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ABSTRACT: In this paper, we focused on modeling the structure of the capacitive
accelerometer by using SUGAR in MATLAB environment. SUGAR is such a poweriul
and flexible language that MEMS designer can get the equivalent results to classical
methods (FEM, BEM). The accelerometers having the vertical structure with four diagonal
spring beams were designed and simulated. In other way, we built a closed-loop system
which can be applied for this structure. The system used sigma-delta modulation method

because of its noise shaping properties and its direct digital output signal.

1. INTRODUCTION

There is a great need for an accelerometer on specific application ranging from
guidance and stabilization of the spacecrafts to research on vibrations of the Parkinson
patient’s fingerers [1, 2]. We want a linear response without noise to characterize
movements correctly. The silicon capacitive accelerometers have advantages that make
them very attractive for these applications. They have high sensitivity, good dc response
and noise performance, low drift, low temperature sensitivity and low power dissipation.
Furthermore, additional capacitors can be integrated and used in a closed-loop feedback
configuration for electrostatic force rebalancing [3, 4].

The structure is designed by using SUGAR language in MATLAB environment
and the closed-loop system is simulated in MATLAB with SIMULINK or M-file functions.
SUGAR is a tool which applies modified nodal method to impleme&nt simulation programs.
The derived results are equivalent to that of classical methods. The closed-loop force
feedback structure incorporated in the sensor is sigma-delta type structure [S]. Using
sigma-delta technique, we can get many advantages such as a direct digital output signal
in form of a pulse density modulated bitstream suitable for digital processing, improving
system stability and reduce the quantization noise by increasing the sampling frequency of
the modulator.

2. STRUCTURE AND OPERATION

The accelerometer is a vertical structure which suggests the use of bulk
micromachining. The bulk micromachined capacitive accelerometers provide larger proof
mass and larger capacitive area that lead to a higher resolution and greater sensitivity. -
This silicon accelerometer consists of a proof mass (M) attached to a fixed frame by four
suspension beams which have an effective spring constant of K.

The operation of the device is based on Newton’s second law of motion. An
external acceleration results in a force being exerted on the mass. This force results in a
deflection x of the proof mass, where a is the frame acceleration. The following second-
order mechanical transfer function from acceleration to a displacement of the mass can be
obtained:
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where o, =/K/M is the resonant frequency and 9= /D is quality factor.

Fig. 1 shows the frequency response of the open loop accelerometer that depends
on damping factor D. We need our device to be critically damped because when the
system is critically damped, it has the least amplitude distortion, and the output follows the
input over the widest frequency range. This limitation is that D = 0.707. Unfortunately, it’s
quite difficult to control the damping effect so it is suggested that we should use the closed
loop accelerometer. Using closed loop accelerometers, we not only overcome the damping

problem but also other nonlinearity effects [6]. f
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Fig.1 Frequency response of the open loop accelerometer
3. DESIGN THE STRUCTURE BY USING SUGAR

SUGAR is a tool that developed at Berkeley University in order to create powerful
and flexible software for MEMS designers. SUGAR applies modified nodal method to
implement simulation programs which a MEMS designer can describe a device in a
compact netlist format and quickly simulate the device's behavior [7, 8]. Later in the
design process, a designer might run more detailed simulations to check for subtle second-
order effects. We use SUGAR to design the capacitive accelerometer whose geometry
parameters are specified in Table 1.

Table 1: Specifications of the structure whose four diagonal spring beams

Item Specification

Proof mass dimensions | 4 mm X 4mm x 320 um

Proof mass 12 mg
Beam length 2 mm
Beam width 200 pm
Beam thickness 30 pm

: : 2
Electrode dimension | 4 x 4mm

Sensing gap 10 pm
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The free body of the structure is
shown in Fig.2. SUGAR abstracts
the MEMS structures in terms of
three basic elements (i.e. beams,
gaps, and anchors), and builds the
ordinary equation models for
each kind. The system equations
can be formulated according to
the node connectivity information _ =
provided in the input file, and Fig. 2: The free body of the designed accelerometer

solved using nodal analysis

Fig.3 demonstrates the use of three dimensional modal analyses performed on this
accelerometer. The mode shapes and frequencies of mode ! and 2 are shown in Fig.3 a
and Fig.3 b respectively.

(8) Mode 1

(b) Mode 2

Fig. 3: 3D mechanical mode analysis of the designed accelerometer. Frequency of modes
1 and 2 are 980 Hz and 2.3 kHz respectively

Fig.4 is magnified to show static analysis applied to the designed accelerometer. In
this case, we applied an external acceleration (or external force) to the proof mass,
grounded the mass and put a voltage V+ to other electrodes. The balance was obtained
when sum of the external force, electrostatic forces and the elastic force is zero. The
defection of the proof mass reflected how strong the external acceleration was.

‘acceleration

Fig. 4: A DC simulation involving mechanical and electrostatic analysis couple together.
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Comparing the present structure of the
accelerometer with four symmetrical beams
reported in [8] (see Fig. 5), we found that
the accelerometer with four diagonal spring
beams will give a higher sensitivity if their
die sizes are equal. It’s significant in
improving the accelerometer’s sensitivity
which suitable for specific applications but
still keeps the size small. Simulation results
give important parameters such as  Fig 5: The sensor with four symmetrical

sensitivity (0.4 pF/g), Brownian noise floor beams fabricated at ITIMS
(0.13ug/Hz ) and resonant frequency
(980 Hz).

4. DESIGN THE CLOSED LOOP SYSTEM

The capacitive accelerometer have several advantages of high output signal, low
temperature sensitivity, excellent iinearity and suitable for closed loop operation. Using
feedback can reduce the sensitivity to process variations, eliminate mechanical
resonances, and increase sensor bandwidth, selectivity and dynamic range. The feedback
effectively reduces the mechanical excursion of the beams. Although the closed loop
accelerometer has much better properties than the open loop one but the control
electronics is very complex [10]. The method seemed to be the most effective is sigma
delta modulation (see Fig.6). Sigma-delta modulation, also called the pulse density
modulation or oversampling conversion, is a digital feedback technique. The proof mass is
enclosed in the feedback loop which provides force balancing in addition to one bit A/D

conversion [11].

—| comparator —I

Fig. 6: Closed loop structure using A-Z modulation

High frequency sinusoidal signals are applied in anti phase to the top and bottom
electrodes to determine the position of the proof mass. The amplitude of the signal from
the seismic mass is measured by the imbalance in capacitance. Then, it is fed to a charge
amplifier which is followed by a sample and hold circuit. These discrete signals are fed to
a comparator whose output is logic signal. If it is one, it implies that the seismic mass is
above the central position between the two electrodes while a logic zero shows that it is
below the centre position.

In the feedback path, the state of the comparator will determine a pulse whose
constant voltage and constant duration is added to the high frequency excitation signal
then applied to the electrode furthest away from the mass. The magnitude of the pulse

signal is much greater than that of the excitation signal and the duration of the pulse signal
is much longer than that of the excitation signal.
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The sampling frequency is much lower than the frequency of excitation signal
because the charge amplifier output signal saturates on the leading and trailing edges of
the feedback voltage pulse. This ensures that the sample occurs after the decay of the
transient condition. We often choose a ratio of 10:1 between excitation and sampling
frequencies.

The output signal of the comparator is also the output signal of the system that has
the form of a pulse density modulated serial bitstream. This digital signal is suitable for
digital processing. It is often converted into a digital parallel word by a decimation filter
which can remove the quantization noise that is introduced by the one bit quantization in
the forward path.

The mathematic model of the closed loop system is shown in Fig.7. The model was
written in MATLAB with M-file functions in which the voltage on the mass’s electrode is
sampled every T seconds (much faster than the required output of the digital signal), then
filtered by a lead compensator Hc(z) (an FIR filter), and fed to an one-bit A/D converter.
The outputs of the A/D converter are converted to force and fed back to the sensor. The
linearity of the system is determined solely by the feedback, thus, is insensitive to the
circuit imperfections on the forward path (i.e the filter He(z) and the low resolution A/D).
The outputs are also counted and averaged every N*T seconds to produce the digital
output. In our program, the external acceleration is a 100 Hz sine wave whose range
is+lg.

digital

S/H —{Hz

signal pick-off Tf:ompé'ruunr comparaor | OUL

Fig. 7: The mathematic model of the closed loop system using A-X modulation technique

The model consisted of the sensing element and the control electronics. The
sensing element is a second order system consisting of a proof mass, spring and some type
of damping which in many cases can not be assumed to be linear. The nonlinear effect
from the electrostatic forces which are a function of the square of the voltage and
inversely proportional to the square of the distance have also to be include. An
accelerometer employing oversampling conversion will display the characteristics of a flat
frequency response down to 0 Hz and a linear transfer characteristic.

The proof mass acts as double integrator above its resonant frequency by
integrating acceleration twice to position. Since the proof mass is used for noise shaping in
the sigma delta loop, quantization noise from the sigma delta loop is lower than both
mechanical and electronic noise sources. However, quantization noise can be observed by
decreasing the sampling frequency. The filter H(z) provides compensation to the two pole
proof mass/ spring/ damper structure to ensure the loop have sufficient stability margin. If
the filter H.(z) contains L integrators, the modulator order is L+2.

Fig.8 shows the sinusoidal acceleration input and the pulse density modulated
output signal. In this simulation, the order of the modulator is 5, the oversampling rate is
32 and the external acceleration is a 100 Hz sine wave whose range is +1g. This result
agrees with the theoretical prediction. Sigma delta technique minimizes the difference
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between the external acceleration signal and the feedback acceleration signal. The means
of the feedback acceleration signal and the mean of bit stream output track the external
acceleration signal. The external acceleration signal can be recovered by computing mean
of bit stream data. Fig.9 depicts the spectrum of the digital output which acceleration
signal’s spectrum is separated. We can calculate the SNR is 82.5 dB and NBW is 0, 00018.

Putting bit stream into a decimation filter (i.e. computes the means of bit stream data), we
can retrieve accurate signal (see Fig.10).
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Fig. 8: Analogue input and digital output of Fig. 9: Output signal’s spectrum of the
the closed loop accelerometer closed loop accelerometer

Fig.11 shows the simulation result for the unforced condition. It is easy to see that
the mean of bit stream output is zero. It is our desired result in the unforced condition. Fig.
12 shows the static response of the sensor which was rotated in the earth’s gravitation field

to generate acceleration from -1g to +1g. The linearity of the simulation is quite good and
suitable to the desired result in this condition.
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Fig. 10: Acceleration signal retrieved Fig. 11: Unforced condition (a=0)
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Fig. 12: Static response of the designed accelerometer
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Table 2. Desired specification of the sensor and interface IC

Sensor Specification

Device size

4 mm X 4mm X 320 uym

Rest capacitance

14 pF

Sensitivity 0.4 pF/g
Brownian noise 0.13 ug/Hz
Resonant frequency 980 Hz
Transverse sensitivity 0.05 %
IC specification

| Sampling clock 20 kHz
Sensitivity 0.8 V/g
IC core size 4 mm’
Range +1g, +2g

Absolute maximum acceleration | 500 g

Table 2 summarizes the specification of the designed sensor and IC. This closed
loop accelerometer has several advantages when comparing with other bulk
accelerometers such as low Brownian noise, high sensitivity, small transverse sensitivity
[12,13]. In other way, applying the sigma-delta modulation technique to this sensor can

obtain lower quantized noise and digital output.

5. CONCLUSIONS

A specific accelerometer designed by SUGAR and a feedback system was present.
SUGAR is such a flexible and powerful tool which allows MEMS designed to create
various structures. Air gaps between the sense capacitors must be reduced to obtained
larger changes in capacitance for a given input acceleration. The sigma delta modulator
has the ability of interfacing to different capacitive sensor with optimized characteristics.
The simulation result is very agreed with the theoretical prediction and it results in a
digital closed loop accelerometer.

THIET KE CAU TRUC CO HOC VA PIEN T CUA CAC CAM BIEN
GIA TOC KIEU TU SUDUNG SUGAR

Tran Pitc Tan®, Nguyn Thing Long”, Nguyén Phi Thuy™?
(1) Khoa Pién tif Vién thong Trudng Pai hoc Cong Ngh¢, PHQG-HN
(2) Vién dao tao qudc t€ vé khoa hoc vat liéu (ITIMS)

TOM TAT: Bai bdo ndy trinh bay v& md hinh ho4 cédc cAu triic cdm bién gia toc
kiéu tu si¥ dung ngdn ngit SUGAR trong mdi trudng MATLAB. SUGAR 1a ngén nglf manh
mé va linh hoat cho phép céc nha thiét k€ MEMS thu dugc két qua tuong dudng vdi cdc
phuong phap truyén thong (phudng phdp phén ti¥ hitu han, phudng phdp phan t{ bién). Bai
bdo di tap trung vao thiét k& va mo6 phdng cdc ciu tric cdm bi€n gia tdc bon thanh dim
ddi xung chéo. Bén canh viéc thiét k€ cdu tric co hoc clia cdm bién, bai bdo con xay dung
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hé thdng phén hdi dién ti¥ sit dung phuong phédp diéu ch€ mat d6 xung vdi nhitng tinh ning
uu viét nhu gidm thiéu nhiu lugng i hod va cho phép tin hiéu 18i ra 1a s6.

[1].

[2].

3],

[4].

[5].

[6].

(7.

[8].

[9].

[10].

[11].

[12].

[13].

REFERENCES

L. C. Spangler, C.J. Kemp, ISAAC, Integrated silicon automotive accelerometer,
Sens. Actuators A 54, 523, 1996.

F.Rudolf, A.Jornod, J.Bergqvist, H.Leuthold, Precision accelerometer with ug
resolution, Sens. Actuator A 21, 297, 1990.

Robert Puers, Daniel Lapadatu, Electrostatic forces and their effects on capacitive
mechanical sensors, Sens. Actuator, A 56, 203, 1996.

S.Suzuki, S.Tuchitani, K.éato, S.Uend, Y.Yokota, M.Sato, M.Esashi,

Semiconductor capacitance-type accelerometer with PWM electrostatic servo
technique, Sens. Actuator A 21, 316, 1990.

T.Mineta, S.Kobayashi, Y.Watanabe, S.Kanauchi, I.Nagakawa, E.Suganuma,

M.Esashi, Three-axis capacitive accelerometer with uniform axial sensitivities,
Transducer 95, 544, 1995.

R. Puers, S. Reyntjens, Design and processing experiments of a new miniatured
capacitive triaxial accelerometers, Sens. Actuators A 68, 32, 1998.

J. V. Clark, D. Bindel, N. Zhou, S. Bhave, Z. Bai, J. Demmel, K. S. J. Pister,
Advancements in 3D Multi Domain Simulation Package for MEMS, Proceeding of
the Micro scales Systems, 40, 2001.

J. V. Clark, N. Zhou, D. Bindel, L. Schenato, W. Wu, J. Demmel, K. S. J. Pister,
3D MEMS Simulation Modeling Using Modified Nodal Analysis, Tech. Digest,
Solid-State Sensor and Actuator Workshop, 191, 2002.

Vu Ngoc Hung, Nguyen Phu Thuy, Nguyen Duc Chien, Chu Duc Trinh, Nguyen
Thi Minh Hang, A simple approach in fabrication of capacitive acceleration
sensor based on bulk micromachining, Proceeding of ICMT, 355, 2004.

M.Van Paemel, Interface circuit for capacitive accelerometer, Sens. Actuator,
Al7, 62, 1989.

Lewis, C.P. and Hesketh, T.G, A laboratory sigma-delta modulator, Trans. Inst. of
Meas. And Control., Vol. 13, 64, 1991.

A. Garcia-Valenzuela and M. Tabib-Azar, Comparative study of piezoelectric,
piezoresistive, electrostatic, magnetic, and optical sensors, Proc. SPIE, 125, 1994,

S. J. Sherman, W. K. Tsang, T. A. Core, and R. S. Payne, A low cost monolithic

accelerometer; Product, technology update, Proc. IEDM, San Francisco, CA,
501, 1992.

Trang 46






