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Self-Aligning and Self-Calibrating Capacitive Sensor System for
Displacement Measurement in Inaccessible Industrial Environments

Oscar S. van de Ven∗, Johan G. Vogel†, Member, IEEE, Sha Xia‡, Jo W. Spronck§,
and Stoyan Nihtianov†, Senior member, IEEE

Abstract—High-precision positioning often requires high speed
and high resolution displacement measurements in order to
compensate for the small vibrations of critical components. The
displacement sensor must be precise and stable over a long
period of time to avoid expensive recalibration. This requires
tight mounting tolerances, which are especially difficult to meet
in inaccessible environments. The proposed sensor system is
based on a capacitive sensor and consists of three subsystems: a
mechanical ‘zoom-in’ system that performs self-alignment of the
capacitive sensor electrode in order to reduce the mounting toler-
ances of the sensor; a real time capacitance-to-digital converter that
employs an internal reference and electrical zoom-in technique to
effectively reduce the dynamic range of the measured capacitance,
thus improving the power efficiency; and a self-calibration circuit
that periodically calibrates the internal references to eliminate
their drift. In previous publications the three subsystems have
been introduced. This paper shows how the different subsystems
can be integrated to achieve optimal performance and presents
new repeatability and stability measurement results. The overall
system demonstrates a displacement measurement resolution of
65 pm (in terms of capacitance 65 aF) for a measurement time
of 20 µs. Furthermore, the thermal drift of the sensor is within
6 ppm/K, owing to the self-calibration circuit. In measurement
mode, the system consumes less than 16 mW.

Keywords—Capacitive sensor, self-alignment, inaccessible en-
vironments, thermal actuator, high-resolution capacitive sensor
interface, thermal stability, self-calibration.

I. INTRODUCTION

IN NUMEROUS industrial applications, the relative posi-
tion of machine parts needs to be measured and controlled

accurately [1]–[3]. Different types of displacement sensors are
available for this purpose, all having their own advantages
and limitations regarding resolution, measurement range,
stability and build-in volume [4], [5]. If the displacement
range is limited, capacitive sensors and eddy-current sensors
are very attractive choices owing to their small size and low
power consumption. Eddy-current sensors are relatively in-
sensitive to environmental conditions [6], but for applications
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Fig. 1. Application example of a capacitive displacement sensor.
In a a lithography machine, the wafer chuck must be dynamically
aligned with the lens column. This requires a sub-nanometre preci-
sion displacement measurement of the lens column, leading to strict
requirements regarding sensitivity, alignment and stability. Adapted
from [10].

that require a high resolution typically capacitive sensors are
utilised [7], [8]. Examples of applications that use capacitive
sensors include dimensional metrology [9] and lithography.

A lithography machine projects small details onto a wafer
substrate that is carried by a wafer chuck (Fig. 1). To achieve
sufficient imaging quality, the relative motion of the lens
column and the wafer chuck must be well controlled. Any
displacement of the lens column causes distortion of the im-
age projected onto the wafer. To maintain imaging quality, the
lens displacement with respect to the metrology frame must
be measured with sub-nanometre precision [11], [12]. As the
lens column is nearly stationary, only a small measurement
range (xrange < 1 µm) is required.

Fig. 2 shows the sensor transfer characteristic C(x) ∝ 1/x

of a capacitive displacement sensor, with x the distance
between the capacitive electrodes. A lower distance leads to
a higher sensitivity S = ∂C/∂x ∝ 1/x2 [13]. Since the measured
displacement is limited to a micrometer or less, and a high
sensitivity is required, a low nominal distance (standoff) of
only a few micrometers will be beneficial.

Operating at a low standoff requires the electrodes to
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Fig. 2. Effect of Mechanical Zoom-In (MZI) and Electronic Zoom-
In (EZI) on the sensor characteristic of a capacitive sensor. MZI
increases the sensor’s sensitivity, S = ∂C/∂x. EZI virtually decreases
the capacitance range Crange required by the capacitance-to-digital
converter. Since the dynamic range is proportional to Crange/S, the
MZI and the EZI together lead to an improvement in the dynamic
range.

be brought into place and to be aligned accurately, which
is not a trivial task. Many high-tech industrial machines,
like lithography machines, are split into modules that are
shipped separately and assembled at the customer’s location.
Since the modules might undergo significant shocks during
transportation, the safe standoff must be over 100 µm. Thus,
an alignment step is necessary during installation of the
machine to bring the capacitive sensor closer to the target.
At lower standoff, also tilt misalignment plays a larger role.
Misalignment decreases the useful range [14].

The alignment of capacitive sensors is currently performed
manually, a process that is time-consuming and costly, es-
pecially if the sensor is located at an inaccessible place in
the machine. Therefore, a sensor with a ‘mechanical zoom-
in’ functionality that autonomously brings it to the desired
standoff and also aligns the capacitive probe during installa-
tion is of great interest.

Another practical issue concerns the cabling of the sensor.
Conventional cabling between the capacitive probe and the
readout electronics should be avoided, as it adds parasitic
capacitance and interferences to the input of the electronic
readout. Therefore, integration of the electronics into the
probe is desired. However, the power dissipated by the elec-
tronics leads to self-heating of the probe, resulting in thermal
drift of the readout electronics, the measurement electrode
and the mechanical system, which deteriorates the system’s
stability. Therefore, the power efficiency of the electronics
must be as high as possible.

The amount of power dissipated by the electronics is
related to the dynamic range of the sensor, which for a given

displacement resolution is proportional to Crange/S, with Crange
as the capacitive measurement range and S = ∂C/∂x as the
sensitivity. Fig. 2 illustrates that, given a certain displacement
resolution, a smaller standoff leads to a lower dynamic range
requirement and thus a lower power consumption.

Having decreased the standoff down to its minimum by
mechanical zoom-in, the power can be further reduced by
means of an ‘electronic zoom-in’ functionality (Fig. 2), which
virtually decreases the capacitive range and thus the required
dynamic range [15].

Finally, the precision of the capacitive sensor depends
– amongst other factors – on the stability of the sensor’s
internal capacitive reference. Capacitive references typically
drift over time, thus periodic recalibration is required.

To the best of our knowledge, there are no capacitive
sensors available that have incorporated autonomous self-
alignment functionality, i.e. mechanical zoom-in (1), in com-
bination with electrical zoom-in (2) and capacitive reference
self-calibration (3). In previous works we introduced these
three functionalities [11], [16], [17]. In [18] a brief overview
of the functionalities was presented, along with some early
results.

This paper provides a complete and in-depth overview
of the sensor system that combines the three functionalities,
focusing on the collaboration between the subsystems, which
is essential for obtaining high precision and high stability.
Furthermore, extensive experimental results related to the
alignment efficiency and stability in time and with room
temperature are presented.

Section II provides an overview of the system architecture,
introducing the subsystems, their interaction and the sensor’s
operation principle. Sections III, IV and V describe into depth
the autonomous self-alignment, electronic zoom-in and the
periodic recalibration functionality, respectively. Section VI
shows the experimental results related to, amongst others,
the noise and the stability of the sensor system.

II. OVERVIEW OF THE PROPOSED SENSOR SYSTEM

In this section, first the functions of the individual subsys-
tems are introduced (A) and then the way the subsystems
collaborate as a total system (B) is elaborated.

A. Subsystems and their function
Fig. 3 provides an overview of the capacitive sensor system

with its three subsystems, i.e. a mechanical self-alignment
system that performs mechanical zoom-in, a capacitance-to-
digital converter that includes the electronic zoom-in func-
tionality, and a high precision capacitance calibration circuit
that minimises drift effects.

a) Mechanical self-alignment system (discussed in detail in
Section III): Performs mechanical zoom-in to reduce the
probe standoff distance from more than 100 µm down to
~10 µm, which is required during measurement. The self-
alignment system addresses two contradictory requirements:
(i) efficient positioning and alignment of the measurement
electrode to the target electrode, and (ii) position stability
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Fig. 3. Overview of the capacitive displacement sensor system,
including three subsystems: the mechanical self-alignment system,
the real-time capacitance-to-digital converter and the high-precision
self-calibration function.

Fig. 4. Top view of the capacitive electrode. The electrode is seg-
mented to be able to measure both position and the out-of-plane tilt
angles.

of the measurement electrode during measurement. These
contradictory requirements are both met by an alignment
device that suspends the measurement electrode with fric-
tion contacts. These contacts can be manipulated on a sub-
micrometre scale with an appropriate actuator and are able to
provide the required stability in a passive way. As no power
is dissipated in the actuator during measurement, parasitic
thermal displacements and thermal loads to the electronics
are avoided.

To be able to perform positioning and alignment, the sys-
tem uses measurements of the capacitive electrode itself. For
this purpose, the capacitive electrode is segmented (Figure
4). From the position measurements of the three ring sectors
that surround the centre segment the position and the out-
of-plane tilt angles are obtained.

b) Capacitance-to-digital converter (CDC) (discussed in detail
in Section IV): Uses electronic zoom-in to reduce the effect-
ive capacitance measurement range, so that the capacitance
readout electronics works more efficiently with respect to

time t
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Fig. 5. The three operation modes of the capacitive sensor system
(self-alignment, measurement and self-calibration) as a function of
the phases of a machine’s lifetime.

power consumption and conversion time. A “zoom-in” ca-
pacitance value that corresponds to the sensor capacitance
at a nominal distance (~10 µm), is subtracted from the
actual sensor capacitance value. This significantly reduces the
dynamic range of the interface electronics, which improves
its power efficiency and results in a reduced thermal load on
the system.

c) Self-calibration function (discussed in detail in Section V):
Reduces the sensitivity of the readout electronics to environ-
mental conditions and self-heating, by periodic calibration.

The capacitors that are used as references for real-time
measurement are sufficiently stable for short periods (a few
minutes), but for longer time scales, thermal drift, stress and
other factors limit the measurement precision. Periodically
calibrating the capacitors by means of a much more stable
combination of a resistive and a time reference improves
long-term stability significantly. The periodic comparison
of capacitance with resistance/time eliminates the need of
continuous use of a stable reference, which would increase
the total power consumption at high readout speeds. Also
this would prevent straightforward implementation of the
electronic zoom-in technique.

B. Collaboration between the subsystems
The sensor operates in one of three different modes, de-

pending on whether the machine in which it is applied is
transported, installed or operated. Fig. 5 shows the operation
principles during the machine’s lifetime. In the following
sections, the collaboration between the different subsystems
in each of the phases of the machine’s lifetime, and the
resulting subsystem requirements are elaborated on.

a) Transport: The machine in which the sensor system
is incorporated must be transported from the manufacturing
location to the operation location with the capacitive sensor
already installed. As vibrations will be experienced during
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Fig. 6. (a) Industrial prototype of the Thermal Slider Actuator (TSA) with twelve fingers about 20 mm in length and an electrode disk with
a diameter of 12 mm. (b) Schematic illustration of an upward thermal cycle of the TSA and the resulting electrode displacement step.

transport, the sensor is installed at a standoff distance larger
than 100 µm.

b) Machine installation: During machine installation, the
self-alignment functionality moves the measurement elec-
trode until the distance to the target electrode is decreased
to within 10 µm ± 1 µm and the two DoFs tilt alignment
is within ±0.3 mrad. The alignment tolerances are several
orders of magnitude below the precision requirements in the
measurement phase, as in most applications no absolute but
only relative precision is needed. The position and the two
tilt angles of the electrode are obtained using the three circle
sectors at the electrode. In order to do this, the position of
each sector is obtained in a consecutive way, while all other
segments are grounded. The position measurements of circle
sectors are then decoupled to obtain the position and the two
tilt angles.

The TSA dissipates during self-alignment up to ~10 W of
power, depending on the number of fingers that is turned
on. This leads to a self-heating of approximately 2 K to
3 K above ambient temperature and to thermal gradients
in the TSA, which reduce the measurement precision of the
system. Also, as the electrode is not yet aligned during this
process, the position measurement has reduced precision.
Although these effects do not lead to problems, due to the
moderate precision requirements during machine installation,
they could be decreased by adding smaller steps at the end
of the alignment process.

Furthermore, the alignment phase is not time-critical, as the
installation of a lithography machine takes days. Normally,
a thermal actuation principle would be considered too slow
and power-hungry for a precision positioning task. Given the
application-specific boundary conditions, however, this is a
viable and cost-effective solution.

c) Machine operation: In this phase the measurement
precision, and thus the power dissipation as well, are critical.
The self-alignment system in this phase should only provide
position stability to the measurement electrode and therefore
can be entirely passive. As the standoff distance is now
small, the sensor sensitivity is high, leading to a measurement
precision and resolution that are sufficient for sub-nanometre
resolution measurement.

The most significant remaining uncertainty in the meas-
urement then originates from the reference capacitors. These

capacitances are on-chip and are as such not accurate or
stable enough to attain sub-nanometre precision with the
sensor system. As this uncertainty consists of low frequency
variations mainly caused by the sensitivity to temperature,
calibrating these quantities at the beginning of each indi-
vidual measurement cycle eliminates this measurement error.

III. MECHANICAL SELF-ALIGNMENT MECHANISM

The mechanical self-alignment mechanism must 1) with
micrometre precision actively move the measurement elec-
trode in one translational and two tilt DoFs, and 2) af-
terwards hold the electrode passively with sub-nanometre
stability. Many automatic positioning principles have been
reported in the literature, including piezoelectric actuators
[19], electrostatic comb drives [20] and thermal actuators
[21]. Many of these concepts, however, provide stability in
an active fashion, which requires an additional sensor and
causes power dissipation during measurement.

To overcome these problems, the Thermal Slider Actuator
(TSA) was designed [22]. The TSA achieves passive stability
by exploiting the friction contacts between the fingers of the
actuator and the disk-shaped measurement electrode. The
fingers are thermally manipulated to produce movement.

A. Thermal Slider Actuator construction
Fig. 6a shows an industrial prototype of the TSA. The

capacitive electrode is held by twelve fingers using friction
contacts. The fingers are approximately 20 mm long and are
connected monolithically to a base. The fingers are made
of aluminium, as the high thermal expansion coefficient
of aluminium is beneficial for the motion efficiency of the
actuator. The fingers are actively heated by electrical resistors
and are cooled passively.

The base of the fingers is mounted in a housing (Figure
7). This housing is made of aluminium, like the fingers,
so that they have an equal thermal expansion coefficient.
If the sensor’s temperature changes uniformly, the fingers
and housing expand with respect to the mounting plane of
the sensor. However, since the contact points between the
fingers and the capacitive electrode lie in the same plane as
the mounting plane, they will not move. In this way, the
thermal expansion coefficient of the fingers with respect to
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Fig. 7. Cross-section of the TSA. The fingers and sensor housing
are made of the same material to balance the thermal expansion
coefficient.

the mounting reference plane is balanced, provided that there
are no thermal gradients in the sensor. Still, the part of capa-
citive electrode that extends above the mounting plane causes
thermal sensitivity, but this is only over a short distance (~1
mm) and can be reduced by choosing an electrode material
that has a low thermal expansion coefficient.

B. TSA motion principle

Thermal cycles are used to displace the capacitive electrode
in its translation and tilt DoFs [10], [18]. Fig. 6b illustrates
how a thermal cycle generates a displacement step of the
TSA’s electrode. To move the electrode, all fingers are first
heated, leading to thermal expansion and an upward dis-
placement of the electrode. Then a single finger is cooled
down, causing a shear force in the friction contact of the
finger and opposite reaction forces distributed over all other
fingers. Due to the friction behaviour of the contact, the
cooling finger slides over the electrode surface, while the
displacement of the other fingers contacts is close to zero,
thus keeping the electrode in position. After all fingers have
in this way cooled down, a net displacement of the electrode
remains. As the thermal state is now identical to the initial
state, the thermal cycle can be repeated to attain larger dis-
placements. Furthermore, the thermal cycle can be adapted
to yield downward and tilt motion.

The thermal cycles that are applied to the TSA must be
selected such that they result in efficient displacement steps.
Owing to the friction based working principle of the TSA, the
repeatability of the thermal cycles is affected by variations
in the thermal and frictional properties of the fingers. The
motion, however, can be controlled in closed loop by using
the position measurement of the capacitive electrode to select
the most efficient thermal cycle. In this way, it was possible
to reach the desired position within 0.7 µm and 50 µrad [10].

C. Stability

As any relative displacement of the electrode with respect
to the machine forms a measurement error, the position
stability during sensor operation should not be compromised
by the actuator. The two main disturbances are temperature
variation and displacement of the friction contact.

bs 10110...
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VexeVexe
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Fig. 8. Capacitance-to-digital converter based on a charge balancing
ΣΔ modulator with the zoom-in technique.

a) Thermal: The working principle of the TSA requires
the materials of the actuator to have a relatively high thermal
expansion coefficient. To minimise the thermal sensitivity of
the sensor the housing of the TSA is purposely composed of
equal length and material. Thus, the thermal expansion of the
fingers due to external temperature variations is compensated
by the thermal expansion of the housing.

b) Frictional: The friction contacts of the TSA make it
possible to combine position stability with the capability to
perform positioning and alignment. The fact that the friction
contacts must be able to move potentially limits the position
stability during measurement.

The classical stick-slip friction theory predicts that when
the shear force in the friction contacts exceeds the friction
force limit, a sudden displacement of the friction contact oc-
curs. Instead of stick-slip, however, smooth contact creep was
observed. The creep displacements, however, do not limit
the position stability when thermal equilibrium is reached
and the contact forces are small. Additionally, the strength
of the stationary friction contacts increases over time, further
improving the friction contact stability [10].

IV. ATTOFARAD RESOLUTION CAPACITANCE-TO-DIGITAL
CONVERTER

In this work, the capacitance must be measured with very
high resolution (~100 aF RMS, corresponding to ~100 pm
in displacement, at a conversion time of 20 µs). Therefore,
an interface circuit based on a charge balancing sigma-delta
(ΣΔ) modulator is employed since it is a good candidate
to achieve the required performance. However, as explained
in Section III, the mechanical alignment can only help to
reduce the mounting tolerance of the capacitive electrode to
about 10 µm, while the long term measurement range of
interest is not greater than 1 µm (corresponding to 1 pF).
Furthermore, the displacement/capacitance variation in a
measurement cycle between two calibrations is not expected
to exceed ±25 nm/±25 fF. The consequence is that a large
baseline (static) capacitance C0 (~10 pF) is added to the
short term maximum capacitance variation ∆C (±25 fF) to
be measured. Therefore, a large amount of power is wasted
to cover the unnecessarily large measurement range. In this
case, the required dynamic range of the CDC is above 17 bits.
The solution to this problem is to use the electrical zoom-in
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technique. A simplified implementation of the ΣΔmodulator
with the zoom-in technique is illustrated in Fig. 8 [11].

V. SELF-CALIBRATION FUNCTION WITH EXTERNAL
RESISTIVE REFERENCE

The chosen architecture in Section IV, based on the compar-
ison of capacitances, provides a simplified practical realisa-
tion, high conversion speed and very good power efficiency
[11]. However, as mentioned in Section II, the reference
capacitors are expected to drift, both over time and along
with temperature. A solution to this problem is to apply an
additional built-in reference for periodic self-calibration that
is much more precise and stable and to then calibrate at time
intervals within which the drift of the capacitive references
is acceptable. The calibration can be performed at suitable
moments when no real-time measurement is required.

In this work, a high precision resistive reference is used
with a drift of 2 ppm/K and an precision of 0.1 % [17],
[23]. In order to compare capacitance with resistance, an
additional reference component – frequency/time – needs
to be included. Fortunately, the time reference can be very
accurate and stable if a crystal oscillator is used. In this work,
a quartz crystal oscillator with 0.2 ppm/K drift and precision
greater than 0.01 % is used as the time reference [17], [23]. The
comparison between Cx and the reference (t,R) is again based
on the charge balancing technique with the ΣΔ modulator.
The charge that is generated by the capacitance is balanced by
the charge generated by the combined effect of resistance and
frequency. Fig. 9a shows a simplified block diagram of the
proposed self-calibration. The typical waveforms at critical
nodes are shown in Fig. 9b.

The resistor reference is first converted into a current
by a resistor-to-current converter (R-I converter) [17], [23].
Then, the combined precision current reference and crystal-
stabilized time reference generate an equivalent charge refer-
ence. After the initial reset of the integrator, the modulator
balances the charge supplied by the Capacitor Under Calibra-
tion (CUC or Ccuc) with the charge supplied by the equivalent
charge reference. Using the same method as described in
Section IV, the charge balancing operation can be expressed
as:

N
Vref
Rref

Tref = N1VrefCcuc, (1)

where N1 is the number of ‘1’s in the output digital bitstream,
and Tref is the system clock period. The R-I converter employs
the same reference voltage Vref as the switched capacitor
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feedback, so that the output is insensitive to the exact value
and drift of Vref, provided that the drift is much slower than
the conversion time. The fact that this output is inversely
proportional to Ccuc can be corrected in the digital domain,
leading to a digital representation of Ccuc that only depends
on stable resistive and time references:

Ccuc =
N
N1

Tref
Rref

=
Tref

µRref
. (2)

Ideally, if the conversion does not introduce an additional
error, the precision of the measurement is purely dependent
on the resistive and time references used. In practice, the
electronics that compare the capacitance with the resistance
introduce additional error which may deteriorate the meas-
urement precision. Therefore, different circuit design tech-
niques are applied to minimise the impact of the electronics
such that the precision of the measurement satisfies the
requirements [24]–[26].

VI. EXPERIMENTAL RESULTS

A. Mechanical self-alignment mechanism

a) Motion and repeatability: The TSA positions the meas-
urement electrode in three DoFs by applying various thermal
cycles to the fingers that clamp the electrode. The motion
that results from a thermal cycle depends not only on the
type of thermal cycle, but also on the initial temperature of
the fingers and the mechanical conditions of the individual
friction contacts. As the motion can be monitored using the
capacitive electrodes themselves and only the final alignment
must be highly precise, a precise open loop motion is not of
highest importance. Stepping speed (i.e. the net displacement
after a thermal cycle divided by its duration) is of interest,
however, because it determines the time required to perform
the alignment.

Fig. 10 shows the translational motion velocity of the
thermal cycles under various conditions. A point shows
the average speed of a single thermal cycle, the bars show
the average speed of all similar thermal cycles. Due to the



10

5

0

−5

Time (hours)

D
ri

ft
 (

n
m

)

20.6

20.4

20.2

20.0
0 5 10 15 20 25

T
em

p
er

at
u

re
 (

K
)

Fig. 11. Drift of the sensor electrode with respect to the mounting
plane of the sensor (black) and temperature of the sensor’s base
(grey). The drift can to a large extent be explained by thermal drift.
A thermal sensitivity of 24 nm/K can be fitted.

manufacturing process, the fingers of the TSA can have a
deviation from their ideal radial position when no electrode is
placed. These deviations lead to variation of the normal force
of the friction contacts, influencing the motion of the thermal
cycle. The initial roundness deviation after manufacturing
was within ± 150 µm. This was not good enough to yield net
motion. By mechanical adjustment of the straightness of the
fingers, the roundness deviation was successively improved
to within ± 75 µm and ± 20 µm. The figure shows that for
the better roundness deviation of ± 20 µm, the thermal cycles
always generate net motion and the speed of the thermal
cycle improves.

Fig. 10 furthermore shows that the speed resulting from a
thermal cycle in upward direction is higher than in down-
ward direction. This difference can be largely explained by
the asymmetry of the finger geometry: As the friction contact
is offset from the bending axis of the finger, the friction
force changes the normal force in the contacts. In the current
design this leads to a higher friction force when a finger
slides upward over the electrode then when the finger slides
downward.

Three different thermal cycles for generating displacement
were used, 12 steps×1 finger, 6 steps×2 fingers and 4 steps×3
fingers. The average speed of these cycles is comparable,
but the 12×1 has highest repeatability. This can be explained
by the fact that cycles with more steps are less sensitive to
friction variations.

For positioning purposes also tilt cycles need to be used.
Moreover, the cycles are also used in a more arbitrary order,
leading to a lower repeatability of the resulting motion. It was
however shown that despite these deviations, closed loop
operation of the TSA can achieve sub-micrometre precision.

b) Stability and temperature sensitivity: After positioning,
sub-nanometre stability is key to making the TSA applicable
for electrode alignment. A setup was developed for measur-
ing the position drift and the thermal stability of the TSA. The
position of the electrode with respect to the mounting plane
of the sensor was measured using a Fizeau interferometer and
also the temperature of the sensor’s base was monitored.

Fig. 11 shows the position drift of the capacitive electrode
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Fig. 12. Measurement result of the real-time CDC, the measured
noise floor is 65 aF RMS. Insert: diagram of the measurement setup.
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Fig. 13. Measurement setup for the self-calibration circuit for calib-
ration of Cx using Rref.

with respect to the mounting plane of the sensor during a 24
hours long experiment. The results suggest that the majority
of the drift can be explained by thermal drift. A thermal
sensitivity of 24 nm/K can be fitted. The remaining part of the
drift is below 0.5 nanometre per hour, which is well below
the short term (5 minutes) drift requirement of 100 pm.

B. Capacitance-to-digital converter

The prototype circuit of the real time CDC was fabricated in
a standard 0.35 µm CMOS technology and consumes 15 mW
from a 3.3 V power supply. A measurement result as well
as the measurement setup are shown in Fig. 3. The sensor is
connected to the interface via shielded coaxial cables, which
adds ~10 pF parasitic capacitance to the input of the interface.
The sensor target electrode is mechanically actuated by a
shaker which shakes at 70 Hz, creating a small capacitance
variation. The measured response of the sensor is shown in
Fig. 12. It can be seen that the measurement noise floor is
65 aF RMS, which means that the equivalent displacement
resolution is 65 pm RMS, if the standoff distance to the target
is 10 µm. The measurement time for this interface is as short
as 20 µs.

C. Self-calibration function

The self-calibration circuit (described in Section V) was
also fabricated in standard 0.35 µm CMOS technology and
consumes 760 µW power from a 3.3 V supply.



120

110

100

90

80

70

60

50

40
101 102 104103

Number of cycles N (-)

S
N

R
 (

d
B

)

-130

-140

-150

-160

-170

-180

-190

-200

-210

-220
10-6 10-5 10-3 10010-2 10-110-4

Normalized frequency [f/fs]

N
o

rm
al

iz
ed

 A
m

p
li

tu
d

e 
(d

B
F

S
)

Long-term stability

N = 2000

Fig. 14. Measurement resolution of the self-calibration circuit as a
function of the number of operating cycles, N. Inset: noise spectrum
of the self-calibration circuit from a twelve hours measurement.

To qualify the performance of the circuit, the measurement
setup shown in Fig. 13 was built. The calibration circuit,
as well as the precision resistive reference, were placed in
a climate chamber that could be controlled remotely. The
temperature of the system was measured with a Pt-100
sensor, which was in good thermal contact with the circuit
chip.

First, the resolution of the calibration circuit was qualified
by means of measuring the signal-to-noise ratio (SNR). Fig. 14
shows the measured SNR as a function of the operating cycles
of the ΣΔ modulator [26]. As expected, a larger number of
the operating cycles results in a better SNR. For our target
application, the selected number of operating cycles is 2000
such that the circuit shows a noise floor of around 61 aF RMS,
which is in line with that of the real time CDC. The total
measurement time to achieve this level of resolution was
around 10 ms.

The inset of Fig. 14 shows the result of the long-term
stability measurement [17]. During this measurement, the
environment in the climate chamber was maintained stably
at (25 ± 0.01) ◦C. The measurement was performed for
12 hours. A Fast Fourier Transform was calculated from the
results. The noise spectrum can be seen in the inset of Fig. 14.
The 1/ f noise corner is at 200 µHz, ensuring that the drift
of the circuit is extremely low. We suspect that the low-
frequency noise observed can at least be partly attributed to
small vibrations caused by the fan of the climate chamber.

To determine the thermal drift of the self-calibration circuit,
the temperature of the climate chamber was swept from 20 ◦C
to 70 ◦C [17]. For this measurement an on-chip capacitance
was measured to avoid thermal gradients. In this test, ten
chips were measured, all of which showed very similar, linear
behaviour. The temperature drift for all the chips was around
+24 ppm/K. However, these results are incorporated into
the thermal drift of the measured on-chip poly-to-poly/PIP
capacitor, which is specified to have a temperature coefficient
of approximately +30 ppm/K [27]. Therefore, the thermal drift
contributed by the CDC is around +6 ppm/◦C across the entire
temperature range of interest.

Table I. Performance summary of the proposed capacitive sensor
system.

During alignment During operation

Alignment speed > 0.5 µm/min
Resolution 65 pm RMS
Measurement time 20 µs
Thermal drift (TSA) 24 nm/K
Thermal drift (readout) 6 ppm/K
Stability (TSA) 0.5 nm (1 hour)
Stability (readout) 100 pm (5 minutes)

VII. CONCLUSION

Precise real-time measurement of small displacements is
challenging. In this work, the challenges of using capacitive
sensors are identified and solved by the use of mechanical
and electronic system improvements.

First, a mechanical self-alignment mechanism is introduced
that effectively positions and aligns the capacitive sensor elec-
trode after assembly. This eliminates the need for costly and
time consuming manual alignment, especially in inaccessible
environments. The self-alignment mechanism uses friction in
combination with thermal actuation to move the electrode
and is fully passive and powerless after alignment, thereby
providing the required stability during measurement (100 pm
over 5 minutes).

Second, the capacitance measurement is split in two
phases: fast real-time power-efficient measurement using ca-
pacitive references and the zoom-in technique, and relatively
slow periodic calibration of the capacitive references with
a much more accurate and stable resistor/time reference.
The performance of each subsystem has been experimentally
verified, the main performance measures are summarised
in Table I. The entire system combined can measure dis-
placement with high resolution (65 pm RMS), high speed
(20 µs/measurement), and high precision (6 ppm/K thermal
drift and 100 pm stability for 5 minutes).
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