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Abstract: We analyze the effects of possible noise sources on a fence structure micromachined capacitive accelerometer system
by modeling and simulation to improve its performance. Simulation results show that a mismatch between the two initial sensing
capacitors of the accelerometer or a mismatch between the two capacitance-voltage conversion circuits has a great effect on the
output noise floor. When there is a serious mismatch, the noise induced by a sinusoidal carrier is the major noise source. When
there is no or only a slight mismatch, the differential capacitance-voltage conversion circuits become the main noise source. The
simulation results were validated by experiments and some effective approaches are proposed to improve the system resolution.
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1 Introduction

The use of micro-electromechanical system
(MEMS) accelerometers has been reported widely in
many areas, such as navigation, seismometry, space
microgravity, military affairs, and biomedicine (Yazdi
et al., 1998). Capacitive accelerometers have been
commonly used because they have several advantages
including a low intrinsic temperature coefficient, high
sensitivity, low noise, low power dissipation, and are
easily integrated with complementary metal oxide
semiconductors (CMQOS) for monolithic sensing de-
vices (Yun, 1992; Gopel et al., 1994; Yazdi et al.,
1998; Wu et al., 2004). To reduce the time and cost
from research to market, simulation is commonly
used to predict the performance of a sensor system
(Lewis and Kraft, 1996; Izham and Ward, 2004; Xue
et al., 2005; Mohite et al., 2006). There are two ap-
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proaches to simulating MEMS sensors. One is system
level modeling, which uses differential equations and
nonlinear functions. The other is finite element mod-
eling, which can predict the response to forces and
moments, and simulate electromagnetic fields and
thermodynamic problems (Beeby et al., 2004).
Compared with system level modeling, finite element
simulation techniques can obtain more realistic
simulation results, but it is difficult to simulate entire
systems, especially noise components.

Resolution, which is one of the most important
parameters in evaluating micromachined acceler-
ometer system performance, can be improved by
reducing noise. However, few studies that include
almost all the noises in a system level model have
been reported.

In this paper, based on Simulink platform, a
simulation model of a fence structure micromachined
capacitive accelerometer is built to optimize a sensor
system. The model includes not only the sensor and
the interface circuits, but also all possible noise
sources of the system. Simulation results show that a
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mismatch between the two initial sensing capacitors
of the accelerometer or a mismatch between the two
capacitance-voltage (C-V) conversion circuits has a
great effect on the output noise floor. Based on our
conclusions, some appropriate and effective ap-
proaches are proposed to improve system resolution.

2 Modeling of a micromachined capacitive
accelerometer

A MEMS accelerometer system consists of two
main parts, the sensor and the interface circuits. A
whole block diagram of a capacitive accelerometer
system is shown in Fig. 1. The capacitive acceler-
ometer is fabricated by bulk silicon micromachining
technology, so a bulk movable proof-mass can be
obtained to reduce the mechanical thermal noise. The
accelerometer is composed of a proof-mass sus-
pended by four U-shape springs and fence structure
differential capacitors used as the sensing elements. A
scanning electron microscope (SEM) view of the
accelerometer is shown in Fig. 2a, and the fence
structure capacitors can be simplified as shown in
Fig. 2b (Zheng et al., 2009). When an acceleration is
applied along the x axis, the proof-mass (movable
fences) will have a displacement, which is transferred
into the capacitance variance AC by changing the
overlapped area rather than the gap. The design not
only achieves low damping, but also eliminates the
nonlinear effect. As well as the accelerometer, the
interface circuits also play a critical role in the overall
performance of the system.
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Fig. 1 Schematic of the MEMS accelerometer system
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Fig. 2 A scanning electron microscope (SEM) view of a
micromachined capacitive accelerometer (a) and the

sketch map of the fence structure sensing capacitors (b)

Inertial force due to acceleration will deflect the
proof-mass according to Newton’s second law. The
dynamic equation of the accelerometer is given by

mK(t) + bx(t) + kx(t) = ma, )

where x is the displacement of the proof-mass from its
rest position with respect to the fixed frame, m is the
mass of the proof-mass, a is the acceleration to be
measured, k denotes the mechanical spring constant,
and b denotes the slide-film damping coefficient. The
model of the accelerometer in Simulink was built
according to Eqg. (1). As a result of manufacturing
flaws, there is a mismatch between the two initial
sensing capacitors, which will cause a dc bias in the
output. There is also a parasitic capacitance, a pad
capacitance, and a parasitic resistance in the me-
chanical structure. These non-ideal factors were all
included in the model of the accelerometer.

Many noise sources affect the resolution of an
accelerometer system and they all can be classified
into two main groups: mechanical and electrical
(Kulah and Najafi, 2002). Mechanical- and electrical-
thermal noises both result from the Brownian motion
of molecules. Mechanical-thermal noise can be
modeled as a zero-mean, white Gaussian noise and its
power spectral density relates to the mechanical
damping of the structure directly (Eq. (2)) (Clark,
1997; Leland, 2005). Electrical-thermal noise can be
considered as white noises with a zero-mean
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Gaussian distribution (Couch, 1983). Therefore, a
Gaussian noise generator is used as a thermal noise in
the simulation model.

S(w) =4K,Th, @ >0, @)

where Kg=1.38x10"2 J/K is Boltzmann’s constant, T
is the temperature in Kelvin, b is the slide-film
damping coefficient, w denotes frequency, and S(w)
denotes the single sided spectral density of the
mechanical-thermal noise. For a typical accelerome-
ter with b=1.07x10"* N-s/m and T=300 K, it can be
concluded that S(w)=1.77x10"%* N¥/Hz.

The differential C-V conversion circuits and the
equivalent half-circuit noise model are shown in Fig. 3.
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Fig. 3 Capacitance-voltage (C-V) conversion circuits
and their equivalent noise model
(a) Differential C-V conversion circuits; (b) Simplified
schematic view of equivalent noise

]
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The output equivalent noise voltage can be rep-
resented by (Petkov and Boser, 2004)

2 2 2
VCVnout = \/K%] Vnza +(%j Vanp +[2 flc J IT?Rf !
f f T o

®)

where C1=Cs+C+Cpst+Cpap+Cp+Cpa, Cs is the sens-
ing capacitance, Cps and Rp are the parasitic capaci-
tance and the parasitic resistance, respectively, in the

sensor, Cpap is the pad capacitance, Cp and Lp are the
parasitic capacitance and the parasitic inductance,
respectively, caused by the non-ideal factors, such as
the through vias, between the sensor and the interface
circuits, Cpp is the input capacitance of the amplifier,
Cs is the feedback capacitance, Ry is the feedback
resistance, fy, is the carrier frequency, Vy, is the input-
referred noise voltage of the amplifier at fy, Vir,=
(4KgTRp)"? represents the thermal noise equivalent
voltage of the parasitic resistance, and inR,:(4KBT/Rf)”2
represents the thermal noise equivalent current of the
feedback resistance. The parameters of a typical fence
structure micromachined capacitive accelerometer
and a typical amplifier are listed in Table 1.

Table 1 Parameters of a typical accelerometer and a
typical amplifier

Parameter Value
Sensing and parasitic capacitances, Cs+Cps (pF) 4
Parasitic resistance, Rp (k) 1
Parasitic and pad capacitances, Cp+Cpap (pF) 23
Input capacitance, Cpp (pF) 2
Feedback capacitance, C; (pF) 10
Parasitic inductance, Ly (nH) 1
Feedback resistance, Rs (MQ) 1
Carrier frequency, fy, (kHz) 200
Input-referred noise voltage at the carrier 1
frequency, Vpa (NV/HZY?)

In the micromachined capacitive accelerometer
system, the output equivalent noise voltage Vcvnout iS
around 4.4x10® VV/Hz"? and the test result is shown
as the bottom line in Fig. 4. Because the carrier fre-
quency is 200 kHz and the bandwidth of the accel-
erometer is around 100 Hz, we chose 5-45 Hz as the
frequency offset away from the carrier frequency to
measure the background noise power spectral density.
The noise further away from the carrier frequency
would not affect the system resolution because of
demodulation and the low-pass filter. The two C-V
conversion circuits are realized by dual amplifiers
(two in a package), so they have a certain common-
mode noise. Owing to the high common-mode rejec-
tion ratio (CMRR) of the instrumentation amplifier,
common-mode noise can be eliminated and has little
effect on the output equivalent noise. Therefore, only
the difference-mode noise actually affects the system
resolution. The background noise of the instrumenta-
tion amplifier is —124 dBm/Hz and the gain equals
22.7 dB. If there is no common-mode noise in the
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output equivalent noise of the C-V conversion circuit,
the output equivalent noise voltage of the instrumen-
tation amplifier is around 8.62x107 V/HzY2. The
output noise floor of the instrumentation amplifier is
actually —111.4 dBm/Hz (Fig. 4). Therefore, it can be
concluded that the output equivalent difference-mode
noise voltage of the C-V conversion circuit is about
3.16x10°° V/HZ2.

TRACE A: Ch1 Spectrun
30“ Marker 199 999.50 Hz

;Bn

LogMag

o
<@n

d NP - —11‘#4 dBmitHz "
. o PONESELG L
»140 Hie
'Ag Pomer: ) s
Center: 200 kHz pan: 100 Hz

Fig. 4 Test results of the noise floors of the capacitance-
voltage (C-V) conversion circuit and the instrumenta-
tion amplifier

The simulation models of other interface circuits
were built mathematically according to the transfer
functions, except the nonlinear demodulation circuit
ADG630, which is modeled according to Zhang et al.
(2008). The electrical-thermal noise, 1/f noise, offset
voltage, offset voltage drift with temperature, tem-
perature coefficient of resistance, and temperature
coefficient of capacitance are included in every circuit
model. 1/f noise is accomplished using the Fourier

filtering method, which can also generate 1/f* (0<f<2).

The expression of the M-point time sequence x[n] for
the Fourier filtering method is given by Eq. (4)
(Peitgen and Saupe, 1982). GAUSS(n) represents
Gaussian noise and UNIF(n) represents uniform
noise.

x[n]= RE{IFFT{% GAUSS(n)-n*/?
@
[cos(2rUNIF(n)) + jsin(ZnUNIF(n))]}}.

To further validate the noise model, Allan vari-
ance was used. Allan variance plots of the test result
and the simulation result obtained under constant
temperature are shown in Fig. 5. It can be seen that the
noise models are accurate, and the system simulation
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model can reflect the actual system closely. From the
test result, it can be concluded that the bias instability
is 0.0514 mg, the velocity random walk is
39.1 pg/Hz*?, and the acceleration random walk is
8 ng-Hz'? by least squares fitting. The bias instability
and the acceleration random walk are caused by the
ambient temperature drift and the amplitude drift of
the carrier wave.
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Fig. 5 Allan variance plots of the test and simulation
results

Based on the models analyzed above, the system
level simulation model of the fence structure micro-
machined capacitive accelerometer system was built
based on the Simulink platform (Fig. 6).

Differential
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Low-pass Demodulation

filter - circuit
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Fig. 6 Simulink block diagram of the fence structure
micromachined capacitive accelerometer system
PSD is designed for power spectral density estimation

3 Simulation results and analysis

According to the parameters of a fence structure
micromachined capacitive accelerometer and its in-
terface circuit, a simulation model of the acceler-
ometer system with 350 mV/g sensitivity was built.
When the input acceleration is zero, there is a dc bias
in the output which equals 1.123 V. The sensitivity
test of the accelerometer system is performed on a
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circular dividing table. By collecting the output data
of the system using an Agilent 34401A digital multi-
meter every 5° and linear data fitting, the system
sensitivity is obtained. In the accelerometer system,
the amplitude of the input carrier wave is 212 mV; the
gains of the instrumentation amplifier and the
low-pass filter are 13.67 and 10, respectively. Be-
cause the bandwidth of the accelerometer is around
100 Hz, the cutoff frequency of the low-pass filter is
designed to be 100 Hz, and we chose the frequency
range from 10 Hz to 40 Hz as the integrating interval

to calculate the input-referred acceleration noise floor.

Fig. 7a shows the frequency spectrum obtained by the
PSD block in the simulation model, and it can be seen
that the input-referred acceleration noise floor is
33.40 pg/Hz*2. Therefore, the accelerometer system
achieves 0.334 mg resolution in 100 Hz bandwidth.
The simulation result (Fig. 7b) shows reasonable
agreement with the experimental result of 43.38
pg/Hzl’2 measured with an HP89441A vector signal
analyzer. Because of the imperfect match between the
two feedback capacitances or the two feedback re-
sistances in the real circuits, the experimental result is
a little higher than the simulation result.
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Fig. 7 Output frequency spectrum with zero accelera-

tion input in the simulation (a) and in the experiment (b)

At present, many studies of the noises of accel-
erometer systems focus on integrating the mathe-
matical expressions of these noises with the given
system to evaluate their effects by proximate calcu-
lation. However, the method is complex and may not
obtain an accurate noise evaluation because of some
approximate analyses. For example, the chip AD630
used for demodulation cannot be described simply by
an equation. Through the simulation platform, the
effect of every noise source on the system perform-
ance can be evaluated easily by disabling other noises.
The simulation results are listed in Table 2.

Table 2 Simulation results under different mismatching
cases (AC=0.1, 0.3, and 0.7 pF)

Value
0.1 0.3 0.7

Parameter

Output noise floor of the system
(dBm/Hz)

In;;:gorr(ezﬁ;r/e:;g():eleratlon noise 2420 3340 59.62

Percentage of the carrier noise (%) 152 554  85.8

Percentage of the C-V conversion
circuits’ noise (%)

—88.43 —85.65 —80.60

83.7 488 182

Table 2 shows that the greater the ACs, the
higher the output noise floor of the system. The rea-
son is that the mismatch ACs between the two initial
sensing capacitors increases the difference-mode
noise induced by the carrier. The mismatch between
Cs and Cy,, or the mismatch between R¢; and Ry, also
has the same effect on the system as ACs.

The differential signal and the total equivalent
noise voltage in the output of the differential C-V
conversion circuits can be represented by

Sp = |[Vc RuRy (CCo —CiiCy,)S ’ +V, (RiCy —R,C,)S
+V,R,R,AC(C,, +C,,)S? +V,AC(R,, + Ry,)S]
‘[RyR,CriCpS 4 (RiCqy + R,Cp)S +1]71| ! (®)

V, =KI(R.R,Cp, — RyR,Cy1)S” + (R, — R, )SIV,C,
+[(Cs,RuR,Cy, —Cs, RflRfZCfl)Sz +(RyCq,
-R,Cs,)SV,, +[(RyR,Cy, — RflRfZCfl)Sz
+(Rq = R,)SNV,,,C +[(RyR,Cy, — RyR,,Cy,)S?
+(Ry — sz)S]VcnCn}[RﬂszCflezS2
+(RyCy + RpCp)S +117| + V0, (6)
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where C, is the equivalent capacitance of the me-
chanical-thermal noise, V. is the carrier, V¢, is the
equivalent noise voltage induced by the carrier, and
Vipwm is the output equivalent difference-mode noise
voltage of one C-V conversion circuit. The factor of 2

in front of Vpv is due to the differential configuration.

From Eg. (5), it can be seen that V,=2V,pm When
Cs1=Csz, Cs1=Cs,, Ru=R¢,, S0 the system noise floor is
independent of V., and C,. When Cs;#Cs;, Cs1#Cso,
and Ru#Rs,, Ven and C, will reduce the system reso-
lution. The output equivalent noise voltage of the
whole system is represented by

Vnout = [(SD +Vn)GIA +VIAn] (SWitCh(Vc) +Vcns)GLP +VLPn’
)

where Gja and Via, are the gain and the output-
referred noise voltage of the instrumentation ampli-
fier respectively, and switch(V¢)+Vens represents the
ADG630’s switching operation on the carrier. G, p and
V_pn are the gain and the output-referred noise voltage
of the low-pass filter, respectively. The mathematical
analysis above leads to the same conclusions as in the
simulation.

4 Experimental results

The mismatch between the two initial sensing
capacitors was around 0.3 pF and the input-referred
acceleration noise floor was measured to be 43.38
ug/HzY2. When the accelerometer was replaced by
two ordinary capacitors with a 0.3 pF mismatch, the
input-referred acceleration noise floor was 44.20
ug/Hz2. The difference between the two test results
is within the acceptable test error range, so the test
results indicate that mechanical-thermal noise has
little effect upon the accelerometer system. Therefore,
two ordinary capacitors with different values were
used as a substitute for the accelerometer, and the
output noise floor of the system was measured by
increasing the carrier noise. The experimental results
are shown in Fig. 8. The x-axis ‘Ny.’ stands for the
noise power between 5 Hz and 20 Hz away from the
carrier, and the y-axis *Noy:’ stands for the noise power
between 10 Hz and 40 Hz in the system output. From
Fig. 8, the same conclusion as described above can be
reached. ACs has a close relation to the output noise
floor of the system, and the greater is the ACs, the

more serious is the effect of the carrier noise on the
system.

—a— ACs=0.07 pF
[—e— ACs=0.32 pF
—v— ACs=0.64 pF

(4]

N out (X 10-4 mW)

0 1 2 3 4 5
Nye (107 mw)

Fig. 8 The system output noise power versus the carrier
noise power under different ACg

When the signal-to-noise ratio (SNR) of the car-
rier is an invariable value, a compensatory capaci-
tance in parallel with the lesser initial sensing ca-
pacitor should be adopted to decrease ACs. The ACs
caused by micromachining technology errors are
between 0.3 pF and 0.8 pF, so the resolution of the
micromachined accelerometer system will be im-
proved by this approach.

5 Conclusions

According to the simulation model of the fence
structure micromachined capacitive accelerometer
system and the experimental results, it can be con-
cluded that compensating the difference of the two
initial sensing capacitors of the accelerometer and
matching the two capacitance-voltage (C-V) conver-
sion circuits exactly can not only weaken the effect of
the carrier noise, but also improve the system resolu-
tion. The differential C-V conversion circuits then
become the main noise source, and the system reso-
lution will be enhanced further by using low-noise
amplifiers, without changing the structure of the in-
terface circuits. In the future, a temperature model
will be built to analyze its influence on the acceler-
ometer system.
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