1 pulls-in with ELI, the
large storage capacitor at EL1 will charge PM1 to near Vp,.
Since PM1 is connected to the amplifier input on the CMOS
AFE chip, the high voltage may cause the breakdown of
the transistor’s gate oxide and permanently damage the AFE
circuit.

To prevent this from occurring, we implement a pull-in
detection and protection circuit on the HVC chip, as shown
in Fig. 7(b). We first connect a smaller (5 pF) capacitor
to Vpy so that when PMI1 pulls-in with EL1, the voltage

Authorized licensed use limited to: University of Michigan Library. Downloaded on February 14,2024 at 15:43:59 UTC from |IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PENG et al.: ULTRALOW-POWER TRIAXIAL MEMS ACCELEROMETER WITH HIGH-VOLTAGE BIASING AND EMC 9
Positive | Vi, EL1 | VBt v, VB-}—_\—U 500k Ve EL1
Dickson CP \ 4 >
p.i Z — —
300pF T > C1 v Cz I5PF 1MQ =G, ==,
= & VEY Voo Voo
0.5pF N PM1
Pull-in o Jpwn E o 1 Lo 4 Pullin~—gi——_
B
300;F__|_ PM 1 100MQ PM2
5&02 ;éC1 = = ) VDD. ) yﬁcz ;éc1
Positive ELZZ Pull-In Protection Circuit
Dickson CP| Vo>
B- B ?—Ef EL2
CMOS HVC IC MEMS IC CMOS HvVC IC MEMS IC
(a) (b)

Fig. 7. (a) Without the protection circuit, pull-in results in high-voltage stress in PM1 that can damage the AFE circuit. (b) With pull-in protection, the
voltage drop in EL1 will ground Vg and prevent damage to the AFE chip.
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Fig. 8. Top-level diagram showing the MEMS + CMOS AFE chip.
drop at EL1 will be large enough to be detected. The EL1 IV. IMPLEMENTATION OF THE MEMS AND CMOS
voltage drop is ac-coupled with a high-pass filter (0.5 pF and ANALOG FRONT-END CHIP

100 M) to generate a reset signal that grounds Vp, via

transistor M1. By controlling the bandwidth of this feedback, The HVC chip generates a proper pair of Vp, and Vp_
it can detect and ground Vp, before it generates a suffi- with EMC and applies the bias voltages to the MEMS elec-
ciently high-voltage spike that can damage the AFE circuit. trodes EL1 and EL2, respectively. When acceleration occurs,
After Vg, is grounded to 0, the electrostatic force between a differential MEMS signal Viy is generated across PM1 and
PM1 and EL1 disappears, and PMI is recentered by the PM2 due to the MEMS capacitance change, and the signal
spring. Meanwhile, in the pull-in protection circuit, Vpp will is amplified by the CMOS AFE chip. Equation (7) shows
recharge the 0.5-pF capacitor through the dc path (100 MS2), that the MEMS signal declines with the proof-mass parasitic
and the reset signal is retracted to enable Vg, to rebuild capacitance Cp,. Therefore, to reduce Cpy due to the MEMS-
its voltage. CMOS interconnect, we eutectically bond the MEMS and
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CMOS AFE circuit at the wafer level and then dice the wafer
into two-layer face-to-face bonded MEMS-CMOS chips.

On the CMOS AFE chip, we adopt a two-stage capacitive
coupled amplifier design consisting of an LNA followed by
a programmable-gain amplifier (PGA) as shown in Fig. 8.
The combined LNA and PGA design is similar to [27] with
auxiliary amplifiers to shift their output dc-levels to the input
for maximized dynamic range. The detailed schematic of
the LNA/PGA/auxiliary amplifier can be found in Fig. 9,
and we generate tunable bias voltages (Vgpi_3) on chip
with diode-connected transistor stacks (similar to [27]). The
diode-connected transistors are sized identically to the transis-
tors in LNA and PGA, thus providing a similar bias voltage
scaling effect through PVT variations. With the default gain
and bandwidth settings (consumes about 40-nW amplifier
power), the LNA has a 16-kHz unity-gain bandwidth, with

=
oL
b

(b)

(c)

(a) HVC die photo. (b) CMOS die photo and the eutectically bonded MEMS-CMOS die. (c) Testing setup for the accelerometer measurement.

a 6.5-uV integrated noise level from 5 to 200 Hz, and a
>55-dB PSRR. The PGA has a 6.5-kHz unity-gain band-
width while its noise characteristics are not critical for the
system. For the PGA design, a telescopic structure is used
to provide sufficient open-loop gain (>70 dB in simulation)
to minimize gain nonlinearity errors [28]. Both the LNA and
PGA consume low power, but their noise floor is far below
the significantly increased MEMS signals, thus achieving a
high SNR. Especially, the size of the LNA input pair is
enlarged (W/L = 187/0.42 pum) to achieve a 20-Hz 1/f cor-
ner. Further decreasing this corner would require even larger
devices (extra chip area + larger parasitic at the input, which
degrade the signal amplitude) or feedback/chopping techniques
(much higher power). This corner frequency is a good tradeoff
as we target detecting motions that are mostly at higher
frequencies.
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Fig. 11. Measured transient waveform showing the HVC bias voltage generation from cold start, and the AFE output voltage in both FF and MD modes.

The system has two operating modes. In the full-function
(FF) mode, the AFE circuit generates a rail-to-rail analog
voltage output that covers a 1.5 g measurement range for
accelerations. In the absence of acceleration, it can switch to
an ultralow-power MD mode to only output a 1-bit signal when
there is an acceleration exceeding a detection threshold. The
“threshold” of MD is defined by the application requirement
(e.g., 10 mg for a security system), and it is changed with
the comparator offset voltages (Venm and Venp in Fig. 8) that
can be externally configured. During the MD mode, Vpp is
reduced from 2 to 1.2 V, and the amplifier bias current is
further reduced to sub-nA levels to save circuit power.

A main challenge for the AFE chip is its bandwidth design.
Although the AFE low-pass corner is defined by the PGA
bandwidth and can be directly modulated with the PGA
bias current, its high-pass corner design remains difficult
to implement. With the dc bias voltages Vp; and Vp_,
the MEMS capacitor bridge can only sense the change of
accelerations and produce ac signals. While this approach is
acceptable for MD applications, this requires that the AFE
circuit define a high-pass corner with the amplifiers’ feedback
RC networks. With a feedback capacitor of 100 fF for low-
power operation, the resistance needs to be at tera-ohm levels
to guarantee a sufficiently low high-pass corner. As shown
in Fig. 8 (top), we first implemented a 1-TQ2 feedback
resistor with the pseudo-resistor [29], achieving a near-Hz
high-pass corner. To detect very slow motions and reduce
frequency variation from pseudo-resistors, we implemented
a second version of the AFE that utilizes a sample and

average feedback resistor (SAFR, proposed in [30]) for a
100-TS2 equivalent resistance and pushed the AFE high-pass
corner to 0.2 Hz. However, with the nonchopping dc bias
voltages, it is not possible for the proposed design to detect
dc accelerations, and we intentionally trade this ability for
a magnitude-lower power consumption than the ac-driving
accelerometers. Also, the transducer offset cancellation is not
required in our implementation. In future implementations,
a possible solution to enable dc sensing is to add a mode where
chopping is enabled at a relatively low frequency. Because of
the high-voltage bias, the low-frequency chopping will provide
good resolution to the dc acceleration while consuming a
(reasonably) higher power. In the meanwhile, an offset cancel-
lation technique would be needed with the extra cost of chip
power.

V. MEASUREMENT RESULTS AND ANALYSIS

A. Accelerometer Performance Measurements

We fabricate the HVC chip in a 180-nm HVBCD process
and the AFE chip in a 180-nm MEMS-compatible process.
Ideally, it would be beneficial to implement both HVC and
AFE blocks on the same chip with the HVBCD process, but
the HVBCD process does not support the MEMS-compatible
design with the required features (e.g., specialized top metal
layers) to allow postprocessing of eutectic bonds between the
AFE and MEMS die. As a result, HVC and AFE are imple-
mented on two separate dies, as shown in Fig. 10(a) and (b),
respectively. The AFE chips are postprocessed and eutectically
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Fig. 12. Measured results for (a) accelerometer sensitivity with >20-V Vp and Vp_, showing an optimal 1.2-V voltage skew. (b) Accelerometer sensitivity
from O to 25 V bias maintaining a 1.2-V skew. (c) Linearity of accelerometer output within the 1.5-g full scale. (d) Accelerometer input-referred noise
(determines its resolution) in FF and MD mode. (e) and (f) Power breakdown of the HVC and AFE chip in the FF mode (measured total power * simulated

percentage for each subcircuit block).

bonded by InvenSense, Inc. with their designed MEMS chips.
The MEMS chip has a 5-kHz resonance frequency, a 100-
fF rest capacitance, and a 90 nF/m capacitive sensitivity.
To test the fabricated accelerometer system, we mount the PCB
with chip packages to a shaker table that gives acceleration
excitations in three different angles, covering the X-, Y-, and
Z-axes. We verified the performance for all three axes but
only show the Z-axis results in this article for brevity. Both
the HVC and AFE chips are powered by external sources,
while the AFE analog outputs are captured by the Keysight
EDUXI1002A digital storage oscilloscope and quantized by a
MATLAB postprocessing program.

Fig. 11 shows the measured transient waveform of the HVC
output and the AFE output in both FF and MD modes. During
cold startup, HVC gradually builds up Vg, and Vg_ while
always maintaining a constant voltage skew AVp = 1.2 V for
EMC. In the steady state, the ripple on AVjp is constrained
within 40 mV (<0.1% of full-scale voltage between Vg, and
Vp_), which guarantees a <3% transient changes on the EMC

effect due to the ripple voltages. In the FF mode, the AFE
output increases with the bias voltages as indicated in (7)
and stabilizes with a 56-dB signal-to-noise-and-distortion ratio
(SNDR) at Vg, =239 V and Vp_ = —22.7 V. With the same
bias condition, the AFE circuit can detect accelerations down
to 3 mg in the MD mode, producing a one-bit detection signal
at the output.

An important question is how to determine the value of Vg,
and Vg_ to achieve maximum signal increase while maintain-
ing sufficient MEMS dynamic range. Since EMC is especially
critical in the high-voltage domains, we measure a typical
accelerometer sample and plot its sensitivity with all com-
binations of Vg, and Vg_ that are larger than 20 V, as shown
in Fig. 12(a). While significantly unbalanced Vp/Vp_ results
in MEMS pull-in due to the large electrostatic force mismatch,
equal-valued Vg, /Vp_ also fails to produce optimized sensi-
tivity due to MEMS asymmetry and process variation. With
the MEMS design used in this work, it is advantageous to use
a higher positive bias voltage over the negative bias voltage.

Authorized licensed use limited to: University of Michigan Library. Downloaded on February 14,2024 at 15:43:59 UTC from |IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PENG et al.: ULTRALOW-POWER TRIAXIAL MEMS ACCELEROMETER WITH HIGH-VOLTAGE BIASING AND EMC 13
10 5 — Batch-
Total of 30 = 1200 12 33:%"9:‘;65@(:

™ Chips from 5 §,1000 N » 10 -
238 Wafers 2> A o Optimal EMC
2 = A A [N
& 3 A g £ g |[NoEWC W=784,0=85
T = 800, A 4 o, K |
26 @ Ly oAk o M =475,
= S AU et 2 o |[o=56
S o 600 " N 5 6
S 4 & Yo, 4,0 .ot.'o.’o"' ' . ’. s \
B R e I
2
£2 S A Optimal EMC g )
= 2 200 | ¢ Batch-level ENC =

g L2 NoEMC 0

0 030609121518 ) 10 20 30 0 300 600 900 1200
Optimal AVgfor EMC (V) Chip Sample ID Accelerometer Sensitivity (mV/g)
(a) (b) (c)

Fig. 13.

(a) Distribution of the optimal voltage skews AVp (that achieves the highest bias voltage before pull-in) across 30 different MEMS/CMOS chips.

(b) EMC-designated accelerometer sensitivity for the 30 chip samples, with individually chosen AVp (red triangle), wafer-average AVp (blue diamond), and

zero AVp (black dot). (¢) Distribution of the results in (b).

An optimal AVp = 1.2 V is observed for the highest accessi-
ble sensitivity for this chip sample. By keeping the 1.2-V volt-
age skew, we plot the accelerometer sensitivity increase with
Vg /Vp_ from 0 to 25 V in Fig. 12(b). Similar to that observed
in Fig. 4(b), the accelerometer sensitivity first increases lin-
early with small bias and then becomes super-linear above
15 V, finally pulling-in at around 25 V. The MEMS has zero
measurement range at the pull-in point, so EMC backs off a
few steps to Vg = 23.9 Vand Vp_ = —22.7 V at which point
it maintains a >>20 g proof mass dynamic range which is well
above the AFE dynamic range. The proposed accelerometer
gains a >40x higher sensitivity from its high-voltage biasing
(with EMC) compared to biasing with the supply voltage in
the conventional accelerometer scheme.

With the EMC-designated bias voltages, the MEMS sen-
sitivity is increased at the cost of a larger variation- or
displacement-induced electrostatic mismatch, which reduces
its dynamic range. However, the MEMS dynamic range is
still significantly larger than the accelerometer’s full scale
(£1.5 g which is defined by the AFE chip, thus guaranteeing a
good output linearity as given by (5). Fig. 12(c) demonstrates
the accelerometer output voltage versus input accelerations,
showing a 775-mV/g sensitivity and a <1% linearity error.
Taking advantage of the large MEMS signal, the accelerometer
achieves 121- and 165-ug//Hz input-referred noise floors for
FF and MD modes [Fig. 12(d)], respectively, while consuming
only 110 and 22.4 nW in the AFE chip. Note that in Fig. 12(d),
the total noise is dominated by flicker noise, so the high-
voltage biasing technique brought fewer advantages in terms
of AFE power savings, compared to that in a thermal noise
dominated system. Including the 223 nW HVC power used to
generate the triaxial MEMS biases, the accelerometer system
consumes a total of 184 and 96 nW per axis in the FF mode
and MD mode, respectively. Table I summarizes and compares
the performance of the proposed accelerometer with that of
the prior arts focus on low power [9], [10], [11], [16], [17],
high resolution [3], [4], [6], [8], or large bandwidth/dynamic
range [31], [32], [33]. Compared to prior art, the pro-
posed accelerometer with high-voltage biasing achieves a

10.3x improvement in FoM considering the power-noise prod-
uct over bandwidth.

B. EMC Measurement With Process Variation

The EMC-optimized AVg is 1.2 V for the measured chip
sample. The question remains whether this voltage differen-
tial is robust across MEMS process variations and how to
reliably use high-voltage biasing for mass-produced MEMS
accelerometers across different batches. To answer these ques-
tions, we repeat the measurement process in Fig. 12(a) for
30 accelerometer samples from five different MEMS/CMOS
wafers and plot their optimal AVp in Fig. 13(a). Ideally,
it is best to use individually optimized A Vgs for each chip’s
Vp+ and Vp_ because this provides the optimal EMC and
results in a higher accelerometer sensitivity (784 mV/g) with
sufficient MEMS dynamic range, as shown by the red triangles
in Fig. 13(b).

Though each chip only needs a one-time calibration after
fabrication, this may still increase the test cost in mass pro-
duction. Alternatively, a “batch-level EMC” can be performed
by measuring the subset of chips on the same wafer (in this
test, six samples per wafer) and applying their average AVp
for all the chips on that wafer. The blue diamonds show the
sensitivity of the accelerometer with this technique. Fig. 13(c)
shows that the optimal (individual) EMC yields the highest
mean sensitivity of 784 mV/g, a 1.65x increase over no EMC
(simply applying AVp = 0 V). Batch-level EMC incurs a
sensitivity penalty of 24% at 596 mV/g compared with the
optimal EMC but remains 25% better than with no EMC.

Finally, we perform a long-term, repeated pull-in test
to characterize the accelerometer’s durability in the case
of repeated pull-ins due to large accelerations or improper
MEMS bias. We intentionally triggered the MEMS proof-
mass pull-in with higher-than-normal Vz, and Vp_, and we
confirmed the pull-in event by observing a dramatic degrada-
tion of the accelerometer sensitivity (output amplitude). Then,
we retracted the bias voltages to be less than 20 V, waiting
for about 15 s until we observed the sensitivity recovery.
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TABLE I
PERFORMANCE SUMMARY OF THE PROPOSED MEMS ACCELEROMETER AND COMPARISON WITH PRIOR WORKS

CMOS MEMS- . . Supply Power ¢ )

Publication ~ Process Type Area ::12 CMOS Scelfll;u( ) B(Z;_Illg)w;dth ?1015/6\/]:;%); Voltage per Axis FOI\//IH(GL w
(mm?) Integrated g Hg o W) (LW) rg/iz

JSSC .. .
0.5um Capacitive 49.0 1 No +0.4 1 - 300 0.03 3.0 20000 34.6

2019 [3]

ISSC 0.5um Capacitive 7.80 1 No +1.2 300 0.2 7.0 23000 © 266
2015 [4] K P : : : :

ISSC 0.35um Capacitive 6.66 1 No +1.15 200 2 3.6 3600 © 509
2012 [6] b P : : .

JSSC I b e

0.35um Oscillation  6.00 1 No +20 40 0.4 1.5 4370 276
2017 [7]

VLSI 0.18 Capacitive 1.14 1 No +8 50 970 1.0 0.181 ¢ 24.8
2018 [9] epm P : : : :
ADXL- - .

362 [10] - Capacitive - 3 Yes +8 50 550 2.0 1.2 93.3

JSSC 0.13um(LV) . 17.6(LV) 1.4(LV)

2020 [8]  0.35um(HV) Capacitive 26.0(HV) 1 No +0.55 400 0.022 12(HY) 14800 16.3

VLSI 0.18um Capacitive - 1 Yes 41000 118000 6000 - 110000 1.92x 106
2020[31] ’ ’

ISse 0.184m  Capacitive  1.65 1 Yes 45000 5700 46.6 1.8 117000 72104
2023[33] ’ ’ ] ’ ’ ’

TCSI 0.18 Capacitive 1.65 1 No +12 2500 270 1.8 117 632
2022[11] oK P : :

[TIM 0.18 C itive 1.65 1 N +2 12500 112 1.8 103 103
2022[16] 18um apacitive . [ . 3

Test 0.18 Capacitive 165 1 No +6.5 1000 63 18 346 68.9
2022[17] opm paciiv : : ‘ : :

This 0.18um(LV) . 2.88(LV) d 2(LV)

work 0.18um(HY) Capacitive 455(HV) 3 Yes +1.5 5-200 121 2.4(HV) 0.184 1.59

2 Some works are capable of sensing DC accelerations, but their noise floor is measured starting from a high-pass frequency similar to this work (5Hz).

b Estimated with the noise spectrum figure.
¢ A widely used FoM = power x noise floor - vV BW.

9 FF mode result for a good comparison with prior works. In MD mode, the noise floor is 165ug/v/Hz with 96nW power, achieving an FoM of 1.13.

¢ Include the ADC power.

We programed the bias voltage changes as a sequence and
repeated for more than 10000 times. After >10000 pull-
ins, we remeasured the accelerometer and confirmed no
sensitivity degradation due to the MEMS structure and the
AFE circuit. This validates the safety and robustness of the
proposed accelerometer, giving its usage of high voltages
as bias.

VI. CONCLUSION

This article presents a triaxial MEMS capacitive accelerom-
eter using high-voltage biasing to achieve high resolution
with ultralow power. The accelerometer consists of an MEMS
sensing chip, an AFE chip, and a high-voltage companion chip
to generate the optimized bias voltage for the MEMS chip.
By using the high-voltage bias, the MEMS signal is raised
above the AFE noise floor, eliminating the power-hungry
amplifier and signal-chopping used in the conventional MEMS
accelerometers. The HVC chip, in addition to producing
programmable MEMS bias voltages, also compensates for
the electrostatic mismatch induced by the high-voltage biases.
The proposed accelerometer is fabricated and achieves a
121- pg/+/Hz input-referred noise floor with 184-nW power

(including bias generation), demonstrating a 10.3x FoM
improvement over prior art.

REFERENCES

[11 G. Shi, C. S. Chan, W. J. Li, K.-S. Leung, Y. Zou, and Y. Jin, “Mobile
human airbag system for fall protection using MEMS sensors and
embedded SVM classifier,” IEEE Sensors J., vol. 9, no. 5, pp. 495-503,
May 2009.

[2] M. Elhoushi, J. Georgy, A. Noureldin, and M. J. Korenberg, “Motion
mode recognition for indoor pedestrian navigation using portable
devices,” IEEE Trans. Instrum. Meas., vol. 65, no. 1, pp. 208-221,
Jan. 2016.

[3] Y. Kamada, A. Isobe, T. Oshima, Y. Furubayashi, T. Ido, and
T. Sekiguchi, “Capacitive MEMS accelerometer with perforated and
electrically separated mass structure for low noise and low power,”
J. Microelectromech. Syst., vol. 28, no. 3, pp. 401-408, Jun. 2019.

[4] H. Xu, X. Liu, and L. Yin, “A closed-loop £ A interface for a high-Q
micromechanical capacitive accelerometer with 200 ng/,/Hz input noise
density,” IEEE J. Solid-State Circuits, vol. 50, no. 9, pp. 2101-2112,
Sep. 2015.

[5] D. Liu, W. Wu, J. Liu, J. Fan, S. Yan, and L. Tu, “A force balance
micromachined accelerometer with a self-noise of 1 ng/Hz1/2,” in Proc.
IEEE Int. Symp. Inertial Sensors Syst. (INERTIAL), Mar. 2020, pp. 1-4.

[6] M. Yucetas, M. Pulkkinen, A. Kalanti, J. Salomaa, L. Aaltonen, and
K. Halonen, “A high-resolution accelerometer with electrostatic damp-
ing and improved supply sensitivity,” IEEE J. Solid-State Circuits,
vol. 47, no. 7, pp. 1721-1730, Jul. 2012.

Authorized licensed use limited to: University of Michigan Library. Downloaded on February 14,2024 at 15:43:59 UTC from |IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PENG et al.: ULTRALOW-POWER TRIAXIAL MEMS ACCELEROMETER WITH HIGH-VOLTAGE BIASING AND EMC 15

[7] X. Wang et al., “A 0.4 p1g bias instability and 1.2 ug/./ Hz noise floor  [29] C. M. Lopez et al., “An implantable 455-active-electrode 52-channel

MEMS silicon oscillating accelerometer with CMOS readout circuit,” CMOS neural probe,” IEEE J. Solid-State Circuits, vol. 49, no. 1,
IEEE J. Solid-State Circuits, vol. 52, no. 2, pp. 472-482, Feb. 2017. pp. 248-261, Jan. 2014.

[8] Y. Furubayashi et al., “A 22-ng/,/ Hz 17-mW capacitive MEMS [30] R. Rothe et al., “Sample and average common-mode feedback in a 101
accelerometer with electrically separated mass structure and digital nW acoustic amplifier,” in Proc. IEEE Symp. VLSI Circuits, Honolulu,
noise-reduction techniques,” IEEE J. Solid-State Circuits, vol. 55, no. 9, HI, USA, Jun. 2020, pp. 1-2.
pp. 2539-2552, Sep. 2020. [31] X. Li, V. P. J. Chung, M. G. Guney, T. Mukherjee, G. K. Fedder, and

[9] I. Akita, T. Okazawa, Y. Kurui, A. Fujimoto, and T. Asano, “A 181 NW J. Paramesh, “A reconfigurable high-bandwidth CMOS-MEMS capaci-
970 uG/HZ accelerometer analog front-end employing feedforward tive accelerometer array with high-G measurement capability and low
noise reduction technique,” in Proc. IEEE Symp. VLSI Circuits, bias instability,” in Proc. IEEE Symp. VLSI Circuits, Honolulu, HI, USA,
Jun. 2018, pp. 161-162. Jun. 2020, pp. 1-2.

[10] Analog Devices. ADXL362. Accessed: May 2023. [Online]. Available:  [32] X. Li, V. P. J. Chung, M. G. Guney, T. Mukherjee, G. K. Fedder,
https://www.analog.com/en/products/adx1362.html#product-overview and J. Paramesh, “A high dynamic range CMOS-MEMS accelerometer

[11] L. Zhong, S. Liu, D. Xu, and Z. Zhu, “Voltage control ratiometric array with drift compensation and fine-grain offset compensation,” in
readout technique with improved dynamic range and power-efficiency Proc. IEEE Custom Integr. Circuits Conf. (CICC), Austin, TX, USA,
for open-loop MEMS capacitive accelerometer,” IEEE Trans. Circuits Apr. 2019, pp. 1-4.

Syst. I, Reg. Papers, vol. 69, no. 12, pp. 5085-5095, Dec. 2022. [33] X. Li, V. P. J. Chung, M. G. Guney, T. Mukherjee, G. K. Fedder, and

[12] Y. Kurui et al., “Sub-uW operation and noise reduction of mono- J. Paramesh, “A 46.6 ug//Hz single-chip accelerometer exploiting a
lithic 3-axis accelerometers using a SiGe-MEMS-on-CMOS technique,” DTC-assisted chopper amplifier,” IEEE J. Solid-State Circuits, pp. 1-14,
in Proc. IEEE 33rd Int. Conf. Micro Electro Mech. Syst. (MEMS), Jun. 2023.

Jan. 2020, pp. 785-790.

[13] T. Kose, Y. Terzioglu, K. Azgin, and T. Akin, “A single-mass self-
resonating closed-loop capacitive MEMS accelerometer,” in Proc. [EEE
SENSORS, Oct. 2016, pp. 1-3.

[14] F. Chen, X. Li, and M. Kraft, “Electromechanical sigma-delta
modulators force feedback interfaces for capacitive MEMS inertial
sensors: A review,” IEEE Sensors J., vol. 16, no. 17, pp. 6476-6495,

Sep. 2016.

[15] L. Zhong, J. Yang, D. Xu, and X. Lai, “Bandwidth-enhanced over-
sampling successive approximation readout technique for low-noise
power-efficient MEMS capacitive accelerometer,” IEEE J. Solid-State
Circuits, vol. 55, no. 9, pp. 2529-2538, Sep. 2020.

[16] L. Zhong, S. Liu, and D. Xu, “Correlated double amplifying readout
technique for low-noise power-efficient MEMS capacitive accelerome-
ter,” IEEE Trans. Instrum. Meas., vol. 71, pp. 1-11, 2022. L )

[17] L. Zhong, S. Liu, D. Xu, and Z. Zhu, “A 63 ug/./Hz noise floor and Yimai Peng (Member, IEEE) received the B.Eng.
14 pJ power efficiency open-loop MEMS capacitive accelerometer using degree in electrlc_al an_d computer engineering from
closed-loop hybrid dynamic amplifier,” IEEE Trans. Circuits Syst. I, Reg. the Huazhong University of Science and Technology,
Papers, vol. 70, no. 4, pp. 1531-1541, Apr. 2023. Wauhan, .Chlna, in 2015, anfi the M.S. anq Ph.D.

[18] L Y. Park, C. W. Lee, H. S. Jang, Y. S. Oh, and B. J. Ha, “Capaci- degrees in electrical engineering from the University
tive sensing type surface micromachined silicon accelerometer with a of Mlch1gan,. Ann Arbor, MI, USA, in 2017 and
stiffness tuning capability,” in Proc. MEMS, 1998, pp. 637-642. 2022, respectlve.ly.. .

[19] P. Lajevardi, V. P. Petkov, and B. Murmann, “A AX interface for In 202.2’ he J(.)med Qualcomm, Rale}gh, USA,
MEMS accelerometers using electrostatic spring constant modulation for as a Senior Engineer to work on ctreuit research

g pring
cancellation of bondwire capacitance drift,” IEEE J. Solid-State Circuits, and development for higher energy efficiency and
vol. 48, no. 1, pp. 265-275, Jan. 2013. . ' ) robustne.ss, for various proces'sors‘, servers, and .IoT

[20] Y. Chu, Y. Liu, J. Dong, and B. Chi, “Elimination of nonlinearity in fieVlces. His research interests 1ncludf: low-power circuit system deglgns
sigma delta MEMS accelerometer” in Proc. IEEE SENSORS, Nov, 2015, in power management, energy harvesting, analog front end, and intelligent

microrobot systems.
pp. 1-4. . L Dr. Peng was a recipient of the Dwight F. Benton Fellowship at the

[21] Y. Peng et al., A 184 nW, 121 pg//Hz noise ﬂoqr triaxial MEMS University of Michigan.
accelerometer with integrated CMOS readout circuit and variation-
compensated high voltage MEMS biasing,” in Proc. IEEE Symp. VLSI
Technol. Circuits (VLSI Technol. Circuits), Jun. 2022, pp. 84-85.

[22] J. R. Vig and Y. Kim, “Noise in microelectromechanical system res-
onators,” IEEE Trans. Ultrason., Ferroelectr, Freq. Control, vol. 46,
no. 6, pp. 1558-1565, Nov. 1999.

[23] G. N. Nielson and G. Barbastathis, “Dynamic pull-in of parallel-plate
and torsional electrostatic MEMS actuators,” J. Microelectromech. Syst.,
vol. 15, no. 4, pp. 811-821, Aug. 2006.

[24] T. Tanzawa and T. Tanaka, “A dynamic analysis of the Dickson
charge pump circuit,” IEEE J. Solid-State Circuits, vol. 32, no. 8,
pp. 1231-1240, Aug. 1997.

[25] L Lee, D. Sylvester, and D. Blaauw, “A subthreshold voltage reference
with scalable output voltage for low-power 10T systems,” IEEE J. Solid-

State Circuits, vol. 52, no. 5, pp. 1443-1449, May 2017.

[26] Z. Liu and H. Lee, “A 100 V gate driver with sub-nanosecond-delay Seokhyeon Jeong (Student Member, IEEE) received
capacitive-coupled level shifting and dynamic timing control for ZVS- the B.S. degree in electrical engineering from the
based synchronous power converters,” in Proc. IEEE Custom Integr. Korea Advanced Institute of Science and Technol-
Circuits Conf., Sep. 2013, pp. 1-4. ogy, Daejeon, South Korea, in 2011, and the Ph.D.

[27] S. Jeong et al., “Always-on 12-nW acoustic sensing and object recog- degree in electrical engineering from the University
nition microsystem for unattended ground sensor nodes,” IEEE J. of Michigan, Ann Arbor, MI, USA, in 2017.
Solid-State Circuits, vol. 53, no. 1, pp. 261-274, Jan. 2018. He is currently with CubeWorks, Ann Arbor,

[28] S. Song et al., “A 430 nW 64 nV/vHz current-reuse telescopic amplifier researching and developing interface circuits for

for neural recording applications,” in Proc. IEEE Biomed. Circuits Syst.
Conf. (BioCAS), Rotterdam, The Netherlands, Oct. 2013, pp. 322-325.

ultralow power sensor nodes.

Authorized licensed use limited to: University of Michigan Library. Downloaded on February 14,2024 at 15:43:59 UTC from |IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Kyojin Choo (Member, IEEE) received the B.S.
and M.S. degrees in electrical engineering from
Seoul National University, Seoul, South Korea, in
2007 and 2009, respectively, and the Ph.D. degree
from the University of Michigan, Ann Arbor, MI,
USA, in 2018.

Since 2021, he has been a Tenure-Track Assistant
Professor with the Swiss Federal Institute of Tech-
nology Lausanne (EPFL), Lausanne, Switzerland,
leading the Mixed-Signal Integrated Circuits Lab-
oratory (MSIC-Lab), Daejeon, South Korea. He has
authored/coauthored 25 IEEE articles, and he holds 17 U.S. patents from his
time in the industry: before the Ph.D., he was with the Image Sensor Devel-
opment Team of Samsung Electronics, Yongin-si, South Korea, designing the
signal readout chains for high-end mobile/DSLR image sensors. Also, during
Ph.D., he worked with Apple, Cupertino, CA, USA, and Sony Electronics,
San Jose, CA, USA. His current research interests include charge-domain
AMS circuits, sensor interfaces, data converters, energy converters, high-speed
links/timing generators, and millimeter-scale integrated systems.

Yejoong Kim received the bachelor’s degree in
electrical engineering from Yonsei University, Seoul,
South Korea, in 2008, and the master’s and Ph.D.
degrees from the University of Michigan, Ann
Arbor, MI, USA, in 2012 and 2015, respectively,
all in electrical engineering.

He is currently a Research Fellow with the Uni-
versity of Michigan and the Vice President of
Research and Development, CubeWorks, Inc., Ann
Arbor. His research interests include subthreshold
circuit designs, ultralow-power SRAM, the design
of millimeter-scale computing systems, and sensor platforms.

Li-Yu Chen received the B.S. degree in electri-
cal engineering from National Taiwan University,
Taipei, Taiwan, in 2019. She is currently pursuing
the degree in electrical engineering with the Univer-
sity of Michigan, Ann Arbor, MI, USA.

Since 2021, she has been a Research Assistant with
the Wireless Integrated Circuits and Systems Group
(WICS), University of Michigan, researching the
fully autonomous system-on-chip (FASoC) project.

Rohit Rothe (Student Member, IEEE) received
the B.Tech. and M.Tech. degrees in electrical
engineering from the Indian Institute of Technology
Bombay, Mumbai, India, in 2018. He is currently
pursuing the Ph.D. degree in electrical and computer
engineering with the University of Michigan, Ann
Arbor, MI, USA.

His  current research  interests  include
ultralow-power analog very large-scale integration
(VLSI) design, beyond CMOS circuit exploration,
low power dc—dc converters, and the Internet-of-
Things (IoT) sensor systems.

IEEE JOURNAL OF SOLID-STATE CIRCUITS

Li Xu (Member, IEEE) received the B.Eng. degree
in automation from Tongji University, Shanghai,
China, in 2009, the M.S. degree in electrical and
computer engineering from Northeastern University,
Boston, MA, USA, in 2016, and the Ph.D. degree
from the University of Michigan, Ann Arbor, MI,
USA, in 2021.

From 2009 to 2011, he was an IC Design Engineer
with Ricoh Electronic Devices Shanghai Company
Ltd., Shanghai, where he worked on LDO and dc/dc
converter projects. During the Summer of 2015,
he was a Design Intern with Linear Technology Corporation, Colorado
Springs, CO, USA. During the Summer of 2020, he was a Research Intern with
NVIDIA Corporation, Santa Clara, CA, USA, where he has been a Research
Scientist, since 2022. His current research interests include energy-efficient
circuit design.

Ilya Gurin received the B.S. and M.S. degrees in
electrical engineering and computer science from the
University of California at Berkeley, Berkeley, CA,
USA, in 2007 and 2010, respectively.

He joined InvenSense, Inc. (now part of TDK), San
Jose, CA, USA, to work on MEMS motion sensors
for consumer devices. He is currently the Principal
Advanced Technology Engineer with TDK, focusing
on gas sensors.

Omid Oliaei, photograph and biography not available at the time of publica-
tion.

Matthew J. Thompson (Member, IEEE) received
the B.E. degree (Hons.) from The University of
Auckland, Auckland, New Zealand, in 2001, the
M.S. degree from the University of Nevada, Reno,
Reno, NV, USA, in 2003, and the Ph.D. degree from
the University of California at Davis, Davis, CA,
USA, in 2010.

After receiving the B.E. degree, he was a Machine
Designer with Compac Sorting Equipment, Irvine,
USA. After receiving the M.S. degree, he was an
Instructor with the Mechanical Engineering Depart-
ment, University of Nevada, where he was a Research Associate with the
Nevada Terawatt Facility, Reno. In the Summer of 2009, he was with The
University of Newcastle, Newcastle upon Tyne, U.K., where he studied
nonlinear dynamics and control of parametrically excited gyroscopes. Since
2010, he has been a Senior MEMS Design Engineer with InvenSense Inc.,
San Jose, CA, USA, working on high-volume inertial MEMS sensors.

Authorized licensed use limited to: University of Michigan Library. Downloaded on February 14,2024 at 15:43:59 UTC from |IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PENG et al.: ULTRALOW-POWER TRIAXIAL MEMS ACCELEROMETER WITH HIGH-VOLTAGE BIASING AND EMC 17

Stephen Bart (Member, IEEE) received the B.S.,
M.S., and Ph.D. degrees from the Massachusetts
Institute of Technology, Cambridge, MA, USA.

He did his Doctoral Research with Professors
Senturia and Lang on the analysis and design of the
first microfabricated electrostatic motors and pumps.
After the Ph.D. work, he joined Analog Devices,
Inc., Lancaster, SC, USA, where he designed the
MEMS sensor in the well-known Analog Devices,
Inc. ADXL150 family of airbag accelerometers,
which has over 500 million sensors in the field.
From 1996 to 2002, he held several positions at Coventor, Inc., Waltham,
USA, a developer of physical design tools for MEMS systems. He returned
to Analog Devices, as the Senior Product Development Leader, working
on inertial MEMS sensors for the commercial marketplace. He then joined
MKS Instruments to develop high-performance, vacuum absolute-pressure
sensors for semiconductor and industrial applications. He leads the Advanced
Technology Group, TDK-InvenSense, San Jose, CA, USA, where he is devel-
oping advanced gas sensors, ultrasonic and acoustic sensors, and advanced
machine-learning and circuit architectures. He holds 11 patents in the
microsystems area. His research interests include the design, modeling, and
simulation of complex MEMS systems, and machine-learning methods for
sensor data fusion.

Peter Hartwell (Member, IEEE) received the B.S.
degree in materials science from the University of
Michigan, Ann Arbor, MI, USA, and the Ph.D.
degree in electrical engineering from Cornell Uni-
9 versity, Ithaca, NY, USA.
e % \ He is the Chief Technology Officer with
InvenSense, A TDK Group Company, San Jose,
= / CA, USA. He has over 30 years of experience
P h commercializing silicon MEMS products, working
on sensors and actuators, and specializing in MEMS
system integration. At InvenSense, he is responsible
for technology strategy and leads the Innovation and System Solutions
Group. Before InvenSense, he was an Architect of sensing hardware with
Apple, Cupertino, CA, USA, where he built and led a team to integrate
a diversity of sensors across the entire product line. Before Apple, he was
a Distinguished Technologist with Hewlett-Packard Laboratories, Palo Alto,
CA, USA, developing sensors and the architecture forming the basis of HP’s
Central Nervous System for the Earth (CeNSE), an early version of what has
become the Internet of Things (IoT). He has over 40 worldwide patents on
MEMS devices and sensor applications.

David Blaauw (Fellow, IEEE) received the B.S.
degree in physics and computer science from Duke
University, Durham, NC, USA, in 1986, and the
Ph.D. degree in computer science from the Univer-
sity of Illinois at Urbana-Champaign, Champaign,
IL, USA, in 1991.

Until August 2001, he worked for Motorola, Inc.,
in Austin, TX, USA, where he was the Manager
of the High Performance Design Technology Group
and won the Motorola Innovation award. Since
August 2001, he has been on the Faculty of the
University of Michigan, Ann Arbor, MI, USA, where he is the Kensall D.
Wise Collegiate Professor of EECS. He has published over 600 papers, has
received numerous best paper awards, and holds 65 patents. He has researched
ultralow-power wireless sensors using subthreshold operation and low-power
analog circuit techniques for millimeter systems. This research was awarded
the MIT Technology Review’s “one of the year’s most significant innovations.”
His research group introduced so-called near-threshold computing, which has
become a common concept in semiconductor design. Most recently, he has
pursued research in cognitive computing using analog, in-memory neural
networks for edge devices and genomics for precision health.

Dr. Blaauw was a member of the IEEE International Solid-State Cir-
cuits Conference (ISSCC) analog program subcommittee. He received
the 2016 SIA-SRC faculty award for lifetime research contributions to the U.S.
semiconductor industry. He was the General Chair of the IEEE International
Symposium on Low Power.

Dennis Sylvester (Fellow, IEEE) received the Ph.D.

degree in electrical engineering from the Univer-

sity of California at Berkeley, Berkeley, CA, USA,

in 1999.

- He held research staff positions at Synopsys,
% ‘ Mountain View, CA, USA, and Hewlett-Packard

o Laboratories, Palo Alto, CA, USA, as well as Vis-
& iting Professorships with the National University of
" Singapore, Singapore, and Nanyang Technological

/~ University, Singapore. He is currently the Edward

S. Davidson Collegiate Professor of Electrical and

Computer Engineering with the University of Michigan, Ann Arbor, MI, USA.

His research has been commercialized via three major venture capital-funded

startup companies: Ambiq Micro, Austin, TX, USA; Cubeworks, Ann Arbor;

and Mythic, Redwood City, CA, USA. He has published over 500 articles and

holds more than 50 U.S. patents in these areas. His main research interests

are in the design of miniaturized ultralow-power microsystems, touching on
analog, mixed-signal, and digital circuits.

Dr. Sylvester is a member of the Administrative Committee of the IEEE
Solid-State Circuits Society. He was a Distinguished Lecturer of the IEEE
Solid-State Circuits Society. He has received 14 best paper awards and
nominations and was named a Top Contributing Author at the International
Solid-State Circuits Conference (ISSCC) and the most prolific author at the
IEEE Symposium on Very Large Scale Integration (VLSI) Circuits. He is an
Associate Editor of IEEE JOURNAL OF SOLID-STATE CIRCUITS.

Authorized licensed use limited to: University of Michigan Library. Downloaded on February 14,2024 at 15:43:59 UTC from |IEEE Xplore. Restrictions apply.



