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Abstract: A low-noise closed-loop interface circuit based on a switched-capacitor is presented to im-
prove the noise performance of a MEMS capacitive accelerometer. A charge integrator is adopted as
pre-amplifier, which is insensitive to parasitic capacitance and has a very low noise level. The Correla-
ted Double Sampling (CDS) technique is applied to eliminate the 1/f noise and the offset of an opera-
tional amplifier. Meanwhile, in order to improve dynamic response performance, an integration circuit
is introduced to enhance the damping ratio of system and to increase the response speed. The self-test
function is also realized by utilizing the same route with charge-discharging. Finally, an elaborate lay-
out design with 0.5 pm CMOS process is completed. The post-simulation results indicate that the sen-
sitivity of the system is 0. 115 V/g, nonlinearity is less than 0. 12% , minimum acceleration detected
can be up to 20pg and the self-test output is proportional to the self-test voltage.
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1 Introduction

Accelerometers have been popular ever since the
safety requirement for automobiles has tight-
ened, especially for seat belts and air-bag sys-
tems. This leads to a high demand for low-cost
and small-size accelerometers capable of sensing

[1-2]

up to 50g With the development of micro-

electromechanical systems ( MEMS), closed-
loop capacitive MEMS accelerometers meeting
the requirements are well received™. In closed-
loop accelerometer, the interface circuits limit
the overall system resolution. Meanwhile more
and more attention is paid to the reliability of
MEMS components. One way to improve the re-

[ So inter-

liability is to use a built-in self-test
face circuits with low noise, high stability and
self-test function have become important and dif-
ficult contents in MEMS accelerometers design.
An interface circuit of closed-loop accelerometer

whose measurement range is & 50g is designed

with 0.5 pm CMOS process in this paper.

2 Electrical level circuit model for

structure

An accelerometer generally consists of a proof-
mass suspended by compliant beams anchored to
a fixed frame. The proof-mass has a mass of M,
the suspended beams have an effective spring
constant of K, and there is a damping factor (D)
affecting the dynamic movements of the mass™.
When affected by external acceleration and elec-
trostatic force, the accelerometer can be modeled
by a second mass-damper-spring order system,
and the system dynamic equation can be ex-
pressed as:

dZ

MILLD S Ke=MatFyy (D

Where x is the displacement of proof-mass, a is

external acceleration and Fg; is total electrostatic

force applied to proof-mass. The current equa-
tion of an LCR circuit shown in Fig. 1 is ex-

pressed as:
oo N ad dE T
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(2)
As equation 1 and 2 have the same form, LCR
circuit in Fig. 1 can be used as the electrical level

model for structure.
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Fig.1 LCR circuit

3 Circuit design and noise analysis

3.1 Circuit design of closed-loop accelerometer
The switched-capacitor (SC) charge integration
method is used for the capacitive sensitivity, ow-
ing to the same foundation on which the SC cir-
cuit operates, and the sense signal is insensitive
to parasitic capacitance and undesirable char-
ging'®'. The interface circuit is composed of two
parts: an analog part which detects the variation
of sensing capacitance, obtains output voltages
and supplies feedback voltages for sensing ele-
ments and a digital part which provides control
signals for all switches. In order to compensate
finite gain of operational amplifiers, reduce 1/f
noise and offsets of operational amplifiers, cor-
related double sampling (CDS) technique is in-
troduced"™. Meanwhile, an integration circuit
that is used as a closed-loop system controller is
added to the system, which enhances the damp-
ing ration of system, increases the speed of re-
sponse.

In the proof-mass feedback system, self-test is
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easy to realize. A self-test voltage is applied to
the central electrode. When the voltage is differ-
ent from the one in balance, the proof-mass will
deviate its initial position under electrostatic
force effect, equal to an external acceleration. In
this design, self-test and charge-discharging a-
dopt the same route, which is controlled by
switches-test 1, test 2 and S;. When switch
test 1 is on and test 2 is off, the system is in the
closed-loop feedback mode while S; controls
charge-discharging to ground. When test 1 is off
and test 2 is on, system is in the self-test mode,
the self-test voltage is applied to proof-mass
through test 2 and S; and then the interface cir-
cuit detects the variation of sensing capacitance
caused by self-test voltages, and exports self-
test results. The schematic diagram of the

closed-loop accelerometer interface circuit with

self-test is show in Fig. 2.
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Fig. 2 Schematic diagram of closed-loop accelerome-

ter interface circuit with self-test function

The repetitive cycle of the circuit is 16 ps and

includes four phases: self-test and sensing
phase, detecting phase, sampling phase, and
forcing phase. Each cycle starts with the end of
forcing period and the beginning of self-test and
sensing phase. In the self-test and sensing phase
switch S, is open, thereby disconnecting the
forcing voltage V; from the central electrode.
Very shortly thereafter, switch S; is closed

which rapidly discharges charges and brings the

feedback point to ground in normal mode, and in
the self-test mode, switch S; and test 2 connect
the central electrode with the self-test voltage.
In the detecting phase, switch S; is open and
very shortly thereafter, switch S; is closed
thereby connecting the central electrode to the
inverting input of operational amplifier (op amp)
OP 1. Then, switches S;; and S;, is open, pre-
paring for the charge transference. The charge
injected from switch S;, onto capacitor C; is bal-
anced by the charge injected via switch S;, onto
C,, thereby providing the first order-cancellation
of the parasitic effect at the output of OP1. With
the opening of switches S;, S; and the closing of
S,, S,, a voltage change of Vi occurs on the top
plate of C, and V§ on the bottom plate of C,, the
sensing charge is transferred onto the feedback

capacitor C;, and the output of OP 1 is

—AQ_Vi(C,—C)
C.’% C3 )

In the sampling phase, CDS erases the offset

(3

of OP 1 and 1/f noise, and the sense signal is
held at the input of OP 4 via the sample circuit.
In the forcing phase, switch S; is closed, the out-
put voltage of the sample and hold circuit is ap-
plied to the central electrode through the inte-
gration circuit. The cycle is repeated at sample
rate of the overall system. A well designed op
amp can elevate the performance of the whole
system, so a low noise op amp is also designed,
and all clock pulses are optimized at the same
time.

3.2 Layout design of closed-loop accelerometer
The interface circuit is a mixed system, the
sensing nodes should be protected from noise
sources. Separated analog and digital power sup-
plies are arranged to reduce coupling noises in
the digital part. In order to protect weak signals
affected by environment noises, all the impor-
tant weak signals are shielded by guarding rings.

The layout area is 4. 6 mm X 3. 6 mm. An elabo-
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rate layout with 0. 5 pm CMOS process is shown
in Fig. 3.

Fig. 3 Layout of closed-loop accelerometer interface

circuit

3.3 Noise analysis and optimization

There are several noise sources affecting the o-
verall system resolution of the accelerometer.
These noise sources can be maimly classified into
two groups: mechanical sources and electrical
sources. In the closed-loop accelerometer, the e-
lectrical noise dominates the performance of sys-
tem ™. The electronic noise has different compo-
nents including the front-end amplifier noise,
kT/C noise, modulation signal noise and clock
jitters noise. The front-end amplifier noise con-
sists of two parts: the thermal noise and 1/f
noise. Since CDS is employed in the switched-ca-
pacitor circuit, 1/ f noise is reduced remarkably,
the thermal noise is the dominant source. The
thermal noise is mainly dependent on the inte-
gration capacitance values and the sampling fre-

[9-10]

quency (62.5 kHz sampling frequency and
5 pF integration capacitance are applied to reduce
the thermal noise in this design. ) 2T/C nosie is
generated by the thermal noise sampling of the
switches. This noise is also inversely propor-
tional to the sampling frequency and integration
capacitance, and is decreased significantly. Mod-
ulation signals and clocks also play important
roles, each noise on them directly contributes to

the overall noise performance and so, it is im-

portant to optimize all clock signals.

4 Results

Simulation and post-simulation are carried out
with Hspice. The voltage supplied by power is
+9 V, the simulation results indicate that the
full measurement range can be achieved from
—50g to +50g, the sensitivity of the system is
0.115 V/g, the minimum acceleration detected
can be achieved 20 pg, nonlinearity is less than
0.12%, and Fig. 4 shows the post-simulation re-
sult when input acceleration is 100pg. The rela-
tionship between the self-test voltage and the
output of system is shown in Fig. 5. The output
of system is proportional to the self-test voltage.
The output will vary 0. 248 V when the self-test
voltage has a change of 1 V,and the equivalent

acceleration is 2. 36g.
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Fig. 4 Post-simulation result of accelerometer when

acceleration is 100 pg
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Fig. 5 Relationship between self-test voltage and

output of system
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5 Conclusions

In this research, an interface circuit of closed-
loop accelerometer with self-test function is de-
signed and analyzed. SC charge integration,
CDS and integration controller are employed to

improve its performance and the schematic and
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