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Improved Structure of Time-Divided Closed-Loop
Accelerometer by Alternating the Voltage Biasing
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Abstract A new structure of time-divided closed-loop accelerometer is proposed. It requires only one operational
amplifier as a negative-coefficient PID is just sufficient. This structure not only reduces the area consumption of the
whole chip of the readout circuit, but also lowers the equivalent input noise acceleration as one operational
amplifier and two large resistors are reduced. The readout circuit is fabricated using 0.35 um HV CMOS process,
with self-test function included. Test results show that the linearity of 99.72% is achieved under self-test mode. The
root-mean-square output noise voltage is around 140 pV from DC to 200 Hz.

Key words proportional integral derivative controller; closed-loop; accelerometer; self-test function; microelec-
tromechanical systems
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An accelerometer mainly consists of a microelec- system, a proportional integral derivative (

PID)

tromechanical systems (MEMS) sensor and a CMOS
integrated circuit (ROIC). When better

linearity, resolution and higher signal band are

readout

required, closed-loop accelerometer are chosen over open-

loop ones. This electromechanical hybrid system forms
a closed-loop by exploiting electrostatic force!' ™!,

which is also applied for self-test function®® ™.

To achieve the stability of the closed-loop

863 11%1(2008AA042201)% B

controller is usually essential. The PID is generally
composed of multiple operational amplifiers, resistors
and capacitors?”. The most intuitive positive-
coefficient PID needs as much as five amplifiers'®.
Various methods have been reported to imple-
791 Time-divided

method has been chosen as it gives much freedom to

ment closed-loop accelerometers

control the voltage biasing of the MEMS sensor. This
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advantage is essential for the improved time-divided
closed-loop accelerometer, which is adapted from a
conventional one. By carefully redesigning the biasing
of the MEMS sensor, the improved structure
eliminates the need of analog inverter which is part of
positive-coefficient PID. Therefore, area consumption
of the ROIC chip is reduced and noise performance is

also enhanced.

1 Closed-Loop Accelerometer of Con-
ventional Time-Divided Structure

1.1 Overall structure of the conventional
closed-loop accelerometer

The conventional structure of time-divided
closed-loop accelerometer is shown in Fig. 1. This
accelerometer consists of a MEMS sandwich capaci-
tive sensor and a CMOS ROIC. Particularly the ROIC
is composed of charge sensitive amplifier (CSA),
sample and hold circuit (S&H), low pass filter (LPF),
PID and a voltage buffer (BUF).

The feedback switch shown in Fig. 1 divides each
period of the accelerometer into two different phases,
the detecting phase and the feedback phase. The ROIC
detects the acceleration signal from the sensor during
the detecting phase, and applies electrostatic force on
the sensor during the feedback phase.

As the accelerometer responds to acceleration
signals from DC to several hundred Hertz, the low
frequency noise performance is crucial. Therefore,
CSA which directly faces MEMS sensor is of much

top
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Fig. 1 Overall structure of conventional time-divided
closed-loop accelerometer

importance when noise is taken into consideration.
Correlated double sampling (CDS) is exploited in
CSA. According to the block diagram shown in Fig. 1,
a more detailed schematic based on operational
amplifiers is illustrated in Fig. 2.
1.2 Necessity of a positive-coefficient PID
MEMS sandwich capacitive symmetrical sensor
shown in Fig. 1 is modeled as a pair of differential
capacitors as shown in Fig. 2. A more detailed model
is shown in Fig. 3.

Capacitances of top and bottom capacitors are

¢ =24 (1)
dy—x
&,4

= N 2

: dy+x 2

where &, is vacuum permittivity, 4 is the capacitance
overlapping area, d, is the distance between the proof
mass and the top or bottom plate, x is the displacement
of the proof mass. Therefore, the differential

capacitance is

AC=C —C,=—2" .x. 3)

The pulses that are fed into the top and bottom

electrodes of the MEMS sensor are periodical. Their
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Fig. 2 Operational amplifier based schematic of conventional time-divided closed-loop accelerometer

730



&
A~
&

TG VE S L P M SR B0 IR B 45t DA BRI JBE

¢ Top plate —5—o0 7,
F
) e, )
( Proofimass D 0
0 ________________ —_0 I/r
Fch
4,
( Bottom plate r—t—o-v,

Fig. 3 Model MEMS sandwich capacitive sensor

waves are illustrated in Fig. 4.

In the detecting phase, when x is small
compared with d,, the output of CSA is
AC-V, 2g,A4V,
Vesa = R-h k. “4)

Cf Cf 'd(f

In the feedback phase, the top electrode of the

sensor is biasing at a positive voltage Vz, while the

bottom electrode is —VR. Therefore, the electrostatic
forces of F; and F,, as illustrated in Fig. 3 are

2

W= ©)

g A (-V, =V, )

where V; is output voltage of BUF. When x is small

(6)

compared with d,, resultant force of F¢; and F, is

F, :Feu_Fen:—R'Vf' (7)

el

F,; is meant to balance the inertial force F;. Therefore
F.; must be positive when x is positive and negative
when x is negative. Eq. (7) clearly shows that the sign
of F,, is the same of the sign of V5.

As can be easily seen from schematic shown in
Fig. 2, the sign of V% is determined by PID, whose

transfer function is

H(S)uy :P+§+D.s. ®)

1detecting| feedback
\ I

L
[ ] ’,

Fig. 4 Waves fed into the top and bottom electrodes
of sensor

Therefore, P, I and D should all be positive. Fig.
5 shows the conventional way to realize a positive-
coefficient PI, whose parameter D is zero.

This positive-coefficient PI actually consists of a
negative-coefficient PI and an analog inverter. The
analog inverter adds a phase shift of 180°, which is

required for the stability of the closed-loop system.

2 Closed-Loop Accelerometer of Im-
proved Time-Divided Structure

2.1 Overall structure of the improved
closed-loop accelerometer

The analog inverter is composed of an
operational amplifier and two large resistors and
consumes a considerably large area. However, its main
function is adding a phase shift of 180°. If this
function can be realized by some other way, the
analog inverter can be omitted.

After carefully examining Eq. (7), it is found that
the direction of the electrostatic force can be easily
turned opposite by simply substituting —Vy for Vy. If
so, the waves shown in Fig. 4 should be modified to
those shown in Fig. 6.

Therefore, analog inverter is no longer needed in
closed-loop and overall structure of improved time-

divided accelerometer is attained as shown in Fig. 7.

Fig. 5 Conventional positive-coefficient PI

| detecting | feedback |
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v |
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Fig. 6 Waves fed into the top and bottom electrodes of sen-
sor under the improved time-divided structure
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Fig.7 Operational amplifier based schematic of improved time-divided closed-loop accelerometer

Compared with the conventional structure, the
improved structure saves the area of an operational
amplifier and two large resistors with minor
modification of the digital logic. Moreover, noises of
these three components are all eliminated.

2.2 Self-test mode

For testability and easy-to-test design, a self-test
mode is added to the accelerometer. Under this mode,
each period of the working frequency is divided into
three phases. A self-test phase is inserted between
detecting phase and feedback phase as shown in Fig. 8.

In the self-test phase, an external voltage is
connected to the ROIC through pad. This would apply
electrostatic force on the proof mass of the MEMS
sensor so as to simulate the inertial force caused by an

acceleration signal.

3 Test Results

The closed-loop of the accelerometer is designed
according to Fig. 7 with minor modification by adding
self-test mode. The whole ROIC is designed and
fabricated using 0.35 pm HV CMOS process, and
consumes an area of around 4.3 mm by 2.3 mm. The
photograph of ROIC is shown in Fig. 9.

Time-divided

closed-loop accelerometer is

self-test

| I
| |
Edetecting feedback i
T 1 I T
I I 1 |

Fig. 8 Three phases under self-test mode

732

formed by integrating MEMS sensor and ROIC
together on a PCB as shown in Fig. 10. Exploiting this
accelerometer, self-test function is tested. As depicted
in Fig. 11, test results show that linearity of 99.72% is
achieved under self-test mode. Noise level of the
output of ROIC is measured under normal air pressure
as shown in Fig. 12. The root-mean-square output

noise voltage is around 140 uV from DC to 200 Hz.

fili=====——"INMHINI,

Fig. 10 Photograph of PCB as closed-loop accelerometer
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Fig. 11 Test results of self-test function
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Fig. 12 Noise level of improved time-divided closed-loop
accelerometer

4 Conclusion

An improved structure of time-divided closed-
loop accelerometer is presented. The improved
structure, by alternating the voltage biasing of top and
bottom electrodes of MEMS sensor, maintains a stable
closed-loop system. Therefore, area consumption of
the analog inverter is saved and the noises of this
block are eliminated at the meantime. For testability
and easy-to-test design, self-test mode is added. ROIC
of this improved structure is fabricated using 0.35 pm
HV CMOS process. Test results of self-test function

and noise performance are given.
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