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Abstract—Using capacitive sensors at long ranges (10–20x their plate diameter) for long term environmental sensing
can be limited by slow but significant measurement drifts that can often far exceed the small capacitance variations of
interest, which can be around 0.01% or less. We propose a differential capacitance measurement method that rejects the
quasi-constant drift currents for single plate capacitive sensors by averaging the absolute slope values of adjacent chargedischarge voltage ramps of the plate capacitance, under constant current. Compared analytically and in simulations with
period modulation techniques using astable multivibrators, our method shows much better rejection of drifts due to quasiconstant charge migration and improved random noise attenuation, while preserving the measurement sensitivity. We also
provide an implementation that avoids errors caused by some types of ramp distortions and improves noise reduction.
Index Terms—Capacitive sensor, differential measurement, drift rejection, noise reduction, oversampling, environmental monitoring.

I. INTRODUCTION
Capacitive sensors find many applications, e.g., for human-machine
interfaces [1], measurement [2], or sensing [3]. They can cover from
very large surfaces [4] down to nanostructures [5], can be used for
many sensing needs from gas detectors [6], to tomography [7] and
defectoscopy [8], with low cost and low power consumption.
However, capacitance measurement can be affected by multiple
environmental factors, which typically limit their use to ranges at
most comparable to plate diameter [9], where their measurement field
can be effectively shielded using various techniques [10]. But longer
sensing ranges, e.g., at 10–20× the plate diameter, are needed for
applications requiring inconspicuous indoor person localization [11]
or identification [12] using small low power and low cost sensors,
for home automation [13] or assisted living [14]. At longer ranges,
the capacitance measurement field is often exposed to environmental
noise, which can significantly reduce the sensor range and stability.
Drift from various sources often affects capacitive sensor measurements for long term monitoring, and especially when they are
used for long range sensing, where capacitance changes can be very
small, around 0.01% (100 ppm) or lower [11], [15]. Measurement
drift can be due to changes of the sensor capacitance, e.g., because of
variable relative humidity of the air, which can be separately measured
and compensated. Another drift cause can be due to environmental
influences on the parameters of the capacitance measurement, but
which do not correspond to changes in the actual sensor capacitance.
Relaxation oscillators are often used to measure the sensor
capacitance. It modulates the period of their oscillation and can be
digitalized using a microcontroller counter clocked by an accurate
time references. The interface presented in [16] uses self-calibration
and several trade-offs to significantly reduce the power consumption
of the interface to be suitable for long term monitoring using wireless
sensor networks. The authors introduce in [17] a Schmitt trigger with
thresholds easy to adjust, and which they demonstrate in an astable
multivibrator circuit for capacitance measurement over a very wide
range. In [18], the authors propose a period modulation interface for
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sub-nanometer displacement measurement using capacitive sensors,
using chopping, self-calibration, and active shielding to reduce errors.
In our previous work [19], we used a simple period modulation
interface based on a 555 timer [20] to acquire capacitive sensor
measurements for person localization using machine learning with
good results. However, sensor measurements had slow but significant
drifts, which depended both on sensor location and its handling before
the experiments, attributable to static charge transfer.
We examine sensor drift caused by charge migration for single plate
long range capacitive sensors and propose a capacitance measurement
method that rejects it while preserving the measurement sensitivity.

II. SENSOR DRIFT PROBLEM DEFINITION
Capacitance C of an object is defined as the ratio between charge
variation, ∆Q, and potential (voltage to a reference) variation, ∆VC
∆Q
.
(1)
∆VC
While capacitance depends only on electric and dielectric properties,
and system geometry, the measurement methods can be susceptible
to environmental factors with no bearing on capacitance value, such
as electric and electromagnetic fields.
Fig. 1 shows a typical period modulation (astable multivibrator)
interface based on (1), which can also be used when only one sensor
plate is connected, e.g., for capacitive sensors operating in load mode
[19]. Plate charge is changed in the time ∆t by a constant current I
C=

∆Q = I∆t

(2)

and replacing (2) in (1) with C = Cplate constant, VC changes as
∆VC =

I
∆t.
Cplate

(3)

I can be generated with a current source controlled by the output v of
a hysteresis comparator, with low (VTL ) and high (VTH ) thresholds. v
swings between ±1 V as the plate voltage VC reaches the thresholds,
changing the sign of I such way to satisfy VTL ≤ VC ≤ VTH [see the
dashed plot in Fig. 2(b)]. Assuming Cplate constant and no noise, we
obtain from (3) equal charge and discharge times, respectively
Cplate

VTH − VTL
VTL − VTH TN
= Cplate
=
.
I
−I
2

(4)
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Fig. 2. Period with jitter due to (a) noise and errors due to (b) drift, ε I .

We can calculate Cplate if we know the oscillation period, TN
I
TN
2 (VTH − VTL )

(5)

with f N =

1
.
TN

(6)

However, the environmental noise can change TN , hence introduce
errors in the measured Cplate value, in two major ways.
First, high-pitch environmental noise can change randomly the VC
ramp amplitude [e.g., within the gray area in Fig. 2(a)], leading to an
ε J jitter of the time when the ramp actually reaches the thresholds.
ε J affects the stability of the oscillation period TN , hence from (5)
the measured Cplate . While the jitter noise reduces sensor sensitivity,
it eventually averages close to zero for long measurement times.
Second, the charge migration in the sensor plate due to environmental electric field variations slower than the oscillation period TN acts as
a current source ε I (assumed constant to simplify calculations). It adds
algebraically to the controlled oscillator current ±I [see Fig. 2(b)],
changes the rising, TDr , and falling, TDf , ramp durations in (4)
VTH − VTL
VTL − VTH
, TDf = Cplate
I + εI
−I + ε I
as well as the oscillation period, TD
TDr = Cplate

TD = TDr + TDf

2Cplate (VTH − VTL ) I
=
.
I 2 − ε 2I

(7)
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Capacitance-to-slope conversion circuit with drift current, ε I

the circuit in Fig. 1, Cplate charge is changed by a current generated
by a source controlled with a voltage v . Unlike the case shown in
Fig. 2(a), v timing is fixed, Tm (see Fig. 4), regardless of VC noise.
From (3), we get the VC ramp slope S inversely proportional to Cplate
S=

∆VC
I
=
.
∆t
Cplate

(10)

Assuming constant charge migration, ε I , the rising (Sr ) and falling
(S f ) slopes are
Sr =

I + εI
,
Cplate

Sf =

−I + ε I
Cplate

the average Sa of slope modulus is


|Sr | + S f
1 I + ε I −I + ε I
I
Sa =
=
−
=
2
2 Cplate
Cplate
Cplate

(11)

(12)

∂Sa
I
=− 2 .
∂Cplate
Cplate

(13)

We see from (12) that the system rejects quasi-constant charge
migration currents, ε I , which is useful to reject drifts due to slow
environmental electric field changes during long term monitoring.
Note also that capacitance measurement in this method is based on
the average ramp slope, which is less sensitive to noise than detecting
the specific instants when the ramps touch the voltage thresholds.

IV. EXPERIMENTAL RESULTS
We discuss the implementation that we used to test the proposed
method, described in Section III. Then, we discuss several simulation
results and compare the drift rejection and sensitivity of the proposed
method and of the reference astable multivibrator reference technique.
Note that we report the raw interface output because most environmental sensing applications use relative capacitance variations.

A. System implementation
(8)

From (5) and (8), we calculate the relative measurement error Ter
ε 2I
TD − TN
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=
= 2
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and the circuit sensitivity to Cplate variations is

and the sensitivity of its output frequency to Cplate variations
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ε I systematically increases the oscillation period (sensor output),
reducing the sensor stability especially at low level signals, i.e. at
the long sensing ranges important for monitoring applications [11].

III. PROPOSED DRIFT REJECTION DESCRIPTION
We aim to reduce the drift of capacitance measurements based on
(1) from externally-induced plate charge migrations (9).
We use the slope modulation measurement circuit in Fig. 3. As in

Knowing the circuit constant I , Cplate can be calculated using (12)
if we measure two adjacent rising and falling slopes of VC
Cplate =

2I
.
Sr − S f

(14)

Fig. 4 shows the main elements that we use to measure the slopes. VC
(thin blue triangular wave) is plotted from an LTspice [21] simulation
of the circuit shown in Fig. 3. We use an Analog to Digital Converter
(ADC) to acquire 2NR VC samples over a full period, Tm . We
calculate with the samples the VC ramp slopes, then Cplate with (14).
The ADC must be synchronized with the start of the VC period,
which can be easily achieved, e.g., if both the VC driver, v , and the
ADC are driven by the same microcontroller.
We need two points to calculate the slope of each VC ramp, see
A1 and A2 in Fig. 4 for S f , and A3 and A4 for Sr . To improve

V(vc)

3.3V

3.4

3.2V

3.2

S1

3.0V

×

2.9V
2.8V

A1

S4

3

×

2.8

A4

Voltage (V)

3.1V

2.7V
2.6V

r

2.5V

r

2.6
2.4
2.2

2.4V

×A

2.3V
2.2V
2.1V

1.8
0.8

S3

S2

2.0V

Vc
Vf

2

×

A3
2
2NG

0.9

Fig. 5.

{

ADC
samples

9.68ms

NG

NS

9.84ms

NS

10.00ms

NR

NS

10.16ms

NS

10.32ms

1.3

1.4

1.5

1.6

1.7

the measurement accuracy, the points must be 1) well spaced (close
to ramp ends, but not too close, see below) and 2) calculated by
averaging multiple sequential ADC samples over a ramp segment
(see segments S1−4 for points A1−4 , respectively, in Fig. 4), to reduce
the high-pitch uncorrelated noise. As mentioned, the segments S1−4
must avoid ramp ends, which can be distorted by, e.g., clipping due to
voltage range limits of circuit components or by anti-aliasing filters
(see the discarded NG samples in Fig. 4).
Voltages VA i of points Ai , i ∈ {1, 2, 3, 4} are calculated using an
NS -sample ramp segment, Si . We set NS a non-zero power of four to
lower discretization noise through oversampling and decimation [22]
1 Õ NS
VA i = N S
if NS = 4 n , n ∈ N+ (15)
j=1 VS i , j , i ∈ {1, 2, 3, 4}
2

VSi being the voltage of ramp samples in segment Si . The time T A1,2
between A1 and A2 , equal to the time T A3,4 between A3 and A4 , is



Tm
NS
T A1,2 = T A3,4 =
N R − 2 NG +
(16)
2NR
2

Substituting (16) in (10), the ramp slopes are


2NR VA4 − VA3
2NR VA2 − VA1
Sr =
, Sf =
Tm (NR − 2NG − NS )
Tm (NR − 2NG − NS )

(17)

and substituting (17) in (14), we obtain Cplate
I Tm
NR − 2NG − NS
 ·
.
NR
VA 4 − VA 3 − VA 2 − VA 1

(18)

The system design must determine a driver (v ) frequency, fm = 1/Tm
(see Fig. 4), at least twice the highest frequency in the sensing
application to satisfy the Nyquist-Shannon sampling theorem [23].
The ADC should acquire an even number, 2NR , of samples in each fm
period, hence NR samples per ramp. In NR should fit: two NS -sample
segments, with NS a non-zero power of four, 2NG samples that are
ignored at each ramp end to skip potential local ramp distortions,
and r samples to round up the sum to NR , placed between the two
NS -sample segments (see Fig. 4)
NR = 2NS + 2NG + r.

Anti-alias low-pass filter delays ramps and distorts their ends.
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NG should be kept small but sufficiently large to cover circuitspecific non-linearities, e.g., due to the anti-alias filters that can be
inserted between the VC output in Fig. 3 and the ADC. In Fig. 5,

we show an example of phase shift and ramp-end distortions from
a 20 kHz second order low-pass filter (Vf ) on a 1.6 kHz VC . NG
should be dimensioned to skip the non-linear ramp ends of Vf and
ADC sampling should be delayed to match the filter phase shift.
Note that unlike the circuit in Fig 1, where VC is constrained
between the VTL and VTH comparator thresholds, the circuit in Fig. 3
does not control the VC absolute value. Small circuit asymmetries or
environmental influences may accumulate over time and eventually
push VC in the non-linear operation range of circuit components,
which may lead to distortions, e.g., clipping. Additionally, for a given
Cplate , the current I and the driver period Tm should be dimensioned
to keep the amplitude of VC lower than the linear range of the circuit.

B. Drift rejection
Circuit parameters should be designed to satisfy the application
requirements and the design criteria and conditions in Section IV-A.
In absence of well-defined application requirements, we use for our
testing an LTspice simulation of the slope modulation measurement
circuit shown in Fig. 3 with the following parameters: Cplate = 25 pF
(from our previous experiments [19]), I ≈ 112.5 nA, ADC sampling
frequency 2 Msample/s, fm = 1.6 kHz (hence NR = 625 samples)
and NS = 44 = 256 samples. Although we do not expect ramp
distortions, we set the largest possible NG = 56 samples (for worstcase measurement accuracy), hence the segments are spaced by
r = 1 sample, calculated with (19). With these settings, VC swings
about 1.41 V, compatible with typical circuit supplies, e.g., 3.3 V.
For comparison, we simulate the period modulation (astable
multivibrator) measurement circuit in Fig. 1 in similar conditions:
Cplate = 25 pF, I = 112.5 nA, TN ≈ 619.6 µs (or frequency around
1614 Hz), and VTH − VTL ≈ 1.39 V.
In each simulation, we model the charge migration currents in
both directions, ε I = ±1 nA and check their effects on circuit output.
We also change Cplate value to compare the sensitivity of the circuits.
Fig. 6(a) shows the oscillation frequency output of the period
modulation measurement circuit in Fig. 1. We show the frequency
output instead of the period to facilitate the comparison of results
between methods, because Cplate is inversely proportional to both the
oscillation frequency (5) and the average slope (12).
When ε I = 0 nA, before 10 ms and after 30 ms, the output period
is stable around 1614.52 Hz. However, as shown by (9), the circuit
is equally influenced by migration currents ε I of either direction,
+1 nA between 10 ms and 20 ms, and −1 nA between 20 ms and
30 ms, both lowering its output frequency around 1614.40 Hz.
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Fig. 6. Output sensitivity to charge migration (drift current) ε I and to
plate capacitance change ∆C = 100 ppm below the nominal 25 pF for
(a) period modulation and (b) proposed slope modulation method

To test the sensitivity to Cplate variations, we change Cplate and
simulate again the circuit response. We are mostly interested in longrange measurements, where Cplate can vary around 100 ppm [19]. So
we lower Cplate by 100 ppm [or 2.5 fF, ∆C in Fig. 6(a)], and the
output frequency increases, as of (6).
Fig. 6(b) shows the output of the proposed slope modulation
measurement circuit in Fig. 3 in the same operating conditions. As
shown in (12), its output remains stable, around 4500 V s−1 , for all
tested values of the charge migration current ε I . Its output increases
when we lower Cplate by the same 100 ppm (25 fF), as of (13).
Compared with (6), this circuit is more sensitive by a ratio

 −1
∂Sa
∂ fN
= 2 (VTH − VTL )
(20)
∂Cplate ∂Cplate
or 2 · 1.39 V = 2.78 V in this test, within 5% of the ratio between the
output changes of the two circuits (simulation and measurement errors)
4500.45 V s−1 − 4500.00 V s−1
0.45 V s−1
.=
≈ 2.65 V
(21)
1614.69 Hz − 1614.52 Hz
0.17 Hz
Note that we clipped for readability the output spikes corresponding
to sudden ε I changes because we focus on long term drifts with
quasi-constant ε I and because in our circuit they are significantly
attenuated by the anti-alias filter discussed in Section IV-A.

V. CONCLUSIONS
Differential measurement of adjacent capacitance charge-discharge
ramp slopes effectively rejects quasi-constant drift currents which
affect the stability of capacitive sensors for long-time environmental
monitoring. Moreover, each measurement is based on averaging
several data points, which is less susceptible to noise. The technique
can be used for single plate sensors and does not have special
requirements for the sensing element. Compared with measurement
methods based on detection of threshold crossing, it shows very good
drift current rejection while preserving the measurement sensitivity.
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