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A High-Accuracy High-Speed Signal Processing
Circuit of Differential-Capacitance Transducers

Kouji Mochizuki, Member, IEEE, Kenzo Watanabe, Fellow, IEEE, and Takashi Masuda

Abstract—For high-accuracy signal processing of differential-
capacitance transducers, an interface circuitry is developed based
on a relaxation oscillator. The interface consists of an integrator,
a differentiator, and a comparator, and it uses two capacitors
of the transducer—one for the integration and the other for
the differentiation. This configuration allows the ratiometric op-
eration in the amplitude domain and provides a square wave
whose amplitude is proportional to the ratio of the capacitance
difference between the two transducer capacitors to their sum. A
circuit analysis shows that the interface can detect the capacitance
change as small as 0.1% of the total capacitance in 10 us.
Experimental results are also given to confirm the analysis.

Index Terms—Analog circuit, capacitive transducer, intelligent
transducer, pressure measurement, relaxation oscillator, signal
processing.

I. INTRODUCTION

IFFERENTIAL capacitance transducers consisting of

ganged two capacitors are widely used for detecting
pressure difference, linear displacement, acceleration, and ro-
tational angle [1]-[3]. To extract such measurands from the
complementary capacitance changes of the two capacitors, the
ratiometric operation, which divides the capacitance difference
between the two capacitors by their sum, is required for the
interface circuit. Several techniques have so far been proposed
for such a ratiometric signal processing, including switched-
capacitor (SC) analog-to-digital (A/D) [4], capacitance-to-
frequency [5], capacitance-to-phase [6], and capacitance-to-
voltage conversion [7], [8]. Of these, the relaxation oscillation
and SC techniques are best suited for the interface because
they allow a high-accuracy measurement with the simple
configurations, but take a long time to perform the ratiometric
operation [9], [10].

Applications of differential capacitance transducers to ac-
celerometers require the ratiometric operation performed in
a few milliseconds. Such a speed requirement can be easily
met by the SC sample and hold (S/H) circuit [11], but the
accuracy in ratiometric operation when the total capacitance of
a transducer is a few pico Farad (pF) is limited to 1% by clock
feedthrough. Though slower in speed than the SC S/H circuit,
the relaxation-oscillator based interface recently proposed also
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Fig. 1. An equivalent circuit of a differential capacitance transducer.

meets the speed requirement and allows much higher accuracy
[12]. Using the dual-slope integration technique, the interface
converts the capacitance ratio into the duty ratio. Given the
capacitance ratio not in the duty ratio but in a voltage form,
one can eliminate the post processing of counting and division
and thereby expect much higher speed ratiometric signal
processing.

Based on this idea, an interface circuitry of differential
capacitance transducers is developed. In the followings, its
circuit configuration, accuracy, and speed estimates, and per-
formances of a prototype interface will be described.

II. RATIOMETRIC SIGNAL PROCESSING

A differential capacitance transducer can be represented by
two capacitors with a common electrode, as shown in Fig. 1
(8].

In a linear displacement encoder, areas of the capacitor
electrodes change linearly with the displacement z. The ca-
pacitances C; and Cs can then be expressed as follows:

C
Cra= 70 (1+z) (1)

where Cj is the total capacitance of the transducer. In a
differential pressure transducer, on the other hand, the spacings
between the electrodes change linearly with the pressure
difference x. Therefore, C; and C; are expressed as

Co 1

Cia=— .
1.2 2 1F«zx

€3]

The capacitance change of a differential capacitance ac-
celerometer is also given by (2).

Whether the capacitance change is linear or hyperbolic,
the measurand z can be detected independently of the total
capacitance Cy by the following ratiometric operation:

_G-G
_Cl-l-Cz'

Besides a linear detection of a measurand z for easy calibra-
tion, the ratiometric operation given by (3) has another distinct

3)
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Fig. 2. The circuit diagram of the interface.

feature that the capacitance changes due to temperature, which
would otherwise be a major error source are cancelled. The
other error sources are stray capacitances associated with
terminals @, ®, and ©. A processing circuit should be
configured such that these stray capacitances have no effect
on the ratiometric operation.

III. CIRCUIT DESCRIPTION

An interface circuit of a differential capacitance transducer
is shown in Fig. 2. The core is the relaxation oscillator
composed of the integrator A, and the comparator A;. The
differentiator A3 and the inverting amplifier A, are added
to the core for the ratiometric operation. Two capacitors,
one C; for integration and the other C, for differentiation,
represent a differential capacitance transducer. Assume that
the comparator A; provides + Vs when the weighted sum of
v and vy is negative and —V..s when it is positive

v1(t) = Vier sgnfvc(t)] 4)
)= i)+ =15 )
) = R R MY T R 2 (

The output of the integrator A, then takes a triangular wave-
form and the current flowing into the differentiator takes a
square waveform, as depicted in Fig. 3. The response of a
differentiator to square wave excitation would be oscillatory.
To avoid such an oscillatory response, C3 is connected in
parallel with Rs.

Assuming ideal op-amps and neglecting C3, one can derive
Uout as follows:

oo ke
ve(t) = o o Vier sgnfvc(t)]. 6)
Ci Re +C, &
If R3 = Ry and R1Rs = Ry Rg, then (6) reduces to
Vout = Vo sgnfve(t)] @)
where
Vo= T Gt Viet = aVar ®)
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Fig. 3. Voltage waveforms in the interface.

Equation (8) indicates explicitly that the interface circuit
performs the ratiometric operation in the amplitude domain.
The time T required for the ratiometric operation is a half
period of the oscillation

T, = T/2 = (Cl + CQ)Rg. 9

It is noted that the oscillation frequency is independent of
a measurand x and measures the total capacitance Cy of a
transducer.

IV. PERFORMANCE ESTIMATES

The accuracy and speed of the ratiometric operation achiev-
able with the interface will be estimated in this section.

The factors which affect the operational accuracy are resis-
tance mismatches and nonideal performances of op-amps. Let
6; ; be the resistance mismatch between R; and R;

% — 146, (10)
Substituting (10) into (6), we have to first order
Vo = kz(1 + ep)Vier + AV (11)
where
e = 63,4 + (01,2 ';65,6)(1 + ) 12)
AVgp = % (13)

are the nonlinear and offset errors due to resistance mis-
matches, respectively.

The finite open-loop gain A and the offset voltage Vs of an
op-amp are two main error sources that affect the operational
accuracy. Their effects are also described in terms of the -

nonlinear and offset errors as follows:
Vo=kx(l+ea+ev)Ver + AVy + AWy, (14)

where €4 and AV, are nonlinear and offset errors due to the
finite gains and ey and AV are those due to the offset voltages
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Fig. 4. The phase-compensated differentiator under step excitation.
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of op-amps, respectively, given by

€A = % (1+2x) (15)
R3 Vos
;= — 6
= Ry Vier (16)
AVa =Vt /A 17
1 1

c={14 R =+ =) bV, 1

AV, { + 1(R2+R3)}V (18)

In deriving the first-order expression (14), Ry, = R4, Rs =
Re,wCoRy < 1, and wC1(R + 1//R3) = 1 are assumed.

Assuming typical values 6 = 0.05%,4 = 100 dB, V,, =
0.5 mV, Ve =10V, Ry = Ry = R3, and —-0.5 x 0.5, one
can evaluate each error term as follows: eg = 0.1%,e4 =
3x107% ey = 0.5 x 1074, AV = 2.5 mV, AV, = 0.1
mV, AVy = 1.5 mV. The offset error can be easily nullified
by an offset adjustment and thus the ultimate accuracy is
determined by the nonlinear error. From the above evaluation,
it is concluded that resistance matching is crucial for a high
resolution.

The operational speed is limited by the differentiator be-
cause the phase compensation using Cs is accompanied by
the time delay. As described previously, a step current is
applied to the inverting input terminal of op-amp As. The
equivalent presentation of the differentiator is shown in Fig. 4.
The response V,(s) to the step excitation is then given by

—R5I w3 Waly,
Va(s) = . . 19
4(s) S s+ ws 82+ wys + wawy (19
where w,, is the unity-gain bandwidth of A3 and
we = L (20)
>~ CiRs
1
= . 21
w3 SN (21

For the phase compensation to be effective, placing w3 at one
tenth of w, is preferable. Let w3 = wy/2 = 0.1w,. Then, the
step response v4(t) becomes

v4(t) = —RaI{1 — (1.0 — 0.05 cos 0.44w,t

+ 0.23 sin 0.44w, t)e ™3 u(t). (22)

The amplitudes of oscillatory terms are small owing to
the phase compensation and the unit response (22) can be
approximated by a simple exponential function. The 0.1%
settling time 7, is then given by

Ts = Twy . (23)
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Fig. 5. Experimentally observed waveforms.
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Fig. 6. The output amplitude V, versus .

This is the minimum time required for the ratiometric opera-
tion of 0.1% accuracy if A3 slews much faster. Specifically,
if wg = 2 x 10° rad/s, then 7, = 10 ps.

V. PROTOTYPE INTERFACE

A prototype interface based on Fig. 2 was breadboarded
using LF411 op-amps. The circuit parameters are R = Ry =
Rg = R4 = 1.2 MQ,R5 = R6 =5 kQ,Cg = 2 pF,
Vee = =Vis = 15 V, Vi = 13 V. Mica capacitors are used
for Cy and C3 and their values are selected such that x range
from —0.5 to 0.5.

Fig. 5 shows experimentally observed waveforms when
C1 = 20 pF and C; = 5 pF (z = 0.6). It can be seen
that vy assumes +7.8 and —7.8 V alternately and settles in
15 ps. These observed values agree quite well with theoretical
values given by (8) and (23), respectively. The noise floor
including the oscillatory amplitude is less than 2 mV. This
also confirms the step response of the phase-compensated
differentiator given by (22).

The amplitude V, of the output signal measured over the
wide range of capacitance change is plotted in Fig. 6. Fig. 7
shows the output amplitude plotted for the small capacitance
change. In this measurement, a ganged capacitor composed
of three parallel plates whose total capacitance is 6 pF was
used in parallel with mica capacitors [7]. These preliminary
results confirm the accuracy estimates in the previous section,
indicating that a resolution as high as 0.1% is easily attainable
with the interface.
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Fig. 7. The output amplitude for a small capacitance change.

VI. CONCLUSIONS

A relaxation-oscillator-based interface circuitry has been
presented, which performs the ratiometric signal processing of
a differential capacitance transducer in the amplitude domain.
Circuit analyses have shown that a resolution higher than 0.1%
and a sampling rate as high as 100 ksps are easily achievable
with the simple configuration. A prototype interface built using
off-the-shelf components has confirmed the circuit analyzes
and demonstrated the validity in practical applications.

A one-chip implementation of the interface and its applica-
tions to practical transducers are future works.
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