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We report on the performance of the capacitive gap-sensing system of the Gravitational Reference
Sensor on board the LISA Pathfinder spacecraft. From in-flight measurements, the system has
demonstrated a performance, down to 1 mHz, that is ranging between 0.7 and1.8 aF Hz� 1=2. That
translates into a sensing noise of the test mass motion within 1.2 and2.4 nm Hz� 1=2 in displacement and
within 83 and170 nrad Hz� 1=2 in rotation. This matches the performance goals for LISA Pathfinder, and it
allows the successful implementation of the gravitational waves observatory LISA. A1=f tail has been
observed for frequencies below 1 mHz, the tail has been investigated in detail with dedicated in-flight
measurements, and a model is presented in the paper. A projection of such noise to frequencies below
0.1 mHz shows that an improvement of performance at those frequencies is desirable for the next
generation of gravitational reference sensors for space-borne gravitational waves observation.

DOI: 10.1103/PhysRevD.96.062004

I. INTRODUCTION

Capacitive sensing is an established technique for the
measurement of test mass (TM) motion in high precision
space-borne experiments for the detection of gravitational
waves[1–3], tests of the equivalent principle[4–6], and
measurements of relativistic effects on precessing gyro-
scopes[7]. Capacitive sensing, often in combination with
optical metrology[1–3], is used to provide the reference
signals for the drag-free control system of a spacecraft
[1–5,7]. In this paper, we report on the performance of the
capacitive sensing system on board the LISA Pathfinder
spacecraft.

LISA Pathfinder[1,2,8,9] (LPF) is a European Space
Agency mission dedicated to the demonstration of free fall
of a TM to the level required for the implementation of the
Laser Interferometer Space Antenna (LISA)[3]. Moving to
space is advantageous for a GW observatory as there is no
seismic gravitational noise that limits the low-frequency
sensitivity of the ground based GW observatories. The free-
falling TM, i.e., the reference for the geodesic motion, has
to be protected from the external environmental disturb-
ances, so it is placed within an electrode housing (EH) and
a spacecraft. The spacecraft is then forced to follow the TM
via � N thrusters and a drag-free control system. The core of
the LPF and LISA instruments is then the Gravitational
Reference Sensor (GRS) that incorporates the TM and its
EH. The TM motion is sensed with a laser interferometer
along a selected number of degrees of freedom (DoF) and
along all DoF by the GRS capacitive sensing system. The

electrodes for the capacitive sensing are placed within the
EH. The TM is composed of an Au-Pt alloy and effectively
provides the other electrode for the capacitive sensing
system. GRS capacitive sensing is a backup system for the
optically controlled DoF in case of a failure of the optical
system[3]. Moreover, the GRS capacitive sensing provides
i) an independent science readout of the TM position,
which can be relevant especially at low frequency where
structural deformation of the system can dominate the
white readout noise, and ii) an absolute reference for the
TM position within the EH, both to center the TM to
eliminate some sources of force and to allow calculation of
forces from the TM-EH coupling.

The detection of gravitational waves in space requires
that the stray forces perturbing the motion of a test mass
be less than 3 and12 fm s� 2 Hz� 1=2 at 1 and 0.1 mHz
respectively[3]. A symmetric design of the GRS has been
selected for LPF in order to ensure stability down to
0.1 mHz and to avoid an excess of cross-talk between
nonscience DoFs and the main science DoF[10,11].
Moreover, the TM is“suspended” with no contact to the
EH. This means that TM discharge is performed by UV
lamp illumination[12] and that each TM is capacitively
biased to a given voltage in order to allow for capacitive
sensing of its motion. Since a number of physical effects
perturbing the TM motion are inversely proportional to the
gap between the TM and the EH[10,11,13], the LPF GRS
has been designed to work with mm-wide sensing gaps, the
widest sensing gaps ever implemented for a drag-free space
mission[7,14–16]. Biasing the TM results in a stiffness
coupling, which allows the TM readout noise to leak into
the TM acceleration noise. Increasing the gap to milli-
meters requires biasing of the TM with voltages of the order
of 1 V. This sets a constraint on the readout noise of the
sensing channels that are used to control the drag-free
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system of the spacecraft. Such sensing noise has to be
limited to � nm Hz� 1=2 in order to limit cross-talk into
the GW sensing channels. In LPF, this translates in a
capacitive gap-sensing system with aF Hz� 1=2 (equivalent
to nm Hz� 1=2) precision over a total capacitance of the order
of pF (i.e., mm-wide gaps).

The block diagram of the GRS capacitive sensing system
on board LPF is reported in Fig.1. We report one sensing
channel for thex-� DoF; the remaining channels are
omitted for simplicity. The TM position sensing is based
on measurement of the differential capacitance existing
between electrodes and the TM along all DoF. The TM
motion causes an imbalance in capacitance on opposing
sides of the TM, and thus an imbalance in alternating
currents (ac) flowing in primary windings of each differ-
ential transformer (sensing bridge). Two capacitive mea-
surements are combined to calculate the TM displacement
(x) and rotation (� ). Displacement is provided by the
average of the two capacitive measurements, while rotation
is obtained by the difference. Similarly, the other eight
electrodes (not shown) are used to derive the remaining TM
motion iny-� andz-� DoF. The TM is surrounded by four
sensing/actuation electrodes per axis that are embedded and
isolated inside the EH, with the EH being electrically
grounded. For the purpose of sensing, a stable 100 kHz ac
signal is applied via separate injection electrodes to the TM.
The amplitude of the injected signal is selected so as to
produce a 0.6 V peak voltage on the TM[11]. It is useful to
assign the sensing channels with specific names. In
reference to Fig.1, the electrode pair Aþ =A� defines a
sensing channel that we call1x, while the electrode pair
B þ =B� defines the sensing channel2x. Analogously, we
have1y and2y sensing channels for they-� electrodes and
1z and 2z sensing channels for thez-� electrodes. This

scheme is the same for both TMs (TM1 and TM2). More
details on the electronics can be found in AppendixA.

In Sec.II, we report the measured performances of the
GRS capacitive sensing system during the entire LPF
mission. In Sec.III , we perform an analysis of the noise
components dominating at frequencies below 1 mHz. In
Sec. IV, we discuss the outlook for the LISA GRS
capacitive sensing system, and in Sec.V, we draw our
conclusions.

II. LONG TERM STUDY OF HIGH FREQUENCY
SENSING NOISE

We performed an investigation of the GRS capacitive
sensing noise at high frequencies over the period covering
the LPF commissioning and science operations. The noise
level has been calculated by taking the square root of the
average power spectral density (PSD) in the frequency band
[0.3, 0.5] Hz. In order to calculate the PSD, we select
nonoverlapping time stretches ofNs ¼ 4000 sec for each
noise run. For each segment, we calculate the mean value of
the PSD in the frequency band [0.3, 0.5] Hz. The value
obtained is then averaged over all the available segments
for the given noise run in order to provide the final average
noise level for the corresponding run. Data are presented in
Fig. 2 for all the sensing channels of the two LPF TMs. On
Fig. 3, we present the relative change of the sensing noise
level over the LPF mission with respect to the first
measured value in February 2016. The uncertainty reported
in Fig.2 is calculated as the ensemble standard deviation of
the mean values for each noise run. For every TM, there are
two sensing channels per DoF (see AppendixA).

It can be immediately seen that all the sensing
channels show a sensing noise below1.8 aF Hz� 1=2. As

FIG. 1. A block diagram of the single TM sensing channel electronics along thex axis. Two pairs of electrodes (Aþ =A� , B þ =B� )
allow simultaneous measurement of the TM displacement and rotation, which is achieved by measurement of the gaps between the TM
and the electrodes at opposing sides of the TM. For small TM displacements, the capacitance is proportional to the respective TM—
electrode gap. The actuation circuit (one for each electrode) electrostatically applies forces and torques on the TM using the same
electrodes. An ac injection bias (100 kHz) is injected on the TM. Differential currents are measured, amplified, and converted into an ac
sensing voltage proportional to the TM motion. Sensing voltage is filtered at the ac injection frequency, and its amplitude is demodulated
and finally converted into a digital value.
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a consequence, the sensing precision of the instrument is
better than2.4 nm Hz� 1=2 in displacement and better than
170 nrad Hz� 1=2 in rotation.1

It is worth noting that the1x, 1y, 1z channels perform
systematically better than the2x, 2y, 2z channels. Indeed,
the 1x, 1y, 1z channels show a performance better than
0.8 aF Hz� 1=2, which translates into a sensing precision for
such channels better than1.36 nm Hz� 1=2 in displacement
and better than118 nrad Hz� 1=2 in rotation. Such values are
as good as the calculated thermal noise limit for the
instrument (see AppendixB).

The difference between the1x, 1y, 1z and the2x, 2y, 2z
channels is not completely understood. In principle, there is
no difference between the electronics of the different
channels. Random oscillations of the performance con-
nected to differences between electronic components is
excluded because the2x, 2y, 2z channels are systematically
worse than the1x, 1y, 1z channels. Moreover, we observed
larger variability of the2x, 2y, 2z channels, which is
consistent with their noise coming from nonintrinsic
pickup. The origin of such a difference is more likely to
be searched in the integration process of the different
boards as the mounting position of the2x, 2y, 2z boards is
different from the position of the1x, 1y, 1z boards.

Dedicated investigations of this issue will be performed
for the design of the LISA GRS hardware.

An excess of noise for two measurements performed in
April 2017 is noted in Fig.2. There are indications that the
origin of such excess is connected with an excess of
electromagnetic disturbance due to non-nominal activity
on board the spacecraft. As a consequence, such data points
are not representative of the instrument performance and
are reported only for completeness.

In Fig. 3, the relative variation of the sensing noise is
reported for different measurements over the LPF mission
duration. It is clearly observed that the sensing noise has
been stable within 10% of the first measured value in
February 2016. The only exception is channel TM22y,
which exhibits a reduction of performance of 15% since the
beginning of the mission.

III. SENSING NOISE PERFORMANCE
BELOW 1 mHz

A. Noise measurements

GRS sensing noise can be measured on the full fre-
quency band only with the TM held in place near the
nominal geometric center of the EH by the dedicated
grabbing positioning release mechanism used to transition
the TM to and from the free-fall condition[17]. In normal
operating conditions, thruster noise is dominating over
GRS sensing noise above 3 mHz, while noise from the
spacecraft dominates the GRS sensing noise for frequencies
below 1 mHz. When grabbed, the TMs are biased through
the direct contact provided by the plungers (metal fingers).
As the TMs cannot move, the drag-free control scheme is
not active during the measurement. Having grabbed TMs is
advantageous for the measurement of the GRS sensing
noise as the spacecraft dynamics is highly suppressed
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