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An Interface Circuit for Measuring Capacitance
Changes Based Upon Capacitance-to-Duty

Cycle (CDC) Converter
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Abstract—We present a direct-to-digital capacitive sensor
readout circuit that converts capacitance changes of a sensor
element to changes of the duty cycle of a square-wave oscillator,
which, in turn, is converted to a digital output by a counter. The
readout circuit resembles a single-slope analog-to-digital converter
structure. There are several advantages of this readout scheme.
First, due to its simplicity and low number of components, the
power consumption of the circuit is expected to be significantly
smaller than in similar digital readout designs. Furthermore,
linearization of the output may be achieved using an EEPROM
lookup table. Another advantage is the possibility of performing
adaptive measurements where the sensor resolution and band-
width may be changed via the readout circuit software. Finally, we
present a theory of the adaptive measurement and an analysis of
the design tradeoffs. The capacitance-to-duty cycle readout circuit
may achieve large bandwidth and high resolution in a modern
low-voltage, low-power CMOS implementation. The performance
of a prototype readout circuit built from discrete components is
13-bit effective resolution with a 1-kHz bandwidth.

Index Terms—Adaptive systems, analog-to-digital (A/D) conver-
sion, capacitance measurement, pulse-width modulation.

I. INTRODUCTION

THIS paper describes a capacitive sensor interface circuit
that directly provides a digital output signal in proportion

to changes of sensor capacitance. Capacitive sensors have been
used in a variety of sensing applications, such as acceleration,
force, pressure, dielectric properties, liquid level, and displace-
ment sensors. The interface electronics, which has been used in
these applications, highly depends on the sensing element design
(e.g., single-ended versus differential). There have been several
proposed sensor interface circuits, including capacitance-to-
frequency [1], capacitance-to-phase [2], capacitance-to-voltage
[3], and switched-capacitor analog-to-digital (A/D) conversion
[4]. The switched-capacitor techniques have been shown to
be the best suited for CMOS integrated circuit realization. Al-
though very high in speed, they suffer from clock feedthrough,
thus achieving moderate resolution. On the other hand, higher
resolution can be achieved by using a slower but more precise
relaxation oscillator-based interface technique [5]. In practice,
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capacitive transducers usually produce very small capacitance
variations due to the measured physical value but have relatively
large fixed offset capacitance. If not cancelled, this large offset
capacitance is subject to conversion along with the measured
small capacitance change, thus degrading bandwidth and/or
resolution of the sensing system. Therefore, it is desirable
to compensate for the fixed capacitance offset. Ratiometric
signal processing [3], [5] has been proposed to compensate
for the large offset capacitance; however, this approach is only
suitable for differential capacitance transducers, while a vast
majority of transducers in the sensor market are still single
ended. In order to compensate for the offset in single-ended
relaxation oscillator-based interface realizations, a reference
capacitance has been introduced [6], [7]. These designs resemble
a well-known dual-slope A/D converter structure. It is assumed
that the reference capacitance has the same offset value as the
measured capacitance and a capacitance-controlled oscillator
produces pulses with duration in proportion to the measured
and reference capacitances. The periods are measured by a
microcontroller followed by offset compensation in the digital
domain. A drawback of these techniques is a long measurement
time (and correspondingly low bandwidth 5 Hz) that is caused by
the two-step measurement process. The design proposed in [8]
improves the measurement bandwidth as compared to designs
in [6], [7] while still performing offset cancellation. However,
the circuit is rather complex and requires an analog multiplier
and phase shifter that might cause additional errors. In this paper,
we propose a direct-to-digital capacitive sensor readout circuit
based on a capacitance-controlled relaxation oscillator in which
the fixed offset is cancelled within the analog oscillator rather
than later in the digital domain. Therefore, a much higher band-
width (several orders of magnitude) may be achieved than in the
designs in [6] and [7]. In the design described here, capacitance
changes of the sensing element are converted into a variable
duty cycle repetitive pulse signal. A digital counter triggered by
the start and end of the pulse “on” phase monitors the variable
duty cycle signal and converts the pulse duration into a digital
number. The counting circuit should operate at the highest
practical frequency so that a large number of counts may be
acquired during the capacitance-to-duty cycle (CDC) oscillator
“on” phase. To maximize the bandwidth of the measurement, the
baseline duration of the pulse should be as small as possible; it is
inefficient to spend excessive time counting the baseline signal.
On the other hand, the pulse on duration should be long enough
to enable accurate measurement of the waveform “on time”
with practical digital counters. There are many possible ways
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Fig. 1. CDC conversion circuit.

to realize a CDC conversion circuit, and below we describe the
design and performance of our chosen method. We also address
noise and linearity issues and we determine which counting
frequency is the most suitable for the given oscillator design.
These issues have not been addressed in prior literature. The
resolution and bandwidth of the proposed readout circuit are
programmable (adaptive). Digital processing of the sequence of
counts enables one to trade off measurement resolution (defined
as ) for signal bandwidth simply by changing
the number of samples that are averaged. Increasing the number
of averaged counts improves the resolution by the square root of
the number of samples; however, the bandwidth is decreased in
proportion to the number of samples that are averaged. A discrete
component prototype achieved a performance of 13-bit effective
resolution with a 1-kHz bandwidth. This readout circuit archi-
tecture is adaptable to a wide range of applications with various
bandwidth and resolution requirements and may be realized with
relatively low-complexity CMOS electronics in monolithically
integrated sensors.

II. CIRCUIT DESCRIPTION

The proposed interface circuit consists of two parts, analog
and digital, which are described in the following sections. We
begin with a description of the analog CDC conversion circuit.

A. Analog CDC Conversion Circuit

The first part of the circuit, the analog CDC converter is
shown in Fig. 1.

The CDC converter consists of an RC circuit, switch, voltage
follower, feedback amplifier, and output comparator. From the
response of an RC circuit, it is well known that the time at

Fig. 2. Feedback loop in the CDC converter.

which the voltage across the capacitor reaches a given value
depends linearly on the capacitance

(1)

To achieve as large a bandwidth as possible, feedback has been
incorporated in the circuit, as shown in Fig. 2. The feedback
path consists of an amplifier and a reference capacitance .

For the circuit in Fig. 2, we have the following relationships:

(2)
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(3)

From (3), it can be shown that

(4)

Without feedback, the time at which the voltage reaches
depends solely upon . In this case, the minimum

value of cdc results when , and maximum
value of results when . In many capaci-
tive sensing elements, the difference between the maximum and
minimum values of is a small fraction of the nominal value
of . Hence, without feedback, the nominal value ,
which corresponds to , would be much larger
than the dynamic range of . Further-
more, the time duration for one CDC conversion must be at least

; therefore, without feedback, the conversion time will
have a redundant baseline value resulting in reduced band-
width of the CDC. Employing the feedback path shown in Fig. 2
the conversion time depends linearly on the difference be-
tween the variable capacitance and the reference capacitance

. This significantly decreases the fixed component of the rise
time, and leads to a significant increase of the bandwidth.
Theoretically, may be reduced to a value such that
equals zero; however, this would require an infinite slew rate
of the amplifier in the feedback path so, in practice, there is a
bandwidth limit imposed by the finite slew rate of operational
amplifiers employed in the feedback path. Therefore, the gain of
the feedback amplifier should be set to a specific value so that
(a-1) is as close as possible to in order to minimize ,
while maintaining a RC response without ringing. Transistors
Q1 and Q2, shown in Fig. 1, serve as a switch [9]. If a single
transistor switch were employed, it would introduce its Miller
capacitance in parallel with the sensor capacitance. The added
Miller capacitance may be compensated by increasing by a
corresponding amount. However, the Miller capacitance has a
nonlinear dependence on the voltage between the collector and
base of transistor. Therefore, as the output voltage changes, the
Miller capacitance of the switch changes as well. This leads to a
nonlinear relationship between the charging time and the value
of the variable capacitance. One possible way to avoid the influ-
ence of the Miller capacitance is to use the Q1, Q2 pair, as shown
in Fig. 1. In the two-transistor switch, shown in Fig. 1, the base
of the Q2 transistor is connected to a voltage follower, so its col-
lector and base potentials are fixed during the RC charging cycle.
As a result, the Miller capacitance does not sink any current, so
the switch behaves as if there were no Miller capacitance. Em-
ploying such a scheme slightly increases the discharging time
of the circuit and therefore the overall conversion time is in-
creased resulting in a slightly smaller bandwidth. The signal
generator that drives the switch is set to a sampling frequency
that is locked to the frequency of the clock of the digital part. The
last stage of the CDC analog circuit is a comparator. Its task is to
convert the voltage level into duty cycle. Thus, the final output
of the analog circuit is a square pulse with pulse width linearly
dependent on the change of the capacitance. The output com-

Fig. 3. Comparator output and sampling clock of the CDC conversion circuit.

parator signal and the sampling signal measured in a prototype
of the circuit in Fig. 1 are shown in Fig. 3.

B. Digital Portion of the Readout Circuit

The digital part of the interface circuit employs a counter to
convert the duration of the output pulse from the comparator into
a digital number. The counter is clocked with a much higher fre-
quency than the sampling frequency. In the experimental circuit,
a 50-MHz clock frequency was used in order to achieve 8-bit res-
olution of the individual samples, thus each sample is represented
by an 8-bit digital output. The counting sequence starts at the
rising edge of the sampling clock, and it stops at the falling edge
of the comparator pulse. The digital part of the readout circuit
also contains storage for the digital output, a circuit for counting
the number of samples, a high-frequency clock generator and a
frequency divider for generating the sampling signal.

III. INFLUENCE OF NOISE IN THE READOUT CIRCUIT

If we assume that the clock and sampling signals are ideally
stable (i.e., that their frequencies are perfectly fixed), then all
of the noise would arise from the analog part of the interface
circuit. This would include the thermal noise of the charging
resistor, noise in the reference voltage , and the thermal
noise of the resistors in the comparator. The noise of the opamps
has been neglected in this analysis because it is expected to be
small in comparison to the aforementioned noise sources. The
noise voltage from the charging resistor is expected to be about
420 nV/ Hz, whereas modern opamp designs have a voltage
noise of the order of 10 nV/ Hz. Both noise from and
thermal noise from the charging resistor undergo single-pole
low-pass filtering with 3 dB frequency equal to

. This cutoff frequency is large compared to the
sampling frequency, therefore the noise power from and
the charging resistor is unchanged and it is additive to the com-
parator’s input. The resulting CDC circuit output in such a noisy
environment can be represented as

(5)



406 IEEE SENSORS JOURNAL, VOL. 5, NO. 3, JUNE 2005

Fig. 4. Falling edge of the comparator output in the presence of noise.

where and are considered noiseless, and is an equiv-
alent zero-mean noise voltage at the comparator’s input node,
given by (6)

(6)

Statistically independent noise components ,
and arise from the noisy voltage reference ,
charging resistor , and input referred comparator’s noise,
respectively. All of these sources are thermal in origin and thus
have Gaussian probability density functions with zero means
and standard deviations , , and , respec-
tively. The probability density function of the random variable

, defined in (5), can be evaluated by using approximation
formulae (7) and (8), and it is given by (9)

(7)

(8)

(9)

To a first approximation is a Gaussian random variable with
mean value and variance given by (10) and (11), as
follows:

(10)

(11)

IV. ADAPTIVE MEASUREMENTS

The presence of noise actually may be used to increase the
resolution of the readout circuit. In order to understand this, we
examine the measured output of the comparator for a fixed value
of , shown in Fig. 4. It can be seen that the falling edge occurs
at a slightly different time with a spread of approximately 40 ns.
This is due to noise in the readout circuit.

Fig. 5. Interaction between the clock signal and the noisy comparator
transition edge.

The interaction between the noisy comparator output and the
clock signal for the counter is represented in Fig. 5. The exact
cycle of the counting clock at which the comparator switches
is randomly distributed so the digital output also is a random
variable.

Assuming that the comparator transition time may be rep-
resented by a Gaussian random variable, we can calculate the
mathematical expectation and variance of the output digital
number , shown in (12) and (13) as follows:

(12)

(13)

represents the period of the clock signal and represents
a noiseless digital output number given by (14), where means
nearest integer that is equal to or larger than . The variable is
a time difference given by (15) and shown in Fig. 5

(14)

(15)

As we see from (12), in the absence of noise the mathemat-
ical expectation of the digital output is a linear function of the
comparator transition edge time, as measured by , the cycle
number of the counter clock. Thus, as anticipated, in the absence
of noise, the mathematical expectation of the digital output will
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Fig. 6. Mathematical expectation of the counter outputX and deviation from the best-fit line (integral linearity) for various levels of noise.

be a linear function of capacitance. However, in the presence of
noise, the second term in (12) might cause a linearity error of
the mathematical expectation E[X].

To assess the influence of noise, simulations were performed
assuming a 50-MHz counter clock frequency. The noise, in ,
was assumed to be Gaussian and the simulation was carried out
for various values of the noise standard deviation. The expected
value and integral linearity of the digital number versus the
comparator’s transition edge time instance (15) are shown in
Fig. 6 for various values of . The integral linearity is defined
as the deviation from the best-fit line.

It can be concluded that, as the standard deviation grows
and approaches the period of the clock signal , the linearity
error of the mathematical expectation decreases, and that for a
value of the standard deviation equal to or greater than the clock
period, the error is equal to zero.

Assuming that noise is present only in the analog part of
the circuit, the standard deviation of that noise can be es-
timated as explained in Section V. Furthermore, in order to in-
crease linearity of the mathematical expectation for the output
digital number, the period of the clock signal should be as
close as possible to the comparator transition-edge time stan-
dard deviation.

The variance of the digital output, given by (13), is shown
in Fig. 7. The values of the variance are calculated for var-
ious values of the comparator transition-edge standard deviation

and transition edge time instant .
The following conclusions may be drawn from the variance

calculation. If the comparator transition-edge standard deviation
is equal to or greater than , then the variance of the

digital output does not depend on the transition-edge time
instant. In other words, it is constant for a given ratio of the
standard deviation and the clock period . In the best
case, the transition-edge standard deviation is equal to the clock

period, in which case the variance of the digital output is equal
to 1.0833. Another important conclusion is that increasing the
counter frequency, without changing the analog section, does
not increase the effective resolution of the converter. By solely
increasing the counting frequency by a factor of , both the
signal power of the digital output and the variance of the digital
output increase by the same factor of resulting in no effective
resolution increase.

In order to achieve good integral linearity of the digital output
mean value and a constant variance , the counting frequency
must be larger than or equal to . At the same time, an in-
crease in the counting frequency, which leads to an increase
in the power consumption and circuit complexity, does not im-
prove the resolution. Thus, we conclude that the optimum clock
period is equal to .

In order to analyze methods to improve the measurement
resolution without changing the analog part, two different sit-
uations have been considered. In the case of a constant input
signal (Case 1), the best estimator is the sample mean [10]. For
any input signal, this estimator is unbiased and has the lowest
variance among all estimators. Furthermore, it is equal to the
Cramer–Rao lowest bound proving that there is no better es-
timator than the sample mean. This approach could be imple-
mented by employing a counter to sum the clock pulse count of

successive samples and then dividing the counter output by
to obtain a sample mean. The resulting value would be a dig-

ital value that may be represented by a random variable with
variance given by (16)

(16)

where is the number of samples and is the variance of a
single digital sample. If the sensor input signal is a fixed value,
such as in a quasistatic measurement of quantities like pres-
sure, the number of samples is unlimited and theoretically
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Fig. 7. Variance of the digital output versus the time difference of the comparator transition time instant and counter-clock transition for various values of noise
standard deviation � .

the resolution, i.e., the reduction of may increase without
bound. If the input signal is a band limited random process
(Case 2), then the maximum improvement of is limited by
the over-sampling ratio. The over-sampling ratio is given by
(17), where is the input signal bandwidth and is the sam-
pling frequency

(17)

When over sampling is employed, the noise variance re-
mains fixed, but the noise power is spread over a frequency band
that is broadened by a factor of . Thus, a lower noise digital
output can be obtained by using a low-pass filter to remove ex-
cess noise above the signal bandwidth [11] and the resulting noise
variance would be decreased by a factor of . Thus, (16) remains
valid with the modification that be equal to the over-sampling
ratio . If each sample is represented by bits, the dynamic
range of such a digital sample is given by (18)

(18)

where the factor of 3/2 comes from there being both dc and ac
components in the signal (which is typical for pressure sensor
applications). After adding uncorrelated sample values and
dividing the result by , the resulting dynamic range is given
by (19)

(19)

The resulting increase in resolution would be as shown in
(20), and the signal bandwidth would be decreased by a factor
of [12]

bits (20)

Fig. 8 displays the relationship between the resolution and the
signal bandwidth for an assumed single sample resolution of 8
bits at a measurement rate of 32 kHz. An increase in resolution
by a factor of two (1 bit) requires a decrease in bandwidth by a
factor of four.

A further increase in resolution and/or bandwidth may be
accomplished by reducing the thermal noise and increasing of
speed of the analog section. By reducing the thermal noise, the
signal power of the digital output can be increased without in-
creasing the sample variance , resulting in an increase in ef-
fective resolution. For example, if the speed of the opamp is
increased by a factor of P the charging resistor can be made
smaller by the same factor, thus the charging time and
the thermal noise variance decrease by the factor . Ac-
cording to (11), the variance of the pulse duration decreases
by a factor of . This would allow the counting frequency to
increase by a factor of without changing the digital sample
variance and the maximum digital output value is increased
by a factor of . According to (18), this would result in a 10

dB increase in dynamic range, or a bit in-
crease in resolution, while the bandwidth would be increased
by a factor of . In summary, it is possible to achieve a
bit increase in effective resolution in return for a factor of in-
crease in opamp speed.

V. ESTIMATION OF THE NOISE IN THE ANALOG CIRCUIT

FROM THE COUNTER STATISTICS

In this section, we describe how the standard deviation
of the noise present in the analog portion of the readout circuit
may be estimated from the statistics of the counter output .
The counter frequency may be adjusted so that one has three
different values of the digital output (for example, , ,

). The sampling frequency is not important for this anal-
ysis. Assume that a large number of samples have been taken
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Fig. 8. Resolution versus measurement rate (bandwidth).

(for example, 10 000 samples) and then, from the histogram,
one can calculate the probability that the digital output is equal
to , or . Let the probabilities of the different out-
puts be , , and . In the presence of noise, these
probabilities are (referring to Fig. 5) given by (21)–(23), where

is the clock signal period and is given by (15)

(21)

(22)

(23)

There are two variables in the previous equations: and . One
of the equations is redundant, so we need only consider two of
the equations to find and . In terms of the functions, the
(21) and (23) can be rewritten, as in

(24)

(25)

So, given the measured values of and , one
may calculate the values of the functions in (24), and (25).
From these, the standard deviation may be estimated using
the tabulated function. The standard deviation computed in
this manner is that of the noise generated in analog part of the
readout circuit. Thus, the specific choices of the counting and
sampling frequencies do not affect the resulting analog noise.

Therefore, this leads us to conclude that these frequencies may
be adjusted in order to maintain good linearity and resolution.

VI. EXPERIMENTAL RESULTS

To demonstrate the operating principles of the CDC readout,
a prototype circuit was built using discrete components. LF353
operational amplifiers were used for the voltage follower and
feedback amplifier, the comparator employed was a LM311. A
“basic stamp” BS2-IC module with a PIC16C57 microprocessor
was used to control the counter and timing of the analog part
and to perform the digital signal processing. For the purpose
of conducting tests, a discrete variable capacitor was used in
place of the sensor capacitance. We found experimentally that
the baseline rise-time of the CDC analog circuit must be greater
than 4 s; for rise times below this value, the response of the
opamp demonstrated a pseudo-periodic component. The max-
imum change of the capacitance was limited to 6 pF so the
conversion time (sampling time) was less than 15 s (13 s
charging time and 2 s reset time). This resulted in a sampling
frequency of 66.66 kHz giving a signal bandwidth of 33.33 kHz.

Employing the method described in Section V, with a counter
clock frequency of 50 MHz, the standard deviation of the analog
part of the circuit was estimated to be 5.42 ns. From this, we
infer that the optimum counter frequency for this particular
analog design is 184 MHz. For a charging time of 13 s, at a
counting frequency of 184 MHz, the counter must be able to
count at least 2392 clock cycles. Thus, the counter should be at
least 12 bits.

The dynamic range of the readout, calculated using (18), was
62.62 dB. Thus, the resolution of a single digital sample was
10.5 bits with a bandwidth of 33.33 kHz. Increasing the number
of samples and employing low-pass filtering could increase the
resolution as predicted by (20). The relationship between reso-
lution and bandwidth for the prototype is shown in Fig. 9.
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Fig. 9. Resolution versus bandwidth for the prototype CDC readout circuit.

VII. CONCLUSION

A direct-to-digital capacitance measurement readout circuit
based on a single-slope A/D converter structure has been pro-
posed. A discrete component prototype has been constructed
and evaluated. It has been proven stable with achieved reso-
lution of 13 bits with a 1-kHz signal bandwidth. Also, it has
been shown that the readout circuit resolution and bandwidth
were limited by the speed of the discrete operational amplifier
(3-MHz maximum gain-bandwidth and 13-V/ s slew rate)
used in the design. Thus, we can conclude that a careful CMOS
on-chip design, where the emphasis is placed on high gain
bandwidth and slew rate of the operational amplifier, may
significantly improve the overall resolution and/or bandwidth
of the readout circuit. A low-voltage CMOS on-chip design
may also create opportunities for a low-power consumption of
the readout circuit. Finally, the design is suitable for adaptive
measurements, where higher resolution can be easily traded for
lower bandwidth, and vice versa.
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