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An ASIC for High-resolution Capacitive Microaccelerometers 
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Abstract 

An ASIC (apphcatlon spectic integrated clr- 
cult) for high-resolution capacltlve accelerometers 
using switched-capacitor techniques 1s presented 
The cucmt, reahzed m a 3 pm CMOS process, 1s 
smted for the measurement of the differential 
capacitance of any capaator bndge and features a 
maximum output noise density of - 110 dB V/ 
JHz The cut-off frequency of its first-order low- 
pass filter charactenstlc 1s determmed by an 
external filter capacitor and the sampling rate 

Ad C,- C, 

X=d,=c,+cz (1) 

A measurement scheme resulting m an output 
voltage proportlonal to (C, - C,)/(C, + C,) leads 
to a lmear relatlonshlp between the plate deflec- 
tion and the output voltage Such a measurement 
scheme 1s realized wth the self-balancmg capaa- 
tor bndge shown m Fig 1 

The fixed electrodes of the capacitors C, and 
C, are penodlcally swrtched between a reference 
voltage V, and the output voltage V, The result- 
ing charge transfers Q, and Q2 on capacitors C, 
and C,, respectively, as well as their difference 
(AQ = Q, - QJ are Bven by 

Introduction 

Capacitive silicon pressure sensors or accelero- 
meters [l] have very mterestmg propertles such as 
high sensltlvlty, good hneanty and low fabncatlon 
cost A drawback of this type of sensor 1s the 
Increased complexity of the measurement elec- 
tronics The goal of this work was to study, design 
and realize an ASIC for the measurement of the 
plate deflection of a capacltlve accelerometer [2] 

The main problems to be addressed were a 
good hneanty with respect to the plate deflection 
and a high dynanuc range They could only be 
solved If the technique used to measure the plate 
deflection created low and symmetrical electro- 
static forces on the capacitor plates and if the 
electromc circuit was optimized wth respect to its 
offset and output noise Different measurement 
prmclples have been studied m the course of this 
project [3] and the self-balancing bndge has been 
found to be the optimum solution 

AQ = Q, - Qz = C,(v, - vn,) - ‘W’, + vnd (2) 
The electronic measurement clrcmt samples AQ 
from the movable center plate and integrates it on 
a filter capacitor, thereby generatmg the output 
voltage V,,,, that 1s fed back to the excitation 
network m order to establish the eqmhbnum con- 
dition AQ = 0 From eqns ( 1) and (2) one can 
denve that the output voltage of the balanced 
bridge 1s proportzonal to the deflection of the mov- 
able center plate 

Functional Description of the Cimut 

The schematic of the self-balancmg capacitor 
bndge 1s shown m Fig 2 The arcmt consists of a 

The Self-bahmcing Capacitor Bridge 

The acceleration sensor consists of a movable 
plate with a fixed electrode on each side (Fig 1) 
Together the three electrodes form the capacitors 
C, and C, The plate deflection Ad normalized 
with respect to the distance d,, between the fixed 
electrodes, may be expressed m terms of the ca- 
pacitances C, and C, by Rg 1 Block scheme 
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Ckl Ck, Ckr Cka 

Ckz 

Rg 2 Self-balancmg bridge 

samphng stage and an integrator formed by OTAl 
and OTA2 respectively (OTA operational 
transconductance amphfier) The sHrltches used m 
these two stages are controlled by a clock sequence 
shown m Fig 3 

The clock sequence can roughly be <Ilvlded mto 
a HOLD and a SAMPLE state Durmg the HOLD 
state, the output voltage V,,, remams constant and 
fixes the potential of the capacitors C1, C, and C, 
which are all discharged through the suntches 
controlled by clock Ck, In the followmg SAM- 
PLE state the capacitors C, and C, are charged to 
the voltages (V, - V,,,) and (V, + V,.,,) respectively 
The resulting net charge flow to the nuddle elec- 
trode, gven by eqn (2), 1s integrated on capacitor 
C, and leads to an error voltage at the output of 
OTAl This error voltage IS sampled by capa- 
citor C, and integrated on the filter capacitor 

C, thereby defimng the output voltage V,,, of the 
next measurement cycle 

The details of the tmung hagram are chosen m 
such a way as to rmllllluze the errors due to the 
offset voltage of OTAl and the clock feedthrough 

Dynamic Behavior 

The charge integrated on capacitor C, durmg 
the sampling sequence k IS gven by 

C,(V&) - VIII@ - 1)) 

=4C.+(~) - V,(k - 1)) (4) 
3 

where x IS the normahzed plate de&&on de- 
fined by eqn (1) and C,, = (l/C, + l/C,) -I is the 

Ftg 3 Clock sequence 
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total senal capacitance of the bridge The transfer 
function of the self-balanced capacitor bridge may 
be expressed using a z-transform descnptlon 

and corresponds to a first-order low-pass filter 
The system is stable d the pole of its transfer 
function lays wtthm the umty cu-cle This condl- 
tion determmes the maximum value of the capacl- 
tance ratio 

55,’ 
Cf c3 2 

(6) 

The cut-off frequency f, IS @ven by the capaa- 
tance ratlo and the samphng rate fs 

. r 2 l,,, 

The self-balancmg bndge has been imple- 
mented m an Integrated clrcult The IC contams 
the two-stage analog cn-cult, a sequencer generat- 
mg the internal clock signals and a current refer- 
ence used to bias the OTAs Capacitor C, 1s an 
external component 

An accelerometer self-test feature 1s based on 
a mod&d swltchmg sequence yleldmg a net elec- 
trostatlc force on the movable accelerometer 
plate It provides, upon request of a loglcal slg- 
nal, a mechamcal excltatlon at fixed frequency 
and amphtude durmg the measurement of the 
capacitors 

Fig 4 Chop photograph 

TABLE 1 Chip characterrstlcs 

chip size 18mmx23nun 
Supply voltage *25v 
Power consumpbon 12mW 
output swmg *2ov 
Samphng rate 32 kHz 
Bandwdth 1 Hz to 1 kHz 
output IlOlse - I10 dB V/JHz 

The chtp 1s deslgned and reahzed m 3 pm 
SACMOS (self-aligned contact MOS) technology 
Its charactenstlcs are summarized m Table 1 and 
a chtp photograph 1s shown m Fig 4 

Chlp Performance 

The evaluation of the clrcmt was done by 
electrical measurements and m combmation wth 
sIllcon rmcroaccelerometers The arcmt behaves 
as expected with respect to Its quasi-static and 
dynarmc response to dtierential capacitance 
changes The noise measured on a circuit with a 
100 Hz bandwdth and wth fixed capantors of 
22 pF replacmg the acceleration sensor 1s shown 
m Fig 5 The resultmg capacitance resolution 
corresponds to 0 04 fP for frequencies between 0 
and 1 Hz 

It has been found that the arcmt does not 
degrade the excellent thermal behavior or the 
rmcroaccelerometer clups [ 31 The capacitance res- 
olution 1s sufliaent to detect pg accelerations urlth 
acceleration sensors having a workmg range of 
+01g 

Frequency [Hz 1 

Rg 5 Output notse density 

Discldon and c0nc1usiolts 

An Integrated clrcult adapted to the measure- 
ment of the Werential capacitor of an accelerom- 
eter has been developed It 1s based on a self- 
balancmg bndge pnnclple and generates an output 
signal which IS Independent of any spe&c clrcmt 
parameter The fabncatlon of the arcmt 1s not 
cntical nor is any trnnmmg reqmred This arcuit 
proves that the electromc hardware needed for the 
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measurement of capacitive sensors can be highly 
munatunzed mamtammg high performance wth 
respect to resolution and stability 
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