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CMOS-MEMS Accelerometer With

Differential LC-Tank Oscillators
Yi Chiu, Hao-Chiao Hong, Senior Member, IEEE, and Po-Chih Wu

Abstract— This paper presents a CMOS-MEMS accelerometer
based on differential LC-tank oscillators. Two LC-tank oscillators
composed of differential MEMS capacitors and suspended induc-
tors were designed and fabricated by standard TSMC 0.18 μm
CMOS processes and post-CMOS dry etching. The outputs of
the differential oscillators are mixed and the output frequency of
the mixer is proportional to the capacitance change caused by the
external acceleration. The device has been characterized and has
a mechanical resonance frequency of 7 kHz, absolute sensitivity
of 3.62 MHz/g, relative sensitivity of 1.9 × 10−3 � f/ f0/g, in-axis
nonlinearity of 1.2 %FS, bias stability of 2.1 mg, and average
noise floor of 0.205–0.219 mg/

√
Hz in the frequency range of

15–250 Hz. [2013-0134]

Index Terms— Accelerometer, CMOS MEMS, differential
capacitor, LC tank oscillator, frequency output, Allan’s deviation.

I. INTRODUCTION

ACCELEROMETERS are one of the most mature and
widely used MEMS devices. They can be found in auto-

mobile airbags, navigation systems, digital cameras, mobile
phones, and game controllers. The sensing mechanism of
MEMS accelerometers can be capacitive, piezoresistive, or
piezoelectric. Among the commonly used mechanisms, capac-
itive sensing has the advantage of high signal sensitivity, low
temperature sensitivity, and good compatibility with IC or
MEMS processes. Therefore, they can be easily fabricated with
low cost and high reliability. It is also possible to integrate
capacitive accelerometers with the mature CMOS integrated
circuits on the same chip to further reduce the parasitic effects
and improve sensor resolution.

Integrated CMOS-MEMS capacitive accelerometers have
been widely studied [1]–[5]. In direct capacitance sensing,
offset in circuits can cause saturation and reduce the dynamic
range. Therefore, care must be taken to avoid the effects of
offset or parasitics. For example, correlated double sampling
[2] and chopper stabilization [3]–[5] are common circuit
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design to reduce the offset in amplifiers. In [3], a differential
difference amplifier was further used to cancel the DC offset
due to circuit mismatch. It is also possible to cancel the
mismatch in sensing capacitors by using digitally controlled
offset trimming capacitors as in [2] and [5]. In comparison,
the functioning of the oscillation circuits in frequency-output
sensors is less sensitive to circuit offset. Even though the
oscillation frequency may vary from chip to chip due to
process, voltage, and temperature (PVT) variations, it can be
calibrated and will not affect the senor performance in practice.

Frequency output has the advantages of high sensitivity,
high dynamic range, and less noise sensitivity. The output can
be easily converted to digital codes by a counter without using
complicated analog-to-digital converters (ADC). Moreover,
sensor performance such as bandwidth and resolution can be
tuned by changing the sampling frequency of the counter.

In frequency-output sensors, the measurand changes the
oscillation frequency of the sensing oscillators. This sensing
mechanism has been applied to a wide range of various
sensors. For example, cantilever-based resonant sensors have
been used to measure mass [6], [7], magnetic field [8],
and viscosity [9]. In these mechanical resonant sensors, the
resonant frequency is influenced by the change in the effective
mass [6], [7], [9] or spring constant [8]. LC-tank oscillators
have also been used to measure mass [7], acceleration [1], [10],
magnetic beads with attached DNA [11], and intra-ocular
pressure [12], [13] by variable capacitors [1], [7], [12], [13] or
inductors [10], [11]. Other frequency-output sensors employed
various forms of relaxation oscillators or ring oscillators to
sense sound levels [14], touch [15], [16], DNA [17], humidity
[18], light [19], and gas [20] by converting variations of
capacitance [14]–[18], light intensity [19] or resistance [20]
into oscillation frequency shift. Thermal dependence of the
transistor characteristics such as propagation delay or thresh-
old voltage can also be used to design frequency-output
temperature sensors [21], [22].

For micro accelerometers, most of the demonstrated
oscillator-based MEMS accelerometers with frequency output
employed mechanical resonators such as double-ended tuning
forks (DETF) [23]–[29], suspended mass-spring systems [30],
or tuning forks [31], [32]. The resonant frequency of the
mechanical resonators is usually between several kHz and
several hundred kHz. Since the output frequency shift of
the oscillators is proportional to the center oscillation fre-
quency, the relatively low resonant frequency results in low
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absolute sensitivity which ranges up to a few hundred Hz/g in
[23]–[32]. Thus long readout time is required if a counter is
used to convert the frequency output to a digital code. The
advantage of mechanical resonant accelerometers is that it
can achieve high Q by vacuum packaging [23]–[32], which
increases the manufacturing cost nonetheless, to improve the
frequency stability and noise performance for inertial and navi-
gation applications. However, it is still necessary to address the
issue of proper damping of the shuttle mass for quick response
in such a high-Q system. This has been demonstrated by using
a more complex packaging [33] or structural design [32].

In contrast, LC-tank based oscillators can achieve higher
oscillation frequency due to its non-mechanical nature and thus
higher sensitivity can be obtained. For example, a center fre-
quency of 2.1 GHz and a sensitivity of 10 kHz/g were reported
in [10]. Even though LC oscillators have relatively low Q
compared to mechanical oscillators, they can operate with sub-
ppm frequency stability without vacuum packaging if carefully
designed [11]. Even though the low-Q LC-oscillator-based
accelerometers without vacuum packaging may not achieve
the ultimate frequency stability of the high-Q mechanical-
oscillator-based accelerometers packaged in vacuum, the for-
mer have the advantages of simpler processes and lower cost,
simple and robust circuit architecture, large dynamic range,
and digital output.

In this paper, an LC-oscillator-based CMOS-MEMS
accelerometer targeted for industry, automobile, and consumer
applications where mg-resolution is satisfactory is presented.
Two LC-tank oscillators composed of comb-finger capacitors
and suspended inductors were designed and fabricated by
standard TSMC 0.18 μm CMOS processes and post-CMOS
dry etching. The high oscillation frequency ( f0 ≈ 2 GHz)
enhances the absolute sensitivity compared to the tradi-
tional accelerometers employing direct capacitance sensing
or mechanical resonators with low resonance frequency. The
paper is structured as follows. Section II describes the oper-
ation principle of the proposed accelerometer and its MEMS
and circuit design. Section III presents the fabricated devices
and the characterization data. Both static and dynamic accel-
eration test data are presented and discussed. Some issues
regarding the design and experimental observation are fur-
ther discussed in Section IV. Finally, conclusion is given in
Section IV.

II. DEVICE DESIGN

A. Operation Principle

In a capacitive MEMS accelerometer, the displacement of
the shuttle mass caused by the external acceleration induces
a change of the sensing capacitance C . In the proposed
device, the sensing capacitance is connected with an inductor
L to form a LC-tank resonator. The change of the sensing
capacitance, �C , due to the acceleration induces a change
of the oscillation frequency which can be read by a counter.
As shown in Fig. 1, two LC-tank oscillators are designed with
differential MEMS capacitors. The oscillation frequencies in
the presence of the external acceleration are

f1,2 = 1/2π
√

LC1,2 = 1/(2π
√

L(C0 + C1p,2p ± �C)), (1)

Fig. 1. Principle of the proposed MEMS LC-tank-based accelerometer.

where C0 is the capacitance of the sensing fingers at rest
and �C is the capacitance change caused by the accel-
eration. C1p,2p represents the loading capacitance, parasitic
capacitance, and capacitance mismatch of the respective oscil-
lators. The outputs of the two oscillators are mixed and
down-converted to facilitate frequency counting. The mixed
frequency after low-pass filtering is

f1− f2 =( f10− f20)+
(

f10

2(C0 + C1p)
+ f20

2(C0 + C2p)

)
�C,

(2)

where f10,20 = 1/(2π L(C0 + C1p,2p))
1/2 are the intrinsic

oscillation frequencies without acceleration. The oscillators are
implemented with C1p �= C2p so that the mixer output has a
non-zero frequency bias f10 − f20. This design avoids low
output frequency and long sampling time for low acceleration
and small �C . It also enables the distinction between negative
and positive �C .

The frequency shift due to �C , i.e. the output signal, in the
last term in (2) is proportional to the external acceleration
as well as the center frequency f10,20. Thus the absolute
sensitivity (in Hz/g) of the sensor can be enhanced by using a
high resonance frequency of the LC tanks. The large frequency
shift due to the enhanced absolute sensitivity is desirable since
it reduces the readout time to resolve different frequencies by
the counter; therefore the signal bandwidth can be increased.

While the frequency shift � f due to external acceleration
can be enhanced by a large center frequency f0, the relative
frequency shift � f/ f0 (in ppm � f / f0/g) is also important
since it is related to the signal-to-noise ratio (SNR) and
resolution. From (2), the relative sensitivity of one oscillator is
� f/ f0 = �C/2(C0 + C1p). Therefore, the overall frequency
sensitivity of the sensor is basically proportional to the capaci-
tance sensitivity �C/(C0 +Cp) determined by the mechanical
and circuit design.

Whereas increasing the absolute sensitivity is needed for
signal bandwidth, it is noted that the relative sensitivity
in combination with frequency stability is what defines the
accelerometer’s in-run performance. Therefore the proposed
LC-based accelerometer is attractive because of cost and is
not to compete with the high-Q mechanical-resonator-based
accelerometer which has good noise and bias performance.
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Fig. 2. (a) Schematic layout of the MEMS sensor (movable part),
(b) asymmetric comb fingers.

B. MEMS Sensor Design

The sensing capacitors are composed of typical MEMS
parallel-plate capacitors between comb fingers; the inductors
are integrated high-Q MEMS inductors embedded in the
moving mass to improve the oscillator performance and reduce
the chip size. The integrated inductor also eliminates the need
for external inductors such as bonding wires [10] or package-
level inductors [34] to further reduce the performance variation
due to packaging.

The schematic layout of the MEMS sensor is shown in
Fig. 2(a). It contains two sets of differential variable capacitors
and two suspended inductors for the two LC-tank oscilla-
tors. The embedded spiral inductors are implemented in the
M6 layer in the TSMC 0.18 μm 1P6M process. It has 5.5 turns
and the metal width is 6 μm. The inductance and quality
factor at 2 GHz are 4 nH and 6.6, respectively, calculated from
the circuit model. The quality factor can be further improved
by removing the substrate underneath it in the post-CMOS
etching process [35], [36].

The capacitor fingers are composed of Poly1 to M6 stacks
with via connecting the conductor layers. The thickness, width,
and overlap length of the fingers are 10.15 μm, 4 μm, and
150 μm, respectively. According to the design rules of the
post-CMOS dry-etching processes [35], [36], the minimum
gap d between the fingers is 4 μm. Furthermore, the sensing
fingers are designed with asymmetric gaps of 4 μm and
12 μm, as shown in Fig. 2(b), in order to distinguish the
displacement in opposite directions. The capacitor for an
oscillator has 38 pairs of comb fingers. The capacitance from
the Coventorware simulation is 263 fF.

In the mass-spring model of the accelerometer, the
sensitivity of a quasi-static accelerometer is

�y/aext = 1/(2π f0)
2, (3)

where �y is the displacement of the shuttle mass, aext is the
external acceleration, and f0 = (k/m)1/2/2π is the mechani-
cal resonance frequency of the system. The four folded springs
in Fig. 2(a) have a total spring constant k of 2.8 N/m. To design
an accelerometer with �y/d = 1/1000 and thus �C/C0 =
1/1500 in the asymmetric sensing capacitors at 1 g accelera-
tion, it can be calculated from (3) that the accelerometer should
have a resonance frequency f0 of 7880 Hz and a mass m of

Fig. 3. First resonance mode of the MEMS structure.

Fig. 4. Block diagram of the sensing circuit.

1.1 × 10−9 kg for the minimum finger gap of d = 4 μm. The
Coventorware simulation shows the resonance frequencies of
the first three modes are 7888 Hz (translation along the main
sensing y axis) (Fig. 3), 9130 Hz (translation along the out-
of-plane z axis), and 13090 Hz (rotation about the y axis).
The translation in the y axis causes opposite change of the
two sensing capacitance, as shown in Fig. 2(b), whereas the
translation in the x or z directions causes the same change
of the capacitance. Therefore, the cross sensitivity in the
x and z directions in this differential sensing mechanism can
be suppressed after the mixing takes the difference of the two
oscillation frequencies even though the resonance frequencies
of the first two modes are close to each other. The fixed fingers
of the sensing capacitors are attached to a curled frame [37]
to reduce the effect of residual stress. In the presence of a
1 g acceleration, the change of capacitance is about 0.2 fF in
simulation.

C. Circuit Design

The block diagram of the sensing circuit is shown in Fig. 4.
It consists of two differential oscillators controlled by the
differential MEMS sensing capacitors, two buffers BUF1 and
BUF2 to isolate the kick-back noise from the backend stages,
a Gilbert cell for mixing the outputs of the oscillators, and a
differential-to-single-ended converter (D2S) for generating the
rail-to-rail clock output ck. An external counter can be used
to count the rising edges of ck within a sampling period 1/ fs
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Fig. 5. Schematic of the LC-tank oscillator.

Fig. 6. Simulation results of the LC-tank oscillator for various process
corners.

and output the digital code. For testing purposes, two buffers
BUF are added at the outputs of the oscillators to observe the
raw oscillation signals.

The schematic of the fully differential LC-tank oscillator is
shown in Fig. 5 where the inductor and the capacitor are fab-
ricated by CMOS-MEMS technology. The equivalent negative
resistance -1/gm of the active transistors is used to compensate
for the power loss due to the parasitic resistance Rs of the
inductor and the capacitor. To sustain stable oscillation, it is
required that gm > 1/Rs . After the RC extraction of Rs in
the layout, the required transconductance gm can be obtained
by the adjusting the tail current through MI. Fig. 6 shows the
simulation results of the oscillator OSC1 for various process
corners. As explained in Section II.A, increasing the oscillation
frequency can enhance the sensitivity of the accelerometer.
However, the oscillation frequency of practical oscillators in
0.18 μm processes is around 2–5 GHz due to process limits.
Therefore, the oscillation frequencies of the two oscillators
OSC1 and OSC2 are designed to be about 2.0 GHz and
1.9 GHz, respectively.

The outputs of the two oscillators go to two buffers for
amplification and common-mode level adjustment before they
are mixed since the two input pairs of the mixer need different
bias voltages to function properly. All buffers have the same
design as shown in Fig. 7 except for different loading resistors

Fig. 7. Schematic of the buffer.

Fig. 8. Schematic of the Gilbert cell.

for adjusting the common-mode output levels and thus the bias
of M7 and M8. It is noted that the different bias conditions
of M7/M8 intrinsically introduce a difference in the parasitic
capacitance C1p and C2p at nodes N1/N2 and N3/N4 in Fig. 4
for the frequency bias f10 − f20, according to (1) and (2).

A Gilbert cell, as shown in Fig. 8, is used to mix the
amplified oscillator signals. The buffered oscillator signals are
connected to the V1/V2 and V3/V4 terminals, respectively.
The two differential inputs are biased at different levels to
keep all transistors of the Gilbert cell operating in the satura-
tion mode. The mixed signal has two frequency components
f1± f2. C1 and C2 in the circuits are used to filter out the high-
frequency component. In the present design, the resistance and
capacitance of the RC filter are 5 k� and 50 fF, respectively.
With additional parasitic capacitance of 30 fF, the pole of the
filter is at about 400 MHz for the signal frequency at 100 MHz.
Since the ratio of the two frequency components is about 40,
the simple RC low-pass filter can provide 32-dB attenuation
for the high-frequency component. The intrinsic bandwidth of
the Gilbert cell and the parasitic resistance and capacitance of
the routing wires provide additional attenuation.

The differential output of the Gilbert cell goes through a
differential-to-single-ended converter to generate the rail-to-
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Fig. 9. (a) Photograph and (b) SEM microgram of a released chip, (c) comb
fingers, (d) spring.

rail output signal ck before it is observed by oscilloscopes
or spectrum analyzers. The output frequency variation can
be converted to a digital code by a simple counter with-
out the high-resolution and complex ADC used in conven-
tional accelerometers [38]–[40]. For example, the proposed
accelerometer with a counter operating at a sampling rate fs

of 500 Hz can achieve a digital output code with more than
17-bit resolution. The ADC with such a resolution is much
more difficult to design and the hardware cost is much higher
than the counter.

III. EXPERIMENTS

A. Post Processing

The proposed CMOS-MEMS accelerometer was first fab-
ricated by the standard TSMC 0.18 μm CMOS processes
through the service of the Chip Implementation Center (CIC),
Taiwan. After the CMOS processes, the post processing
offered by the CIC was adopted to release the structure.
An additional photoresist layer was first coated and patterned
as the etching mask for structure release. Anisotropic SiO2
dry etching was used to define the MEMS structures such as
fingers, springs, and mass. Isotropic Si dry etching was then
used to remove the silicon substrate and release the structure
[35], [36]. Fig. 9 shows the images of a released device.

In addition to defining the mechanical structures, the pho-
toresist layer in the post-CMOS processes also offers addi-
tional protection of the circuits and structures against the ion
bombardment during dry etching. It was shown in [36] that
circuit drift was insignificant in a 5.8 GHz low noise amplifier
fabricated by the same CMOS and post-CMOS processes as
used in this paper. Therefore, all circuit regions in this paper
were covered by the photoresist in the post-CMOS processes.

B. Mechanical Measurement

The measured mechanical resonance frequency and quality
factor Q in atmospheric environment are about 7 kHz and 17,

Fig. 10. Measured mechanical frequency response of the sensor.

respectively, as shown in Fig. 10. The Brownian noise equiv-
alent acceleration (BNEA) can be calculated as

BNEA = √
4kBT ω0/Qm = 20 μg/

√
Hz. (4)

The possible causes of the slight discrepancy between mea-
sured and expected resonance frequencies include (1) variation
in material properties such as Young’s modulus and residual
stress, (2) variation in geometry such as the thickness of
various metal and dielectric layers in the CMOS processes,
and (3) variation in geometry due to post-CMOS processing
such as the attack and residuals of the dry etching. At this
moment, no data regarding these variations are available for
mechanical corner simulation. Therefore, it is important to
follow the CMOS and the post-CMOS design rules provided
by the foundry services to ensure consistent performance.
Nevertheless, a process variation of about 10% is reasonable
from published documents.

C. Static Acceleration Measurement

The sensor response to static acceleration was characterized
in the tumble test by mounting the device on a rotation table
with an angular accuracy of ±1°. The local gravity was used
as the input acceleration. The output oscillation frequency f
can be modeled as a function of the in-axis acceleration
component ay and the cross-axis acceleration component ax ,

f = f (ay, ax)

= f0 + Syay + Sx ax + Syya2
y + Sxyaxay, (5)

where f0 is the bias frequency, Sx is the in-axis sensitivity
(or scale factor), Sy is the linear cross-axis sensitivity, Syy

is the second order nonlinearity, and Sxy is the second-order
cross coupling. In the tumble test, ay = cos θ and ax = sin θ ;
equation (5) can be re-written as

f = f0+Sy cos θ + Sx sin θ + Syy cos2 θ + Sxy cos θ sin θ. (6)

It is noted that the linear cross-axis sensitivity can also be
caused by an angular misalignment and there is no way of
distinguishing between the two. Nevertheless, the coefficient
Sx will be referred to as the cross-axis sensitivity in the fol-
lowing discussion, as in most literatures, even though angular
misalignment is used in [41].
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OSC1

OSC2

Fig. 11. Measured spectra of the oscillators in static conditions.

Fig. 12. Static tumble test.

Fig. 11 shows the output spectra of the oscillators in a typi-
cal device measured by an Agilent 4440A spectrum analyzer in
static test conditions. The measured oscillation frequencies of
the two oscillators are 1.939 GHz and 1.820 GHz, respectively,
indicating a frequency bias f10 – f20 of about 100 MHz at
the mixer output. The phase noise of a typical oscillator is-114
dBc/Hz at 1 MHz offset, which is comparable to a 5.8 GHz
voltage-controlled oscillator fabricated by the same CMOS and
post-CMOS processes [35]. Fig. 12 shows the measured static
output frequency vs. rotation angle. The data are fit to the
following model equation [41]

f = a0 + a1 cos θ + a2 cos 2θ + b1 sin θ + b2 sin 2θ (7)

and the coefficients in (6) can be found from the Fourier

Fig. 13. Allan’s deviation of the fractional frequency.

coefficients in (7),

f0 = a0 − a2 = 9.90 × 107 Hz,

Sy = a1 = 3.44 × 106 Hz/g,

Sx = b1 = 6.34 × 104 Hz/g,

Syy = 2a2 = 5.44 × 104 Hz/g2,

Sxy = 2b2 = −1.32 × 105 Hz/g2. (8)

From the above coefficients, the linear cross-axis sensitivity
is Sx /Sy = 1.8% and the in-axis nonlinearity is Syy /Sy =
1.58 %FS for ±1 g input.

The frequency stability of the oscillator was characterized
by the Allan’s deviation [42] while the sensor was at rest.
The output frequency was measured by a Standford Research
SR 620 frequency counter at a sampling rate of 1 kHz. The
Allan’s deviation of the fractional frequency with respect to
the nominal 1.9 GHz oscillation frequency was calculated
from the measured data by a Matlab code [43]. As shown in
Fig. 13, the frequency stability is about 4 ppm (corresponding
to an accelerometer bias stability of 2.1 mg) and remains
relatively constant for the average time τ from 1 ms to
0.3 sec. This τ 0 dependence indicates the dominant noise is
the frequency flicker noise [42], which can also be observed
on the spectrum of the measured frequency. For longer average
time, the deviation has a τ 1/2 dependence due to frequency
random walk [42] which was probably caused by the poor
control of temperature and EMI in the testing environment.
As shown in Fig. 9(a), the two oscillator circuits are physically
distant from each other. The post processes and residual
stress may also cause structural asymmetry in the released
device. These factors reduce the common-mode rejection of
the environmental variation in the sensor output. Therefore,
the frequency stability can be improved by a more careful
circuit design, as in [11], or mechanical design, as in [32],
for better temperature compensation. The flicker noise can be
reduced by properly adjusting the transistor sizes in the current
design.

D. Dynamic Acceleration Measurement

The sensor was excited by an electromagnetic shaker
(LDS V406) in the main sensing direction with excitation
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Fig. 14. Dynamic acceleration test, (a) sensor output signal, (b) spectra of the
sensor output and the reference output showing power noise and harmonics.

frequency fin. A commercial accelerometer (PCB Piezotronics
model 353B17) was used as a reference to determine the
excitation level aext. The output frequency was measured by
the frequency counter with a sampling frequency fs . After
the time trace of the output was recorded, its spectrum was
calculated by fast Fourier transform (FFT) to decide the output
signal level and the signal-to-noise ratio (SNR).

Fig. 14 shows the output signal and its spectrum of a typical
measurement with fin = 20.54 Hz, fs = 500 Hz, and nominal
acceleration amplitude aext = 0.5 g. The data show that the
sensor in the test achieves a SNR of 41.5 dB and a signal-to-
noise-and-distortion ratio (SNDR) of 37.7 dB. It corresponds
to an average noise floor in the measurement bandwidth of

aext10−SNR/20/
√

fs/2 = 0.276 mg/
√

Hz. (9)

Fig. 14(b) indicates the second harmonic (H2) and the 120
Hz AC power noise are the dominant components that dete-
riorate the SNDR performance of the sensor. To determine
the root causes that limit the sensor noise floor, the measured
spectrum of the reference accelerometer is also plotted in
Fig. 14(b). It can be seen that the shaker contains significant
harmonic signals (H2 to H7). However, the sensor output has a
relatively higher second harmonic caused by the stress-induced
curling sensing fingers and thus nonlinearity in the transfer
characteristics. Fig. 14(b) also indicates the most significant
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Fig. 15. (a) Frequency response test, (b) measured average noise floor.

noise components are the AC power noises at 120 Hz and
240 Hz; they are introduced by the shaker because they appear
in all dynamic tests but not in static tests. These AC power
noises should not be considered as a part of the sensor noise.
To exclude the power noise, we define SNRwo60 as the SNR
without the 60-Hz noise and its harmonics. This value repre-
sents a better evaluation of the actual sensor characteristics.
The SNRwo60 value of the sensor output in Fig. 14(b) is
43.7 dB, corresponding to an average noise floor of

aext10−SNRwo60/20/
√

fs/2 = 0.216 mg/
√

Hz. (10)

Fig. 15(a) shows the measured SNDR, SNR, and SNRwo60
for various excitation frequency fin at fs = 500 Hz and the
same nominal excitation amplitude aext = 0.5 g (−6 dBg).
The SNR and SNRwo60 results are between 44.2 dB to
38.7 dB and 44.3 dB to 40.7 dB, respectively. Fig. 15(a) also
plots the acceleration levels calculated from the signal tone in
the measured data. The acceleration levels vary from −6 to
−9.2 dBg though their nominal values are −6 dBg as observed
from the time-domain output of the reference accelerometer.
This explains the fluctuation of the SNR/SNRwo60 plots.
It also implies that the harmonic distortion of the shaker varies
from measurement to measurement.

Fig. 15(b) depicts the average noise floor in the measure-
ment bandwidth vs. the acceleration frequency. Since the SNR
values are limited by the 120Hz and 240Hz AC power noises,
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TABLE I

SENSITIVITY AND NONLINERAITY SUMMARY

the SNRwo60 values are used to compute the noise floor.
The measured average noise floor is within a narrow range of
0.205 to 0.219 mg/

√
Hz, showing the tests have very consistent

noise power in the excitation frequency range of 15 to 250 Hz.
For systems with bandwidth of 10−1000 Hz such as the
targeted consumer, automobile, and industrial applications,
the corresponding resolution of the accelerometer is about
0.66–6.6 mg.

Fig. 16 shows the output levels with respect to the input
acceleration levels at fin = 20.54 Hz and fs = 500 Hz.
The calculated absolute sensitivity, relative sensitivity, and
nonlinearity in the main sensing axis (y) are 3.62 MHz/g,
1.9 × 10−3 � f / f0/g, and 1.2 %FS, respectively, which match
well with the static measurement results. Cross-axis sensitivity
was also measured by position the sensor along different
directions in the dynamic tests. The results are summarized
in Table I. The x axis has a 2.3% cross-axis sensitivity,
close to the static measurement results. The z axis has a
relatively high cross-axis sensitivity of 8.1% caused in part
by the similar mechanical resonance frequency and in part
by the non-uniform deformation due to residual stress after
the proof mass was released. These testing results show
that the demonstrated accelerometer achieved a much higher
absolute sensitivity for sensor bandwidth, comparable relative
sensitivity, and comparable noise floor compared with the
state-of-the-art works, as shown in Table II.

IV. DISCUSSION

A number of issues regarding the design and experimental
observation are discussed in the following in order to gain
more insight to the device characteristics.

A. Bias Frequency

The choice of the frequency difference of the two oscil-
lators, and thus the bias of the output frequency, is a trade-
off of a number of factors. Increasing the bias frequency can
increase the input dynamic range, reduce the readout time
of the frequency counting, and increase the input bandwidth.
However, larger frequency bias will require a counter with
more bits and thus more chip area, induce a more asymmetric
circuit architecture and thus less common-mode interference
rejection, and reduce the overall sensitivity if it is realized
by reducing the frequency of one of the oscillators, according
to (2). In this paper, a bias frequency of 100 MHz was used
as a typical digital design to demonstrate the functionality of
the sensor.

B. Sensitivity

From (1) and (2), the frequency sensitivity of the oscillator
is proportional to f0/(C0 + Cp), which is in turn proportional
to f 3

0 if the inductance is kept constant. The 5% difference
between the two oscillation frequencies (2.0 vs. 1.9 GHz
in design or 1.9 vs. 1.8 Hz in observation) implies a 15%
difference in sensitivity of the respective oscillators. Therefore
the two oscillators contribute almost equally to the overall
sensitivity.

The oscillation frequency f0 is determined by the MEMS
capacitance C0, MEMS inductance L, as well as the parasitic
capacitance Cp at nodes N1/N2 and N3/N4, according to (1).
The parasitic capacitance includes the gate capacitance of the
transistors (MA to MD) in the oscillator, the input capaci-
tance of the following buffer, and the parasitic capacitance
of the routing wires. The 2-GHz oscillation frequency in the
post-layout simulation agrees well with the measured result
at 1.9 GHz. Accordingly, the parasitic capacitance is about
1.31 pF for C0 = 263 fF, L = 4 nH, and f0 = 2 GHz.
The degradation of the sensitivity due to the large para-
sitic capacitance in the circuit can be calculated as follows.
The MEMS capacitance was designed with a sensitivity of
�C/C0 = 1/1500 per g, as discussed in Sec. II B. Therefore
the theoretical overall sensitivity is

� f = f0
�C

C0 + Cp
= f0

C0

C0 + Cp

�C

C0
= 220 kHz/g. (11)

This value is very small compared to the measured sen-
sitivity around 3.5 MHz/g obtained by different instruments
(spectrum analyzers and counters) and in different test condi-
tions (static vs. dynamic). While a quantitative analysis is still
being investigated, the possible reasons for this discrepancy
include

1) parasitic inductance of the wires in the spring and its
additional sensitivity to the acceleration;

2) structural damage/variation of the spring or mass that
changes the mechanical response to the acceleration.

C. Effect of Magnetic Field on Sensor Performance

In some cases the magnetic field such as that from the
shaker may interfere with the sensor test, especially when
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TABLE II

PERFORMANCE COMPARISON OF OSCILLATOR-BASED ACCELEROMETERS

there are magnetic materials or components (e.g. inductors)
in the sensors. We have measured the magnetic field from
the shaker at the location where the sensors were placed. The
DC component is about 1 mT and the AC component at all
test frequency is below 0.01 mT (limited by the F. W. Bell
model 5180 Gauss meter). The first possibility of the shaker
magnetic field interfering with the sensor is the Lorentz force
due to the current in the movable structure. Since there is no
DC current in the movable structure which contains only the
inductors and the capacitors for the oscillators, the Lorentz
force at the vibration frequency due to the AC magnetic field
is negligible. The force due to the DC field and the AC current
in the structure is at the 1.9 GHz oscillation frequency, which
is far beyond the mechanical bandwidth. Therefore it can also
be neglected. However, the vibrating inductor in the magnetic
field may induce an electromotive force (EMF) due to the
time-varying magnetic flux. This EMF may introduce a low-
frequency bias variation of the oscillator circuits and affect
the measurement results. Further theoretical and experimental
work is needed to investigate this issue.

V. CONCLUSION

A CMOS-MEMS accelerometer based on differential
LC-tank oscillators is proposed and demonstrated. Two
LC-tank oscillators composed of differential MEMS capacitors
and suspended inductors were designed and fabricated by
standard TSMC 0.18 μm CMOS processes and post-CMOS
dry etching. The inductor is embedded in the moving mass
to reduce the chip area. The high oscillation frequency of the
LC-tank oscillators enhances the absolute sensitivity of the
proposed accelerometer. The fabricated device has a mechan-
ical resonance of 7 kHz. The measured absolute sensitiv-
ity, relative sensitivity, and nonlinearity of the accelerometer
are 3.62 MHz/g, 1.9 × 10−3 � f / f0/g, and nonlinearity of

1.2 %FS, respectively. The accelerometer has a bias stabil-
ity of 2.1 mg. The average noise floor measured between
15 and 250 Hz is 0.205–0.219 mg/

√
Hz. Deviation of device

dimensions and performance due to post processing and mea-
surement will be investigated and improved in the future. The
proposed device is attractive for low-cost industrial, automo-
bile, and consumer applications, whereas vacuum-packaged
mechanical-resonator-based accelerometers would be needed
for high-end navigation-grade applications due to their better
noise and bias stability performance.
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