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A capacitance detection CMOS ASIC has been developed for three-axis common electrode type capacitive
accelerometers. The ASIC contains an analog output switched capacitor circuit and a digital output 2nd order delta-
sigma modulator. The circuits were driven by three or six phase clocks for three-axis detection. The characteristics
of the circuits were evatuated by a variable capacitor and a three-axis capacitive accelerometer. A novel compensation
method was proposed to reduce the sensitivity dependence on Z-axis acceleration. The three-axis output voltages of
the switched capacitor circuits were proportional to three-axis accelerations. The offset and sensitivity of the 2nd order
delta-sigma modulator can be calibrated by outer voltages. The sensitivities of 1.5V/G and 20kHz/G were obtained

respectively when the circuits were combined with a commercial available three-axis capacitive accelerometer.
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1. Introduction

High sensitive and low cost three-axis accelerometers in
the range of 0-2G and the resolution of micro-order G have
been required for the motion control systems such as
airplane, robots and amusements. Recently, Many kinds of
silicon micromachining accelerometers have been developed
to satisfy the requirements'”. However, it is difficult to
detect micro-order G using a polysilicon surface
micromachining technology because of its small mass of
microgram®., ‘

The bulk micromachining common electrode type
accelerometers have higher sensitivity, but the sensor chip-
size is tend to be large by (111) side-walls at sensor
peripheral and the glass bonded mass structure, which raises
process complexity and sensor cost®®. These problems can
be solved by adopting a high aspect mass structure using a
dicing method or a deep R.LE process® ). The
accelerometers were formed by glass-silicon structure, and it
has a high aspect ratio mass structure of over 500pm
thickness in small chip-size of a few mm. The mass forms a
common electrode. The base capacitance was a few pF and
the capacitance change was from 10fF/G to 500fF/G. A high
performance capacitance detection ASIC is necessary in order
to detect micro-order G using the accelerometers.

This paper shows the design and evaluation of the
switched capacitor circuit and 2nd order delta-sigma

three-axis accelerometer, detection circuit, switched capacitor, delta-sigma modulator, CMOS

or spiral single crystal silicon beams in the thickness of less
than 10pm. The mass forms a common electrode. A Z-axis
accelerometer is formed between the mass and a metal
electrode on glass substrate. Clover-leaf silicon plates are
attached to the mass to form X,Y-axis capacitors. XY
accelerometers are formed between the clover-leaf plates and
metal electrodes on the glass. The equivalent circuit of three-
axis accelerometer is shown in Fig.2. The X,Y-axis
accelerometers were composed of the differential capacitors,
which is effective to reduce the noise or temperature
dependence. Stray capacitors exist between each electrodes
and GND potential.
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Fig.1. Principle of the three-axis common electrode type
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has a high aspect mass structure of over 500um thickness on
the glass-silicon structure. The mass is supported by straight

E¥HE, 121%38, FR13E

135

Metal electrodes
Fig.2. Equivalent circuit of the three-axis accelerometer.



The sensor capacitance is changed by the acceleration a as
follows.

C.
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where & is the dielectric constant, S and d are the area and
gap of the sensor capacitorand X is the spring constant.

The C-V converter and C-F converter were used for the
detection of a common electrode type accelerometers™ .
These circuits connect the common electrode to GND
potential, and measure the capacitance change with the
charge and discharge periods. In that case, the stray
capacitors C, are equivalent to the sensor capacitors, thus the
sensitivities are degraded by the stray capacitors. As other
work, a full differential delta- sigma modulator was used for
the three-axis detection®. In that case, the DC potentials of
the electrodes were unstable, which causes the errors of
electrostatic force.

acceleration error caused by the

The equivalent
electrostatic force is derived from the equation of as follows.
eV?
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prA 24

: @
4
2phd®

where & is the dielectric constant, V is the voltage, 0,4
and 4 are the density, area and thickness of silicon mass, d
is the gap of structure and substrate. The typical dimension
of surface micromachining accelerometer is around A#=5pum,
@=2pum, the electrostatic force caused by a voltage of 1V is
corresponding to 10G. The value is relatively large for the
low G accelerometer. Therefore, a careful treatment between
mass voltage and substrate voltage is necessary by using the
shielding technique. In the case of the high aspect mass
accelerometer, the typical dimension is #=500um, d=2um,
the electrostatic force caused by a voltage of 1V is
corresponding to 0.1G, which removes the complicated
shielding technique.

2.2. Switched capacitor circuit

The switched capacitor circuit was designed for. the
common electrode type three-axis accelerometer. Figure 3
shows the circuit diagram of the switched capacitor circuit.
Outer reference capacitor C,.; was used for Z-axis detection.
The circuit is composed of three blocks and driven by 6
phase clocks. The output voltages V.., . of each blocks are
given by the following equation.

‘/x,y,z = thl

+

C.+C- @
where C, indicates Cy., C,, and C.. in Fig.3, and C.
indicates C,-, Cy- and Cpy in Fig.3. Vy is the power supply
voltage.

Substituting the equation (1) into the equation (3), the
X,Y-axis output voltages V., are proportional to the
accelerationay,, as given by the following equation.
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A folded-cascode operational amplifier shown in Fig.4
was adopted for the switched capacitor circuit because it has
wide frequency response and stability for capacitive loads.
The unity gain frequency was simulated about 10MHz using
5pm CMOS process of Toyohasi University of Technology.
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Fig.3. Circuit diagram of the switched capacitor circuit.
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Fig.4. Diagram of a folded-cascode operational amplifier.

2.3. 2nd order delta-sigma modulator
2nd order delta-sigma modulators have been developed
recently for capacitive sensors because of its wide dynamic

range and high resolution'?. A full differential delta-sigma

modulator was used for the three-axis detection by driving
the common electrode. However, the DC potentials of
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electrodes(inputs of full differential operational amplifier) C+-C- Vu Vo — Vs

. : AD + (5)
were unstable which causes the errors of the electrostatic C Vig = Vs Vig = Vs
force. !

Three delta-sigma modulators are driven by 3 phase clocks
for the three-axis accelerometeras illustrated in Fig.6.

The switched capacitor circuit and the delta-sigma
modulator use the feedback principle, so that they have
stability and low noise characteristics. The detection circuits

A single-ended delta sigma modulator has been developed
for the three-axis accelerometer. Figure 5 shows the circuit
diagram of the delta-sigma modulator. The DC potential of
common electrode is fixed to a voltage of ¥, to reduce the

errors of the electrostatic force. o and digital filter for the delta-sigma modulator were
The voltages of Vo and V,.s are used for the calibration of simulated by MicroSim Desgin Center and Cadence Analog
offset and sensitivity. The pulse density change AD of the Artist, and designed by Cadence Layout Editor. These
bit-stream pulse & is given by the equation. circuits were fabricated by Sum CMOS process of
Toyohashi University of Technology. Figure 7 shows the

photograph of circuits. The chip size is Smm by Smm.
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Fig.6. Schematic diagram of three-axis detection using

three delta-sigma modulators.
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3. Characteristics

3.1. Switched capacitor circuit
The characteristics of the switched capacitor circuit were
evaluated by a variable capacitor of 10pF. Figure 8 shows
the capacitance to voltage characteristics. The output voltage
is proportionally changed by the differential change of
capacitance. On the other hand, The output voltage is not
changed by the common change of capacitance. The feature
is effective to reduce the noise or temperature dependence of
the accelerometer.
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Fig.8. Capacitance to voltage characteristics of the switched
capacitor circuit.

3.2. 2nd order delta-sigma modulator

The characteristics of the 2nd order delta-sigma modulator
were evaluated by a variable Capacitbr of 10pF. Figure 9 and
10 show the capacitance to frequency characteristics. The
frequency is changed by the capacitance, and the sensitivity
and offset can be calibrated by voltages of V,; and V,,,.

4. Performanqe with the three-axis common
mode type accelerometer

4.1. Switched capacitor circuit
Three ASICs were mounted in ceramic packages, and
combined on circuit board for three-axis detection. The stray
capacitors of a few pF exist in the ceramic packages and
wires in the .circuit board. The stray capacitors degrade the
performance of the high aspect mass accelerometer because
of the small base capacitance of a few pF. It is possible to
reduce the stray capacitances dramatically by adopting the
hybrid package in the future. But, in this work, the three-
axis accelerometer fabricated by WAKHO Co. in ref. (2) was
used for the evaluation of the circuits. The base capacitances
for each-axis are 5 to 6pF, and the sensitivities are 60 to
80fF/G for X,Y-axis and 140 to 180fF/G for Z-axis. The
output voltages of switched capacitor circuits were amplified
at the gain of 100, then the outputs were filtered by 2nd
order Butterworth low pass filter of which cut off frequency
100Hz.
Figure 11 and 12 show the three-axis output
characteristics and waveform for X-axis acceleration. The
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sensitivities were about 1.5V/G for X, Y-axis acceleration
and 0.5V/G for Z-axis acceleration respectively. The non-

~ linearity for X,Y-axis acceleration was less than 0.1%/F.S,
. but non-linearity for Z-axis acceleration was 15%/F.S. The

minimum detectable accelention was measured about 1mG.
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Fig.9. Capacitance to frequency characteristics of the 2nd

order delta-sigma modulator in the different voltages of Ve

200

— T
N -—.—Vol’(‘=2.35 VVie=3.0V
180 H _ g -Vot=2.30 V Vrer=3.0 V
[} — A -Voir=2.25V V rer=3.0 V

T T T T

—
[=2)
(=

—
o
o

Frequency [kHz]
8

—
[
(=]

.4.'.6‘..8l.l10
Capacitance C [pF]

Fig.10. Capacitance to frequency characteristics of the 2nd

order delta-sigma modulator in the differernt voltages of V.
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Fig.11. Three-axisoutput characteristic of accelerometer.

T. IEE Japan, Vol. 121-E, No. 3, 2001



3 MR & > 5 FIE R R bR

Output Voltage [V]

0 0.1 0.2 0.3 04 0.5

) Time [sec]
Fig.12. Waveform of X-axis output of accelerometer
vibrating +0.6G at 10Hz.

4.2 2nd order delta-sigma modulator
The X-axis output characteristics of 2nd order delta-sigma
modulators were measured as shown in Fig.13. The pulse

density change of bit-stream pulse & ; of delta-sigma
modulator was measured by a frequency counter. The
frequency change was changed by the acceleration, and the
sensitivities of 20kHz/G was obtained when V,./~2.7V. The
non-linearity was about 8%/F.S. The minimum detectable
acceleration was measured a few mG. The sensitivity ‘and
offset was calibrated by voltages of Vozand V..
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Fig.13. X-axis output characteristics of accelerometer in the
different voltages of V,rand V..r.

S. Reduction of sensitivity dependence on Z-

axis acceleration ‘

The X,Y-axis outputs of the switched capacitor circuit and
the delta-sigma modulator have the sensitivity dependence
on Z-axis acceleration a. The dependence of the X-axis
output voltage V, of the switched capacitor circuit is
calculated as follows.

C. 1
Vo= ——Vu=—1+———)Vu 6
C.+C- 2(‘ d—Kzaz) ©
where K, and K. are the spring constants of X-axis and Z-
axis accelerometers. ‘

Ka:
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The dependence of the 2nd order delta-sigma modulators
is calculated as follows in the condition of (d-K.a;)<<K,ax.
&S &S

D x Cr+=Cs-= -
d- Kxax - Kaa: d + Kax - K-
s )
= — 2 K:ax
(d - I{zaz)2

The dependence can be compensated using the signal from
Z-axis accelerometer. But this method need a additional
compensation circuit, furthermore Z-axis output have non-
linearity and temperature dependence because a reference
capacitor of C,.s is used for Z-axis detection circuit.

The Z-axis dependence can be compensated when another
accelerometer is fixed against the three-axis accelerometer as
illustrated in Fig.14. The each capacitors are connected as
Ce.=CriytCriy Co=CiytCiy C).=CyuytCyy C,.=C,.
wtCya C..=C,, C.=Cy. The capacitances do not have Z-
axis dependenceas calculated by the following equation.

A eS
Cei=Crsu+Cisu= +
d - K«a:-K:a: d- Ka«+ Ka: (8)

Y

2 —

d - K.ax

The Z-axis dependence using the compensation method
was measured in Fig.15 and Fig.16. The non-linearity
caused by the Z-axis acceleration was about 5%/F.S.
without compensation. But the non-linearity became less
than 0.5%/F.S. using compensation method. Furthermore,
the Z-axis output voltage was proportionally changed by Z-
axis acceleration as shown in Fig.17. The non-linearity for
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Fig.14. Compensation method using two accelerometers.
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Fig.15. Output voltages of the switched capacitor circuit for
Y,Z-axis T 1G accelerationusing the compensation method.
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(b) With compensation method.
Fig.16. Z-axis dependence of X-axis output of the
accelerometerusing the compensation method.
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Fig.17. Three-axis outputs characteristics of the

accelerometerusing the compensation method.

6.Conclusion

A capacitance detection CMOS ASIC has been developed,
and the characteristics have been evaluated with three-axis
capacitive accelerometer. And a novel compensation method
for the Z-axis sensitivity dependence was proposed and
confirmed in this paper. Three-axis output voltages of the
switched capacitor circuit were proportional to three-axis
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accelerations. The sensitivity was 1.5V/G and the non-
linearity for three-axis accelerations was less than 0.5%/F.S.
The minimum detectable acceleration was about 1mG. The
sensitivity non-linearity was less than 0.5%/F.S. by using
the compensation method. The pulse density change of the
2nd order delta-sigma modulator was changed by the
acceleration, and the offset and sensitivity of the modulator
were calibrated by outer voltages. If the values are applied
with D-A converter, and the digital signal is memorized
with EEPROM, the offset and sensitivity can be digitally
trimmed with outer digital signals. The performance of
ASIC would be improved using a more precise CMOS
process, and the hybrid package of the circuit and the high
aspect mass accelerometer promise the low-cost and high
performancethree-axis accelerometerin the future.
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