1296

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 50, NO. 5, OCTOBER 2001

A Switched-Capacitor Interface for Differential
Capacitance Transducers

Satomi Ogawa, Member, IEEE, Yutaka Oisugi, Kouji Mochizuki, Member, IEEE, and Kenzo Watanabe, Fellow, IEEE

Abstract—For high-accuracy signal processing of differen-
tial capacitance transducers, an interface circuitry based on a
switched-capacitor (SC) sample/hold (S/H) circuit is developed.
Driven by nonoverlapping two-phase clocks, the interface pro-
duces the output voltage which is proportional to the ratio of
difference-to-sum of two capacitors of a differential transducer.
Performances of a prototype chip fabricated using 0.6-pm
n-well CMOS process were measured and compared with those
simulated by HSPICE. The measured results indicate that 0.1%
resolution is achievable with the proposed interface and the
temperature-dependence of the interface is small. An interface
circuit improved for smaller temperature-dependence is also
proposed and its operation is confirmed experimentally.

Index Terms—CMOS integrated circuit, differential capaci-
tance transducer, ratiometric signal processing, sample and hold,
switched-capacitor circuit.

I. INTRODUCTION

DIFFERENTIAL capacitance transducer consisting of

two capacitors is widely used to detect such physical
quantities as pressure difference, linear displacement, accel-
eration, and rotational angle [1]. Its electrical equivalent is
shown in Fig. 1, where C, and C}, are two capacitors which
change complementarily with a measurand. In a rotational
angle encoder, C,, and C, change linearly with the angle z

Cabz%(lzi:z) 0

where C, = C, + C) is the total capacitance. In pressure trans-
ducers, on the other hand, C,, and C}, change hyperbolically with
applied pressure z [2]

Co 1
Cop = — . 2
YT 2 1% @
In either case, the measurand z can be extracted independently
of the total capacitance by the following ratiometric operation:

_Ca—Cb

Ir = m. (3)

Besides the linear extraction of a measurand z, the ratiometric
operation has another distinct feature that capacitance changes
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Fig. 1. Equivalent circuit of a differential capacitance transducer.

due to temperature which would otherwise be a major error
source are cancelled and have no effect on the accuracy if signal
processing is insensitive to parasitic capacitances Cp,, Chps,
and Cp..

Several methods have so far been proposed for the ratiometric
operation. The most conventional method is based on detection
of currents flowing through C,, and Cj. The ratiometric opera-
tion is then performed by controlling the amplitude of the exci-
tation such that the total current through C, and C}, is constant
[3]-[6]. The ratiometric operation can also be performed by
an analog-to-digital converter (ADC) with the reference being
an electrical variable proportional to C, + Cj. Such methods
using a charge-balancing [7], oversampling AY. modulating [8],
[9], or successive-approximation [10] ADC provide the digital
equivalent of a measurand. The other methods use the relax-
ation oscillator consisting of an integrator and a comparator,
providing a measurand in the digital [11] or duty ratio [12] form.

Ratiometric signal processing based on the ADC or relax-
ation oscillation is suited for cointegration with micromachined
transducers, but is limited to low-speed applications. The cur-
rent detection method has therefore been used exclusively for
high-speed ratiometric signal processing. The signal processing
is easy, but requires a sinusoidal excitation with the large am-
plitude to obviate the temperature-dependent voltage drop of a
diode detector. To alleviate this problem, a relaxation oscillator
including the charge amplifier has recently been proposed.[13].
This modified oscillator allows a signal processing speed up to
105 sample/s (samples/s), but requires component matching.

A CMOS interface for high-speed ratiometric operation is re-
quired by micromachined differential capacitance transducers
for acceleration and rotary angle measurements. To respond to
the request, an interface is developed based on a switched-ca-
pacitor (SC) sample/hold (S/H) circuit. This paper describes its
configuration, accuracy estimates, and simulated and measured
performances of a prototype chip integrated by a 0.6-zm n-well
CMOS process. An improved circuit is finally given to reduce
the temperature dependence.
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(a) Circuit diagrarm of the interface. (b) Timing diagram of the nonover-

II. INTERFACE

Fig. 2 shows the interface circuit for ratiometric signal pro-

¥ cessing of differential capacitance transducers. It is basically
¥ the SC S/H circuit with two transducer capacitances C, and
j' C}, being S/H capaciters. Capacitor C, is an additional hold ca-
- pacitor to mitigate the slew rate requirement of op-amp A [14].
f If the op-amp is ideal, C, is charged to (V,.; — V}) and Cj to

(Ve2 — V3) in the ¢ phase. In the ¢ phase, two capacitors are

§ connected in parallel, to produce the output voltage V,(¢)

Coa(Vi1 = Vo) + Co (Ve = Vp)

Vo(¢) = Vs + C. 1 C,

_ CoVr1 + GV
B ju, + Cb

C))

j. where V}, is the bias /oltage applied to the noninverting input
f terminal of an op-amp for the single-supply operation. If V.,
- and V.o are set to

TR SRR

1297

then V,(¢) is given by

V—32+3:VT.

Vo(¢) =
Parasitic capacitances have no effect on the ratiometric opera-
tion because C,,, and Cp;, are connected to voltage sources and
Cpc is kept charged to V3. This also holds true for the hold ca-
pacitor C, because it merely provides the feedback path in the
¢ phase.

Error sources involved in the interface are the finite gain and
the offset voltage of an op-amp and the charge injection from
switches. Let the frequency-dependent gain of an op-amp be
A(s). The output voltages V,(#,) and V,(¢,,) in the ¢ and @
phases at the time n, respectively, are then given by (8) and
(9), shown at the bottom of the page, where Cl, is the parasitic
capacitance at the common electrode of a transducer. If Cj, >
Cy + Cp, then V,(¢,,) in (8) can be approximated by

)

- Coa — Gy Vbp
Vo(Pn) = Vo(@n-1) = Vi . 1
(B) = Voldn) = G Vo + 52 (10)
Substituting (10) into (9), we have
- 1%
Vo(§) = == + XV, (1)

Equation (11) indicates that the error voltage due to the finite
gain which is stored into C, and Cj, in the ¢ phase compensates
the corresponding output error in the ¢ phase, thereby making
the ratiometric operation insensitive to the finite gain. The offset
voltage of the op-amp in the ¢ phase is also compensated by
that stored into C, and C} in the ¢ phase. Therefore, no special
design strategy is required for the op-amp.

The error factor that limits the operational accuracy is there-
fore charge injection from switches M;, M,,, and Mj3. The

error voltage 6V, (¢) due to charge injection is given by

Qf,total

12
Ca+Cb ( )

§Vo(9) =
where

Qftotal = Qf1 + Q2+ Qf3 (13)

and @, is the charge injected to C, and C}, from switch M;(¢ =
1,2, 3). The injected charge consists of the channel charge gcu
and the clock-feedthrough component gcr,

Qf = qcH = qcL (14)
Vil = % + Vi, (5) where
and Voo gcu = Ccu(Ve — V;)/2 (15)
Vio = - - Ve (6) gcr = Co Vg (16)
Y _ - Vop
Valth) = Valdn-a) + - - L fﬁ’ll‘c)ag;g“cgc C:)%()V ) @
Vo(B) = (Ca — Co)Vr + (Ca + Co) B2 + (Cy + Ch + Cpc) Vodn)/A(5) )

(Ca+Co) (14

Ch+Ca+cb+Cpc . 1
Cn A(S)
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Fig. 3. Op-amp performances.

and Ccy, CoL, and Vr are the channel capacitance, the overlap
capacitance, and the threshold voltage of the MOS switch, re-
spectively, and V¢ is the gate voltage. Substituting (14) into (12)
and noting that gcy is independent of C,, and C}, and that gc is
shared between Co1, and C, (or Cy), we have, to the first order

<, 7 GCH,total T 4CL,total 2CoL
oVel9) = G, S C2(1-4?)

“qCL total- (17)

The first term in (17) represents the offset error which can
be nullified by the offset adjustment. The second term is the
nonlinear error that limits the ultimate accuracy. Specifically,
dCL total is of the order of 1 pC and Co, is typically 20 fF.
Assuming Cy = 10 pF, then the nonlinear error amounts to
2 mV. Reducing the clock-feedthrough component by the use of
small-dimensioned switches with the dummy compensation is
crucial for high-accuracy signal processing. Reducing the gate
aspect ratio, however, increases the on-resistance of a switch
and thereby decreases the operational speed. Therefore, the
switch should be designed based on the compromise between
the accuracy and the speed.

III. PERFORMANCE SIMULATED BY HSPICE

Performances expected from CMOS realization are simulated
by HSPICE with 0.6-um CMOS process parameters. A simple
two-stage CMOS op-amp consisting of a differential pair fol-
lowed by arail-to-rail output stage is designed for low voltage and
low power operation. Fig. 3 shows performances of the op-amp.
The dc gain is typically 84 dB and the dominant pole is located
at 30 Hz. Performances of the interface using this op-amp and
switches with the aspect ratio W/ Lpyos = 13.0 pum/0.9 pm,
W/ Lxyvos = 4.0 pm/0.9 pm are compared with those using an
ideal op-amp and switches with the same aspect ratio in Fig. 4.
These performances are quite similar. This confirms the theoret-
ical analysis described in the previous section that the ratiometric
operation is insensitive to nonideal performances of an op-amp.
Error voltages for different switch dimensions are compared in
Fig. 5. The comparison demonstrates that the charge injection
is dependent on temperature, and reducing the charge injection
is critical to high-accuracy processing.

Fig. 6 shows the on-resistance of the switch as a function of
the input voltage. The on-resistance of the switch is 1.5 k€2 at
maximum. Assuming C, = 10 pF, the 0.1% settling time is
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Fig. 4. Simulated performances of a prototype chip. The aspect ratios of
switchesare 1/ Lpyos = 13.0 pm/0.9 pem, W/Lnmos = 4.0pum/0.9 pm.
(a) Output voltage and (b) the deviation from the ideal value as a function 4
of capacitance difference-to-sum ratio, assuming the two-stage op-amp.
(c) Output voltage and (d) the deviation from the ideal value as a function of
capacitance difference-to-sum ratio, assuming an ideal op-amp.

104 ns. This implies that the clock signal as high as 4.8 MHz |
is allowed to drive switches. Inferring from the op-amp perfor-
mances, however, the clock frequency will be limited to 1 MHz
in practice. Much higher sampling rate is possible by increasing :
the power consumption of the op-amp. :
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Fig. 5. Error voltage as a function of temperature. (a) Switch aspect ratio:
W/Lpmos = 13.0 pm/0.9 pm, W/Lxmos = 4.0 #m/0.9 pm. (b) Switch
aspect ratio: W/Lpyvos = 65.0 pm/1.2 um, W/Lxmos = 20.0 pm/
1.2 pm.
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Fig. 6. On-resistance of the switch.

IV. PERFORMANCES OF PROTOTYPE INTERFACES

The interface of Fig. 2 was integrated using the 0.6-pm
n-well CMOS process. The op-amp described in the pre-
vious section and CMOS switches with the aspect ratio
W/LPMOS — 130 um/0.9 pam, W/LNMOS —4i() ,um/0.9 pm
are used for implementation of the interface. Fig. 7 shows a
microphotograph of the prototype chip. In addition to the inter-
face circuit shown in Fig. 2, the chip includes a conventional
op-amp-based S/H circuit and the two-phase clock generator.
The quiescent current of the op-amp and the clock frequency
can be adjusted by means of external resistors. To evaluate
performance of the chip, pairs of mica capacitors with the total
capacitor C, being 50 pF were used in place of a transducer.
The power supply voltage Vpp is 5 V. The clock frequency is
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Fig. 7. Microphotograph of the prototype chip.
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Fig. 8. Measured performances of a prototype chip. (a) Output voltage and
(b) the deviation from the ideal value as a function of capacitance difference-to-
sum ratio.
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Fig.9. Output voltage as a function of temperature of the prototype chip.

set to 100 kHz. The reference voltages V,; and V,5 are 5 V
and 0 V, respectively. Typical measurement results are shown
in Fig. 8. The output voltage plotted in Fig. 8(a) is proportional
to the difference-to-sum ratio of two capacitors, confirming the
ratiometric operation given by (7). The nonlinear error, plotted
in Fig. 8(b), is of the order of a few millivolts. These results
indicate that 0.1% resolution is achievable with the proposed
interface. Fig. 9 shows the output voltage as a function of tem-
perature when z = 0. This result shows that the temperature
variation is smaller than 2 x 1073%/°C.
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Fig. 10. (a) Circuit diagram and (b) timing diagram of clock signals of the
double sampling interface.

To reduce the temperature-dependent nonlinear error, the
basic interface circuit is improved. The improvement is based
on the cancellation of the charge injection by means of double
sampling. Fig. 10(a) and (b) shows the improved interface
circuit and the timing diagram of clock signals, respectively.
The operation in the ¢ and ¢1 phases is the same as that of the
basic circuit, producing the output voltage V, (é1)

_Ca_cb
B Ca+Cb

Vo(d)l) Vr + ‘/;rrorl(T)~ (18)
The same operation is repeated in the ¢2 and ¢2 phases while
alternating V;. and —V;, to produce the output voltage V,(#2):

Cy—C,q

Vo((/)?) = ——‘V; + V;rrorQ(T)

Co+ Cy (19

where Verror1 (T) and Verror2 (T') are the temperature-dependent
error voltages due to charge injection. Taking the difference be-
tween V,(¢1) and V,(¢2), we have

Vo aie = Vo(d1) — Vo(o2)

C,—-Cy
Vr Vcrror T -
c.xc, rt Veron(T)

If Verror1(T) = Verror2(T'), then we have

Jdiff ~ Ca n Cb

=2 Vverrorl(T)- (20)

Vo Vi (21)
To confirm the circuit operation, the improved circuit was
breadboarded using OPA627 op-amps, MAX317 switches,
and LF398 S/H circuits. The clock frequency is 100 kHz.
Fig. 11(a) and (b) shows the output voltages of the S/HI1

and S/H2 circuits as a function of temperature, respectively.
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Fig. 12. Differential output voltage V', aisr as a function of temperature.

In these measurements, C, = 36.8 pF and C;, = 32.1 pF
mica capacitors are used. These results indicate that the clock
feedthrough dominates the charge injection and the assumption
Verror1 (T) = Vierror2(T) holds true. Fig. 12 shows the differ-
ential output voltage V, 4ig as a function of temperature. The
change in the differential output voltage due to temperature is
smaller than one tenth that in the basic circuit. Therefore, one
can conclude reasonably that a resolution ten times higher than
that of the basic circuit is possible with the improved circuit.

V. CONCLUSION

A CMOS interface circuit of differential capacitance trans-
ducers has been described which performs the ratiometric
operation with the simple configuration. Simulated and mea-
sured performances of the prototype chip integrated by the
0.6-um n-well CMOS process have demonstrated that 0.1%
resolution is achievable, and the higher accuracy will be ob-
tained by using the dummy-compensated switches with small
gate areas. A prototype interface has also proved that cancella-
tion of clock-feedthrough charges by double sampling is quite

e
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useful for reducing the temperature-dependent nonlinear error.
The double sampling interface circuit intended for applications
to laser scanners and accelerometers is now under fabrication
using a CMOS process.
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