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For many applications, there is an increasing demand for low cost, high resolution inertial sensors, which
are capable of operating in harsh environments. Based on recent developments in optical seismometry,
this paper presents a new small interferometric inertial sensor with a resolution of 3 pm/+Hz above
4 Hz. Compared to most state-of-the-art devices, this prototype does not contain any coil, which offers
several important advantages: (i) when it is used for active control, it magnifies the control performances
around the sensor resonance; (ii) it decreases the thermal noise in the suspension (Brownian motion),
(iii) it is compatible with magnetic environments (like particle collider); (iv) as the interference fringes
sweep continuously across the detector, it allows a real time calibration of the parameters, and thus the
calibration can be continuous monitored and updated.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Inertial sensors have been used for more than a century mainly
to answer the needs of seismology, the science which studies the
propagation of waves through the Earth. Depending on the fre-
quency range of interest, three types of sensors are commonly
used to measure seismic vibrations [1]: seismic accelerometers,
geophones and broadband seismometers. A comparison of these
inertial sensors can be found in [2].

For more than 30 years, seismometers have reached sufficient
resolution and dynamic range to capture seismic signals at most
location of the Earth surface in a broad frequency range extend-
ing typically from 1 min to 100 Hz (see e.g. [3-6]). However, there
is still a continuous demand for high-end instruments, more effi-
cient and better adapted to some specific applications. In this
respect, recent developments in optical technologies offer interest-
ing perspectives for novel inertial sensors. In the oil/gas and mining
industry for instance, inertial sensors capable of operating in harsh
environments (e.g. down-holes, boreholes) are needed, and optical
seismometers without electronics and insensitive to temperature
and high pressure [7-10] have been developed. In the field of
security, miniature autonomous optical inertial sensors have been
tested for the detection of detonation arising from nuclear tests
conducted by countries engaged in nuclear proliferation [11-13].
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Besides seismology and the aforementioned applications, there
is also a demand for inertial sensors for precision engineering
and scientific experiments requiring a very stable environment
[14]. Typical applications are: (i) Tests and validation of space
equipments on vibration-free space simulator. (ii) Isolation of
lithography machines in the semiconductor industry. (iii) Reduc-
tion of vibrations of atomic force microscopes (support and sample)
for increasing their resolution. (iv) Stabilization and isolation of
large instruments dedicated to extreme experimental physics,
like gravitational wave interferometric detectors or future particle
colliders. In these systems the immunity to environmental distur-
bances is obtained by actively cancelling the structural vibration
measured by inertial sensors [15].

A few other prototypes of optical inertial sensors and seis-
mometers have been developed and reported in the literature.
They are based on Fabry-Perot interferometer [22], fiber inter-
ferometer [19-21], triangulation system [23], fiber Bragg grating
[24,25], optical encoder [26] or grating sensor [27]. More
recently, optical accelerometers have been proposed for mea-
suring the mechanical vibration of gravitational wave detectors
[16-18].

However, to the best of the authors’ knowledge, there is no
commercial seismometer capable of fulfilling the requirements for
applications in advanced active vibration isolation systems, i.e.
small, sub-nanometer resolution at low frequency, and compat-
ible with a magnetic environment. In this paper, we present a
non-magnetic Optical inertial SEnsor (NOSE), which is based on
a horizontal pendulum and a Michelson interferometer. It is small,
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Fig. 1. Picture (a) and schematic (b) of the prototype of the interferometric inertial sensor NOSE. (A) Single degree of freedom oscillator, (B) interferometric displacement

sensor and (C) acquisition processing unit.

passive, and measures seismic motion in the vertical direction.! We
will show that, besides the compatibility with magnetic environ-
ment, the absence of coil offers also several advantages.

The paper is organized as follows: The new sensor is presented
in Section 2. Section 3 contains experimental validations, and Sec-
tion4 draws the conclusions and directions for improvements.

2. Description of the optical inertial sensor

The sensor is composed of three main parts (see Fig. 1): A single
degree of freedom (d.o.f) oscillator (A), an interferometric displace-
ment sensor (B), and an acquisition processing unit (C). Each of the
three parts are detailed in the following sections.

2.1. Mechanics

The mechanical part consists of a horizontal pendulum, con-
nected to arigid frame through a flexural joint, made of CuBe alloy.
A leaf spring, made of the same alloy, is used to adjust the equilib-
rium position of the inertial mass and compensate for gravity. The
oscillator is characterized by an inertial mass m=0.055kg, a prin-
cipal resonance frequency wg =6 *27 rad/s (tunable) and spurious
resonances above 100 Hz.

Usually, and most specifically for geophones, a high damping of
the inertial mass, i.e. a small Q factor, is imposed in order to increase
the bandwidth of the sensor and reduce its sensitivity to miscali-
bration. A critical damping is obtained by connecting a resistor to
the sensing coil. On the contrary, our inertial sensor is character-
ized by a high Q factor (around 60) because it does not contain any
loaded coil. A first advantage of the coil-free configuration is that
the sensor is compatible with magnetic environments like encoun-
tered in proximity to particle colliders. A second advantage is that
the high Q decreases the thermal noise in the suspension (Brownian
motion) defined as [28]:

()= VAN 1o-11p-20m ) vz) )
m(27f)

where kg is the Boltzmann constant, T=300K is the temperature
and wy is the angular resonance frequency.

When the inertial sensor is used for active vibration isola-
tion, the high Q offers a third advantage because it magnifies the
control performance around the sensor resonance. As an exam-
ple, consider the single d.o.f. isolator shown in Fig. 2(a) where
a sensitive equipment (m) mounted on an active suspension is
represented. The motion x of the equipment is measured with

1 In principle, the sensor is also capable to measure seismic motion in the hori-
zontal direction. However, this feature has not been investigated.

an inertial sensor. Then, the signal is filtered by a filter H(s),
used to generate a feedback force f. Fig. 2(b) shows a typi-
cal transmissibility (x/w) of the suspension when the control is
turned off (solid line), and turned on for two sensors: a geo-
phone critically damped (dotted line) and NOSE (dashed line).
The same controller H(s) has been used for both sensors. The
curves have been obtained with a numerical model of the isolator,
and the following numerical values of the parameters: m=100 kg,
k=1.6 MN/m, c=1200 Ns/m. The figure shows that, for both sensors,
the transmissibility has been reduced by the feedback operation
in a large bandwidth, extending from a fraction of the geophone
corner frequency to a multiple of the resonance of the equip-
ment.

However, for NOSE, the strong mechanical amplification at the
resonance improves significantly the isolation in a frequency range
around this resonance, while using the same crossover frequencies
for both sensors. Such feature can be particularly interesting to can-
cel narrow band excitations. Moreover, as the photo-diodes signals
amplitude remains bounded (see Section 2.3), the peak of perfor-
mance is not limited by the classical trade-off between resolution
and dynamic range.

On the other hand, when the sensor is not used in a feedback
loop, the low damping of the inertial mass becomes a disadvantage
because it reduces the bandwidth and because large oscillations
of the inertial mass are superimposed to the useful signal. Still,
the absence of coil remains interesting for the compatibility with
magnetic environments.

2.2. Interferometric sensor

In order to measure the relative displacement between the iner-
tial mass and the support, we have developed a sensor based on a
Michelson interferometer, adapted to enable the measurement of
both quadratures of the signals as in [7,29]. The optical scheme is
shown in Fig. 3.

The laser source is a He-Ne laser with a wavelength of 632.8 nm.
The input beam, linearly polarized at 45°, is first split in two ortho-
gonal beams by means of a 50/50 non polarizing beam splitter (BS).
Each beam is then reflected on the mirrors M; or M. M; is fixed
on the inertial mass and M, is mounted on a miniature two d.o.f.
tilt stage to enable the alignment of the interferometer. Addition-
ally, the arm d, contains a A/8 waveplate to generate a circularly
polarized beam (it is in an elliptical polarization after 1 pass, and a
circular polarization after double-passing the wave plate). The two
beams are recombined in the beams splitter (BS). The vertically and
the horizontally polarized components of the recombined beam are
then separated by a polarizing beam splitter (PBS). The intensity in
the two beams are finally measured by means of two photodiodes.
The laser source is mounted on a four d.o.f. stage (two translations
and two rotations) to adjust the position and the angle of the beams
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Fig. 2. (a) Principle of active vibration isolator using inertial sensor; (b) simulated transmissibility (x/w) of the numerical model of the isolator shown in (a) when the
controller is turned off, turned on using a commercial geophone, and turned on using a low damped inertial sensor like NOSE.

on the photodiodes. The length of the two arms (d; and d;) are
similar to minimize the impact of the laser frequency noise on the
measurements [30]. Note that the He-Ne laser can be replaced by a
pigtailed laser diode with a polarization-maintaining optical fiber
[8] and a fiber collimator.

2.3. Acquisition and processing

The two photodiode signals (PD1 and PD2) have the general
form:

PD1 = aq + by cos(¢g + @) @)
PD2 = ay + by sin(¢)

where the amplitudes ay, ay, by, by depend on the actual setup
(losses and beams alignment), and ¢ is the phase proportional to
the relative displacement Ax of the mirror M,

4
9= Ax (3)

A being the wavelength of the laser source; and where ¢ takes
into account possible deviation of the phase delay from 7/4 in
the octaedric waveplate. Fig. 4 shows a typical example of an
experimental Lissajous figure (blue curve) obtained when the first
photodiode signal (PD1) is plotted against the other (PD2). Note
that, in this example, the fringe visibility is not maximum.
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Fig. 3. Optical scheme of the interferometer used in NOSE.
Adapted from [8].

Several methods are reported in the literature to demodulate
the signals and extract the phase. In [32], the sine and cosine com-
ponents are normalized, using the signal from a third photodiode.
In some other techniques, the signals are derived and recombined
to extract the phase. However, it has been observed that these tech-
niques are quite noise sensitive, resulting in a decrease of the signal
to noise ratio. In another technique described in [31,33], the param-
eters of the Lissajous figure are first calculated to transform the
ellipse in a unit circle centered on the origin (see in Fig. 4, green
curve) from which the phase can readily be extracted. This tech-
nique has been proven to be robust and was then used to extract
the displacement parameter from the recorded data.

In operating condition, the mass, subjected to the excitation
from the ground motion, oscillates continuously at its resonance
frequency, with an amplitude proportional to the Q factor of the
oscillator times the amplitude of the ground motion at the sensor
location. A high Q factor, as for NOSE, leads to a large motion of the
inertial mass and results in a continuous sweeping of the interfer-
ence fringes across the detector. This is a fourth advantage of a high
Qfactor, because it allows a real time estimation of the Lissajous fig-
ure parameters, and thus an unbiased demodulation of the signals.
Another asset of this technology is that, since the amplitude of the
photodiode signals is bounded in an interferometric displacement
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Fig. 4. Example of experimental Lissajous figure (blue curve) obtained when the
first photodiode signal (PD1) is plotted against the other (PD2). Unit circle centered
on the origin (green) calculated using the parameters of the ellipse and an algorithm
described in [31]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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Fig.5. Experimental amplitude spectrum of the Polytec OFV502 (dashed green line)
compared to our prototype of inertial sensor NOSE (solid blue line). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

sensor, an equivalent of 30 bit resolution can be obtained with only
a 16 bits A/D converter.

The next section presents the results of three experiments: a
validation of the interferometric displacement sensor (NOSE), an
identification of the different sources of noise in the signal, and an
experimental validation of NOSE by comparison with a commercial
seismometer.

3. Experiments
3.1. Assessment of the interferometer

As a first step, we have made an experiment to confirm that the
displacement measured with our interferometer prototype corre-
sponds to the actual displacement of the inertial mass. To this end,
the output signal of NOSE was compared to the measured displace-
ment of the inertial mass by a commercial interferometer (Polytec
OFV502). The lower side of the inertial mass was pointed by our
interferometer, while the upper side was pointed by the commer-
cial sensor. The amplitude spectrum of the two measured signals
are plotted in Fig. 5.

It can be seen that both spectra are nearly identical, from DC
to approximately 50 Hz. The transfer function between the Poly-
tec OFV502 and our interferometer is shown in Fig. 6. A very good
agreement between the two sensors is obtained in the frequency
range 0.1-50 Hz. The scale factor of 0.8 has not been investigated.
The peaks in the transfer function around 60 Hz and above have
been identified to correlate with resonances of the Polytec OFV502
head holder.
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Fig.6. Experimental amplitude and phase of the transfer function between the Poly-
tec OFV502 and our prototype of inertial sensor, pointing the upper and lower side
of the inertial mass, respectively.
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Fig. 7. Experimental noise budgeting of the interferometer.
3.2. Noise budgeting

An expected feature of the NOSE sensor is its ability to measure
low frequency vibrations with a good resolution. In order to iden-
tify the various sources of noise, which are the factors limiting the
sensor resolution, we have blocked the inertial mass and recorded
the photodiode signals in the configurations listed below (the cor-
responding experimental amplitude spectra are plotted in Fig. 7):

e Cable unplugged from the recorder (ADC noise).

e Voltage source alone, when it supplies 9V (Source noise).

¢ The voltage source supplies 9V to the circuit, but the photodiode
is not connected (Circuit noise)

¢ The voltage source supplies 9V to the circuit, the photodiode is
connected, but the laser switched off (Laser OFF)

¢ The voltage source supplies 9V to the circuit, the photodiode is
connected, and the laser switched on (Laser ON)

In our experiment, the sampling frequency is 20kHz. Fig. 7
shows that the resolution is limited by a constant voltage noise
above 2 Hz, and by a 1/f current noise below 2 Hz coming from the
laser optical power noise [30].

The sharp peaks at 50 Hz and multiples of 50 Hz are related to
the electrical supply network. These peaks can be removed by using
an electromagnetic shielding of the sensor, and by using batteries
to supply the operational amplifiers.

Fig. 8 shows the experimental amplitude spectrum of the inter-
ferometer noise (blue dashed-dotted line), expressed in physical
units of [m/+/Hz]. It has been obtained in two steps. In the first
step, we manually slightly moved one mirror in order to obtain the
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Fig. 8. Comparison of sensor experimental resolution: Guralp CMG-6T (black line,
obtained from two sensors side by side placed in a quiet environment); resolution of
our NOSE prototype, measured by blocking the inertial mass; estimated resolution
of NOSE (red line). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)



76 C. Collette et al. / Sensors and Actuators A 224 (2015) 72-77

-150

-200 5
10 Frequency [Hz] 10

Fig. 9. Experimental amplitude and phase of the transfer function between the sig-
nal from a commercial Guralp CMG-6T calibrated in displacement units and our
prototype NOSE.

parameters of the Lissajous figure for the calibration. In a second
step, we have recorded the signal without disturbing the interfer-
ometer, and used the parameters from the first step to express
the photodiode signals as sensor noise in displacement units. It
results in a resolution of 3 pm/vHz above 1Hz, and 20 pm/+vHz
above 0.3 Hz.

3.3. Assessment of the inertial sensor

In order to confirm that our sensor measures properly seismic
motion, we made a third experiment where the output signal of
our prototype was compared to the readout of a commercial seis-
mometer (Guralp CMG-6T), located beside our sensor. Fig. 9 shows
the experimental transfer function between the sensors (calibrated
in displacement units), which corresponds to the sensitivity curve
of NOSE, because the CMG-6T has a constant sensitivity from 30s
to 100 Hz.

Dividing the interferometer resolution (Fig. 8) by the sensor
transfer function (Fig. 9) gives the estimation of the NOSE reso-
lution, also shown in Fig. 8 (red curve). The resolution of the Guralp
CMG-6T (measured in aquiet environment with two sensors side by
side) is also shown in the same figure for comparison. Below 50 Hz,
NOSE resolution overpasses GMG-6T, by up to a factor 100 around
6 Hz, because of the mechanical resonance. At that frequency, NOSE
resolution peaks at 0.1 pm/+Hz.

4. Conclusion and future work

We have presented a new small, low cost, non-magnetic opti-
cal inertial sensor, called NOSE. Compared to most state-of-the-art
commercial inertial sensors, this prototype does not contain any
coil, resulting in a huge amplification of the response at the sensor
resonance. We have shown that, when combined to an interfer-
ometric sensor, this feature offers four important advantages: (i)
when used for active control, it magnifies the control performance
around the sensor resonance; (ii) the suspension has a low ther-
mal noise, (iii) it is compatible with magnetic environments (like
encountered in particle collider); (iv) it allows a real time calibra-
tion of the parameters, and thus an unbiased demodulation of the
signal tanks to the continuous sweeping of the fringes across the
detectors. Using low cost components, we have demonstrated a res-
olution of 3 pm/+~/Hz above 4 Hz. The prototype has been validated

experimentally by comparison with state-of-the-art commercial
inertial sensors.

In the future, we plan to measure the sensor sensitivity to
magnetic field and increase the performance by reducing the
photo-diode dark noise, using a stabilized source, optimizing the
mechanical design (for a better integration and smaller size), and
by automatizing the signal processing.
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