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A Novel Low-Cost Capacitive-Sensor Interface

Frank M. L. van der Goes and Gerard C. M. Meijer

Abstract—This paper describes the design of a new capacitive
sensor interface. The interface is based on the use of a novel
type of oscillator whese frequency is insensitive to low- and high-
frequency interfering signals by the application of a third order
high-pass filter and special dither techniques. The fully integrated
0.7 pm CMOS circuit shows an inaccuracy of less than 100 aF
with respect to a 2 pF reference capacitor over a —30° to +70°C
temperature range. The applied measurement concept guarantees
high stability, high accuracy and a negligible influence of parasitic
capacitances without the need for calibration.

I. INTRODUCTION

ECENTLY, an architecture for a low-cost capacitive

sensor interface has been proposed [1]. The system
is based on a first-order switched capacitor (SC) relaxation
oscillator. Its capacitor-dependent frequency is measured by a
microcontroller. Continuous autocalibration of the offset and
gain of the complete interface is performed. This technique,
known as the three-signal technique, has been successfully
used before in [2]-[4].

A serious problem when measuring off-chip capacitors can
be the effects of power-line interference. Another problem
when applying free-running oscillators can be the effects
of microcontroller interference, which can result in locking
to the microcontroller clock signal, thereby deteriorating the
accuracy.

The new first-order oscillator, described in this paper, ap-
plies a third-order filter to suppress low-frequency (LF) in-
terference. This also results in a very low sensitivity to 1/f
noise, enabling the use of low-cost CMOS processes for the
implementation of accurate circuits. The locking effects to
the microcontroller have been reduced by applying special
dithering techniques.

II. MEASUREMENT CONCEPTS

The system architecture is based on three measurement
concepts, which will be explained below.

A. Two-Port Measurement

The sensor capacitor C, is cursed with parasitic capacitors
Cp1 and Cpe modeling the capacitances of the connecting
cables, as displayed in Fig. 1. The only way to eliminate
the effects of both parasitics is to force a voltage Vi, on the
transmitting electrode and to sense the current /;,. The current
I, depends only on V;, and C,.
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Fig. 1. Two-port measurement of C. Cpp1 and Cpo model the capacitances
of the connecting cables.
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B. Use of First-Order Relaxation Oscillators

The sensor system consists of a first-order capacitance-
controlled oscillator and a microcontroller. The microcon-
troller measures the oscillator period by counting the number
of clock cycles that fit into a period. This system has been
successfully used before [1]-[3].

C. Continuous Autocalibration

The system is continuously autocalibrated for additive and
multiplicative errors of the electronics. To implement the
autocalibration, a reference capacitor C,.s and the offset are
measured in exactly the same way as the sensor capacitor
C_. This results in three different periods Tres, Tog, and Ty,
which are given by

Tref = TO + KOref
Toff :TO
T, =T+ KC, ' (nH

where Tp and K represent the offset and gain, respectively.
These periods are measured by the microcontroller, yielding
digital numbers N,.f, Nog, and N,. The final measurement
result M is calculated by the microcontroller

Na: - Noff
M=z o
Nref - Noff
Oy
= . 2
Cref ( )

This ratio does not depend on 7 and K and since this
calibration is done continuously, also slow variations of 7j and
K do not affect M. One full measurement cycle consists of
three time intervals, which we refer to as measurement phases.

When we combine these three measurement concepts, we
obtain the sensor system as depicted in Fig. 2(a). In order to
minimize the number of terminals of the interface, the selection
of the three measurement phases is done by the interface itself.
Only one terminal is used for the communication with the
microcontroller.
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Fig. 2. (a) The sensor system and (b) the output signal of the interface.

Fig. 2(b) shows the output signal of the sensor interface
over a full measurement cycle. This signal is sampled by the
microcontroller. Every measurement phase consists of an equal
number (V) of oscillator periods. The microcontroller should
be able to identify the various phases Tig, Tref, and 7},. To
enable this identification, the output frequency during Tog is
doubled (switch s, is in position “0”). The divide-by-N/2
stage is used to increase the phase duration, thus reducing
the quantization noise. level. A practical value for common
sampling frequencies is N = 256.

A great advantage of the signal type shown in Fig. 2(b) is
that low-pass filtering of this signal does not affect M as long
as the applied time constants are about 10 times smaller than
Toge/4. Further, this signal can be very easily handled by the
microcontroller.

A serious problem when using the above-mentioned system
is the effect of LF interference [for instance, the mains supply
(50/60 Hz)]. These interfering signals need to be filtered.
A good method to remove this interference is to apply a
measurement time equal to a complete set of periods of the
interfering signal. However, this method cannot be used here,
since the signal protocol of the interface output does not allow
this. Therefore, the oscillator frequency should be immune to
LF interference. For this reason, a new oscillator has been
designed which provides filtering for LF signals.

Another problem related to the use of free-running oscil-
lators is the locking of the oscillator to high-frequency (HF)
disturbing signals from the microcontroller. Special dithering
techniques have been used to reduce the locking effects, as
shown in the next section.

III. THE NEW OSCILLATOR

A. The Principle of Operation

The new first-order oscillator, which is based on SC tech-
niques, is depicted in Fig. 3. The current Iy is continuously
being integrated. All switches in the oscillator are controlled by
the logic circuitry. The comparator monitors the output voltage
Vit Of the integrator. After the threshold voltage Veomp has
been reached, some switches change to the alternate position,
depending on the logic, and charge is transferred from C;
and/or Cym, t = 1, 2 to Cine. After a certain time, this charge
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Fig. 3. The new SC oscillator.

is completely removed from Cjy, by the integration of Ii,, and
the threshold is reached again. This process results in periodic
signals.

Fig. 4 shows the signals Vi, and V,, the signal on the
transmitting electrodes of Cyog; and Cogo (V4,1 and V; o,
respectively) and the integration current. A positive current
flows in the direction of the arrow. Also displayed is the signal
V%, - on the transmitting electrode of C; during measurement
of C,. In this case, this signal follows the pattern of V; ;.
Finally, the control signals of several switches are displayed.
When the control signal for a switch is a “1,” the switch is
closed (conducting). -

The signal V; ¢ follows the pattern of V; i during a
reference measurement phase. To guarantee a positive charge
flow to the integrator, even when C,, = 0, a capacitor Cog2 is
added. At the beginning of T} ; ¢ € [1, 4], charge on Cogo is
transferred to Cine in parallel with C,. At the end of T} ;, the
charge on Cy and Cigo has to be rebuilt. This is done during
the sufficiently long time interval T ;. To generate this time
interval, an offset capacitor Cogq is added. Charge on this
capacitor is transferred to Ciy, at the beginning of Ty ;. The
peak-to-peak amplitude of V; 1, Vi 2, V; 2, and V; ;e equals
Vbp. The period To, , during the signal measurement phase
is given by

C,
4Vpp (Coffl + Cogro + Cy F)
Tosc,z = < 2 3
[int

where fim is the amplitude of Iin, and Vpp is the power
supply voltage.

As will be seen later, it is very important that the charge
and discharge currents are closely matched. This is required
for optimal LF filtering properties. In our case, the mismatch
should be smaller than 0.1%. A novel method to generate
two closely matched currents with opposite sign has been
developed. This method is based on switched current (SI)
techniques (Fig. 5).
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Fig. 4. Important signals in the new oscillator during the measurement of
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Fig. 5. Sl-based implementation of [;,4 to generate two matched currents.

The circuit consists of three cells which are designed to
sample and hold currents. The currents which are integrated are
I; and I». We now explain the principle of operation. During
phases @, and @3 (Fig. 4), I is being integrated (s = 1),
and I3 is zero. The current /7 tracks the reference current
Icr because s, = 0, s4 = 1 and s5; = 1. This situation is
depicted in Fig. 5. At the end of this tracking phase, 5,1 opens
(sampling), a voltage is stored on Ci, and I3 is the sampled
value of I,.t. During phase ¢1, I tracks I3, while I3 tracks
I, during phase 4. One complete sample-and-hold cycle
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Fig. 6. Synchronous detection based on an HPF to remove the interference.

for all cells takes four phases (one oscillator period) and is
displayed in Table I.

After one complete cycle, two matched integration currents
with opposite sign equal to I..¢ are obtained.

B. The Low-Frequency Filter

The LF interfering signal is modeled in Fig. 3 by the voltage
V; and the capacitor C;. As discussed before, the oscillator
frequency should be immune to LF interference. The oscillator
uses synchronous detection based on a high-pass filter (HPF),
as displayed in Fig. 6.

The LF interference is coupled into the capacitor and high-
pass filtered. The oscillator is assumed to have a DC input. The
HPF does not contain any time constants, but is derived from
an SC filter. The filter has a third-order behavior and is actually
a cascade of a first-order and a second-order HPF. The switch
s, performs a differential operation 1 —exp (—jwTp), resulting
in a first-order high-pass behavior for low frequencies. The
second-order HPF is formed by the switching of . The
interference is sampled on the equidistant moments ¢; (see
Fig. 4). In the z-domain [z = exp(jwT,sc/4)], the resulting
filter can be described by H(z)

H(z)=1-z"1—2"2+4+27% 4

Note that all coefficients are equal to 1. Transformation to the
frequency domain of (4) results in a second-order behavior
for low frequencies. Combining both filters results in a total
relative error 6;(w), which corresponds to the maximum
relative deviation of a single oscillator period with normalized
input signals

61(w) = 4a sin (JwTy) sin® (2wTise) cos (3wTose).  (5)

Normal transformations from the z-domain to the frequency
domain require an infinite number of samples. Since a single
oscillator period is only based on four samples, we use
another approach. The same result as a common transformation
can also be obtained by infinite values of the phase of the
interference. The factor a o, « € [0, 1], represents the effect
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of the offset capacitors Cog1 and Coge. Very large offset
capacitors tend to stabilize the period so a | 0. However, the
period cannot be modulated in this case. We assume o = 1.

The problem with an oscillator implementing an SC filter
is that the sampling moments depend on the interference. The
sampling moments will therefore not be equidistant for large
interfering signals. This is a nonlinear behavior. Large inter-
fering signals will therefore be less suppressed than predicted
by (5). The actual suppression of large interfering signals has
to be simulated. Simulation results [5] for a practical situation
where Ty = 10us, Ts = 25us, C, = C; = 1 pF, Vpp =5
V, w; = 2r - 50 rad/s, V; amp = 220 Vepy (V; is a sine wave
with amplitude V; i) showed that the maximum relative
deviation 839(w;, V;, amp) Of 2 measurement phase consisting
of 32 periods amounts to 1.5 - 107, This is approximately 5
times larger than the small-signal relative error. The filtering
of LF interfering signals also holds for the 1/ fnoise. Thanks
to the applied filtering concept, the oscillator frequency is
insensitive to 1/f noise, as long as the 1/f noise corner
frequency is below the oscillator frequency. This holds for all
noise sources in the oscillator. This enables the use of low-cost
CMOS processes to realize accurate circuits.

C. The High-Frequency Filter Properties

Another problem is the interference from the microcon-
troller. It is possible that the oscillator locks to the clock
frequency of the microcontroller. The result is a decreased
accuracy and resolution. This situation has to be avoided. We
applied two methods to remove the locking effects.

The first method is based on low-pass filtering. The band-
width of all parts of the oscillator is far below the frequency
of the interference.

The second method is based on dithering techniques. We
assume that the interference is sampled in parallel with the
sensor signal. These samples tend to synchronize the oscillator
period to that of the interfering signal. By applying dither
techniques, this synchronization process is disturbed. The
dither is implemented by adding pseudo noise to the oscillator,
which is the same for all measurement phases. The effect
of the pseudo noise itself is eliminated by the three-signal
technique. A very good implementation of the pseudo noise
is to increase Cog; every period with a small part ACqg1, as
shown by Mulder [6]. When a new measurement phase starts,
Cog1 starts with its initial value. The maximum value of Cog1
is reached at the end of a measurement phase and is only a
few percent larger than the initial value.

IV. NONIDEALITIES

In this section, we consider the effect of the most important
nonidealities on the measurement result A/ and on the LF filter
properties. Nonidealities such as parasitic capacitances, finite
DC gain, finite CMRR and offset of the OTA’s, switch charge
injection (SCI) and voltage dependence of on-chip capacitors
all appear in (1) as additive or multiplicative factors [5]. The
effect of these nonidealities is canceled by the continuous
autocalibration. Some effects result in a nonlinear capacitor-
to-period conversion and are not canceled by the continuous
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Fig. 7 Photomicrograph of the previous version of the interface, realized in
a 3 pm process

autocalibration. Such a nonlinearity occurs when the oscillator
contains LF or HF poles. These poles originate, for instance,
from the limited bandwidth of the OTA’s (HF pole at 1/7yF)
or the output resistance of the integration current source (LF
pole at 1/rpr). The nonlinearity is smaller than a certain value
~ if the oscillator period Tys. lies in the range [5]

Tosc
—7p In(y) < ;s < YTLP- (6)

It is not very difficult to meet this condition for v = 1 ppm.

To test the nonlinearity of the oscillator, four measurement
phases are performed. Besides the offset and a capacitor
C,1, another capacitor C,2 is measured. During the fourth
measurement phase, the sum Cp; + Cy» is measured. These
four measurement phases are sampled by the microcontroller,
resulting in 4 digital numbers Nog, Ny1, Nyo, and Nyjyo.
A measure of the nonlinearity is given by ¢

Nacl + N:cZ - Nacl+m2 - Noﬁ

€= . 7
le+m2 —Noff ( )

Some of the above-mentioned nonidealities also deteriorate
the rejection parameter for interference 633(w, Vi amp). The
main causes of decreased LF filter properties have been
verified with simulations and are found to be offset voltage,
current mismatch and SCI. For instance, a current mismatch
of 3 - 10™* causes an increase of §32(w, Vi amp) by a factor
of two. Several measures, such as the use of well-matched
transistors, the use of SI techniques (Fig. 4) to realize matched
currents and the use of dummy switches to decrease the SCI,
have been taken to reduce these effects.

V. MEASUREMENT RESULTS

A photomicrograph of the previous version of the interface
is depicted in Fig. 7. This interface is realized in a 3 um
process and measures 18 mm?.

A recent version of the interface has been implemented in
a 0.7 pm CMOS process. This chip measured 5.5 mm? and
all measurement results hold for this chip. The measurement
range is 0-2 pF. The values of C,; and Cy2 are approximately
1 pF. All test capacitors have a Teflon dielectric, which shows
very good properties with respect to dielectric absorption [7].



540 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 45, NO. 2, APRIL 1996

TABLE II TABLE 1II
SIMULATED AND MEASURED RESULTS OF THE LF SUPPRESSION OVERVIEW OF THE MAIN MEASUREMENT RESULTS
Parameter value condition Parameter Value
b32(wi, Vi amp) 1.5-10—3 simulation Power supply Vpp 5V
632, meas (Wh Vi,amp) 5.5 -107° measured Range 0-2 pF
39, air(wi, Vi 5.10-2 simulation Accuracy 100 aF
22,dif (6 Vi, omp) 2 Resolution 100 ms meas. Time (N — 256) S aF
Resolution 10 ms meas. Time (N = 32) 200 aF
The parasitic capacitor amounts to 50 pF. The frequency of the Ofgse‘ with intemall MUX 31F
oscillator varies between 7.5 and 12.5 kHz. The time intervals ngmsge:: Zf”;‘;ﬁ;r;a MUX Zg ZF Ty
0OSC, X .
16,1 amount to 10 us. Ope co_mplete measu;ement takes less ensitivity of period Tose 40 u5ipF
than 100 ms. The sampling time of the microcontroller, an  Rel. deviation 832, mens (wi, Vi, amp) (50 Hz, 55.10-°

Intel 87C51FA running at 12 MHz and operating from the
same power supply as the interface, is 330 ns.

The measured nonlinearity ¢ is 50 ppm, corresponding
to 100 aF with respect to a 2 pF reference capacitor. This
accuracy holds for the large temperature range from —30 to
70°C. This is a very good result. Changing of the parasitic
capacitance has no significant influence on this result. The
50 aF resolution is mainly determined by the noise voltage of
OTAZ2. The offset capacitor measures 3 fF which results from
imperfect on-chip shielding and compensating. This offset can
be reduced by a different layout of the circuit. The offset when
using an external capacitor selection circuit measures only 50
aF, showing that the autocalibration works very well.

To measure the LF suppression, we coupled a 220 Vsy.
50 Hz sinusoidal signal into the oscillator (Ty ; = 10 us,
Ts,; = 25 us) through a 1 pF capacitor. During this test, the
sensor capacitor amounted to 1 pF. This test corresponds to
the most extreme practical situation. The measured relative
deviation of one measurement phase 632 meas(wi; Viamp)
containing 32 oscillator periods is given in Table IL

In this table, 632, air{wi, Vi amp) Tepresents the relative
deviation of a measurement phase when the second filter is
omitted and only the differentiation (switch s,.) is active. The
contribution of the second-order filter itself equals the ratio of
632,dif(wia Vvi,amp) and 6327meas(wi, W,amp) and amounts to
900. This is a very satisfactory result.

The measured deviation 832, meqs(wi;, Vi, amp) 18 only four
times larger than the simulated value §32(w;, Vi amp). One of
the causes of this difference is a mismatch between the positive
and negative value of the integration current. Another cause
is SCI. The largest contribution to SCI comes from the switch
channel charge Q. Since Qox ~ L% (L> being the length of a
transistor) for different switches with a certain ON resistance,
the SCI will be reduced when using a smaller process, but
only very little improvement can be expected.

To test the locking effect caused by the microcontroller
clock signal, both the interface and the microcontroller are
connected to the same power supply (a 5 V voltage regulator
IC 7805). In this case, HF clock signals can directly enter the
interface. No locking effects could be detected.

The main measurement results are listed in Table III.

VI. CONCLUSION

A new capacitive sensor interface has been realized. The
fully integrated 0.7 pm CMOS interface is based on a first-

1 pF, 220 Veg)

order relaxation oscillator. To suppress LF interfering signals,
a third-order SC filter has been applied successfully. The HF
interfering signals have been suppressed by special dithering
techniques. The measured nonlinearity over a 100°C tem-
perature range amounts to 100 aF with respect to a 2 pF
reference capacitor. A parasitic capacitance up to 300 pF
shows a negligible effect on this result. This accuracy has been
obtained thanks to the continuous autocalibration. The system
shows a very low sensitivity to 1/f noise, thus enabling the
use of low-cost CMOS processes.

REFERENCES

[11 F. M. L. van der Goes, P. C. de Jong, and G. C. M. Meijer, “Concepts
for accurate A/D converters for transducers,” in Proc. 7th Int. Conf.
Solid-State Sensors and Actuators (Transducers °93), Yokohama, Japan,
1993, pp. 331-334.

[2] G. C. M. Meijer, J. van Drecht, P. C. de Jong, and H. Neuteboom, “New
concepts for signal processors and their application to PSD’s,” Sensors
and Actuators A, vol. 35, pp. 23-30, 1992.

[3] F. N. Toth and G. C. M. Meijer, “A low-cost, smart capacitive position
sensor,” IEEFE Trans. Instrum. Meas., vol. 41, pp. 1041-1044, Dec. 1992.

[4] M. J. S. Smith, L. Bowman, and J. D. Meindl, “Analysis, design, and
performance of micropower circuits for a capacitive pressure sensor IC,”
IEEE J. Solid-State Circuits, vol. SSC-21, pp. 1045-1056, Dec. 1986.

[S] F.M.L. van der Goes, “Low-cost sensor interfacing,” Ph.D. dissertation,
Delft Univ. Technology, Delft, The Netherlands, to be published.

{6] I. Mulder, “Noise and accuracy of the smart signal processor,” Master’s
Thesis, Delft Univ. Technology, Dept. of Electrical Engineering, Delft,
The Netherlands, Mar. 1994.

[7] J. C. Kuenen and G. C. M. Meijer, “Measurement of dielectric absorp-
tion of capacitors and analysis of its effect on VCO’s,” IEEE Trans.
Instrum. Meas., vol. 45, no. 1, pp. 89-97, Feb. 1996.

Frank M. L. van der Goes was born in Delft, The
Netherlands, on February 21, 1996. He received the
ingenieurs (M.S.) degree in electrical engineering
from Delft University of Technology, Delft, The
Netherlands, in 1990.

Since 1990, he has been part of the Laboratory of
Electronics, Delft University of Technology, where
he is working towards the Ph.D. degree. His main
interest lies in the field of A-to-D conversion and
low-cost interfacing.

Gerard C. M. Meijer, for a photograph and biography, see this issue, p. 520.



