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Capacitive Instrumentation and Sensor Fusion for
High-Bandwidth Nanopositioning
Steven Ian Moore, Andrew J. Fleming and Yuen Kuan Yong

Abstract—Precision capacitive sensing methods encode the
measurement in a high frequency signal which requires demodulation. To extract the measurement, the signal is observed
over many cycles limiting the bandwidth of the sensor and
introducing an undesirable phase lag. To address this limitation,
this article outlines a design which fuses the output of a standard
modulated capacitive sensor and a charge amplifier, providing an
instantaneous capacitive measurement whose bandwidth is only
limited by the speed at which the electronics operate.

Fig. 1. Overview of the capacitive sensing system. The MS-8810 and the
charge amplifier measure capacitive changes in mutually exclusive frequency
bands. A complementary filter fuses the two signals together.

I. I NTRODUCTION
Sensor-based feedback control of piezoelectric nanopositioners is required to provide insensitivity to modeling errors
and nonlinearities exhibited by piezoelectric ceramics [1]–[3].
Capacitive sensors are the most common type of instrumentation used in short range nanopositioning applications due
to their linearity and resolution [4]. State-of-the-art capacitive
sensors focus on high resolution measurements of static or
pseudo-static capacitances where the measurement is encoded
in the amplitude, phase, frequency, or mean of a high frequency signal that requires demodulation [5]. Demodulation
is inherently a slow process where the output signal must be
observed for many cycles. This ultimately limits the bandwidth
– a high bandwidth is beneficial to sense fast dynamics and to
minimize the dynamic error introduced due to the phase lag
[4].
This article describes a capacitive sensor which fuses the
measurement of a charge amplifier with that of a standard
modulated capacitive sensor to provide a precise measurement
over a bandwidth on the order of megahertz. Apart from
nanopositioning, this sensor is suitable to observe fast dynamics in applications such as tomography [6] and in MEMS [7].

Fig. 2. The schematic of the charge amplifier. The op-amp is from Linear
Technology and the dual JFET is from Linear Systems.

The dynamics of the charge amplifier, shown in Figure 2,
are modeled by the transfer function
Kq (s) =

Vq Rq s
Yq (s)
=
.
C(s)
Cq Rq s + 1

(1)

The parameters of the sensor are listed in Table I. The bandwidth of the charge amplifier was identified to be 13.41 MHz
by replacing the capacitive probe with a charge source.
The MS-8810 is linear with respect to displacement and
contains Fx , a second-order Butterworth filter with cutoff
frequency ωx , to suppress demodulation artifacts. The output

II. S ENSOR D ESIGN
Two capacitive probes (MicroSense 2804) are used to observe the motion of a moving target via a varying capacitance
c(t). One probe is connected to a precision capacitive sensor
(MicroSense 8810) which has a resolution of 1.5 nm−rms in
a 1 kHz frequency band, however, the demodulation process
limits its bandwidth. The second probe is connected to a
charge amplifier which has a significantly higher bandwidth
but cannot observe static motion. To address the limitations of
each sensor, their outputs are fused together with the system
shown in Figure 1.
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TABLE I
C APACITIVE SENSOR PARAMETERS AND CHARACTERISTICS .
Parameter

Symbol

Value

Radius of the Capacitive Probe
Standoff Distance
MS-8810 Filter Natural Frequency
MS-8810 Gain
Charge Amp. Feedback Resistor
Charge Amp. Feedback Capacitor
Charge Amp. Bias Voltage
MS8810 Input Noise Floor
MS8810 Output Noise Floor
Charge Amp. Noise Floor
Charge Amp. Noise Corner Freq.
Natural Frequency of Fp
Natural Frequency of G

r
x0
ωx
kx
Rq
Cq
Vq
A1
A2
A3
ωnc
ωp
ωg

1 mm
50 µm
7929 rad/s
0.4 V/µm
10 GΩ
0.5 pF
5V
19.13 µV2 /Hz
0.1632 µV2 /Hz
6.847 µV2 /Hz
3057 rad/s
62 569 rad/s (9958 Hz)
1368 rad/s (218 Hz)
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Fig. 3. The spectral density of the noise observed in the signals yx (t) and
yq (t).
Fig. 4. The frequency response of the nanopositioning system from the
amplifier input voltage to the charge amplifier output yq (t), linearized MS8810 output yn (t), and the fused output y(t). Portions of the charge amplifier
and linearized MS-8810 response coincide with the fused output response.

voltage of the MS-8810 is

yx (t) = kx Fx (s)


Aε
− x0 ,
c(t)

(2)

where A = πr2 is the area of the probe. Note y(t) = F (s)u(t)
is shorthand for y(t) = f (t)∗u(t), where f (t) = L−1 {F (s)}.
The sensor is linearized with the function
yn (t) = N (yx ) =

Vq kx Aε
.
Cq (kx x0 + yx (t))

(3)

The gain Vq /Cq is applied to equate the gain in the passband
to that of the charge amplifier. Equations (2) and (3) are are
linearized at C0 = Aε/x0 as
Kx (s) = kx

Aε
Fx (s),
C02

nx =

Vq C0
.
Cq kx x0

(4)

III. S ENSOR F USION
For cases where two sensors operate in mutually exclusive
frequency bands, complementary filtering is an appropriate
technique for sensor fusion [8]. Kalman filters, commonly used
for sensor fusion, optimally minimize the difference between
the fused output and the true sensor signal [9]. In comparison,
complementary filters are not optimal but provide a simpler
approach to design and implementation. The complementary
filter in Figure 1 is comprised of
ωg
,
Kp (s) = Fx−1 (s)Fp (s),
(5)
G(s) =
s + ωg
where Fp , a second-order Butterworth filter with cutoff frequency ωp , compensates for the dynamics of Fx . The sensor
fusion parameters ωg and ωp are selected to minimize the
mean noise squared of the capacitive measurement.
The power spectral density (PSD) of the noise on yq (t) and
yx (t) are experimentally measured, shown in Figure 3, and
the noise models
Sx (ω) = A1 |Fx (jω)|2 + A2 ,
wnc
Sq (ω) = A3
+ A3 ,
|ω|

(6)
(7)

Fig. 5. The step response of the estimated displacement yd (t).

are fitted to the data. The PSD at the fused output is
Sy (ω) = |G(jω)Kp (jω)nx |2 Sx (ω)+|1−G(jω)|2 Sq (ω). (8)
Using the PSD, the mean noise squared of the capacitance
measurement is
Z
1 ωh Sy (ω)
dω,
(9)
E(n2 ) =
π ωl |Ky (jω)|2
where Ky is the linearized mapping from c(t) to y(t), that is
Ky (s) = (1 − G(s))Kq (s) + G(s)Kp (s)Kx (s)nx .

(10)

The integral is evaluated in the frequency band 0.01 Hz −
1 × 106 Hz. Optimization is used to minimize this equation
to select ωg and ωp . The identified noise parameters and the
optimized sensor fusion parameters are listed in Table I.
IV. NANOPOSITIONING A PPLICATION
The proposed capacitive instrumentation is tested on a
nanopositioner (PI P-733.3DD) which is driven by an amplifier
(PiezoDrive PDL200). The output of the capacitive sensor is
converted back to displacement with


Vq Aε
− x0 .
(11)
yd (t) =
Cq y(t)
Using a function generator, white noise excitation was applied
to the amplifier driving the nanopositioner to identify the
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frequency response of the system, shown in Figure 4. Like
the MS-8810, the fused sensor is able to observe low frequency motion. As the frequency increases the fused response
transitions to the charge amplifier. The magnitude response of
the MS-8810 rolls off at high frequencies; only the charge
amplifier operates at this bandwidth. The step response in
Figure 5 shows the estimated displacement of the nanopositioner using the capacitive instrumentation demonstrating the
suitability of the sensor for displacement instrumentation in
nanopositioning.
V. C ONCLUSION
This article outlines a technique to increase the bandwidth of a capacitive sensor to a demonstrated bandwidth
of 13.41 MHz. The simplicity of the fast sensor and the
sensor fusion allow the design to be easily integrated with
existing precision capacitive sensors to provide an increase in
bandwidth.
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