www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Long-range fiber-optic earthquake
sensing by active phase noise
cancellation

Sebastian Noe?, Dominik Husmann?, Nils Muller?, Jacques Morel? & Andreas Fichtner'™

We present a long-range fiber-optic environmental deformation sensor based on active phase noise
cancellation (PNC) in metrological frequency dissemination. PNC sensing exploits recordings of a
compensation frequency that is commonly discarded. Without the need for dedicated measurement
devices, it operates synchronously with metrological services, suggesting that existing phase-
stabilized metrological networks can be co-used effortlessly as environmental sensors. The
compatibility of PNC sensing with inline amplification enables the interrogation of cables with
lengths beyond 1000 km, making it a potential contributor to earthquake detection and early warning
in the oceans. Using spectral-element wavefield simulations that accurately account for complex
cable geometry, we compare observed and computed recordings of the compensation frequency
for a magnitude 3.9 earthquake in south-eastern France and a 123 km fiber link between Bern and
Basel, Switzerland. The match in both phase and amplitude indicates that PNC sensing can be used
quantitatively, for example, in earthquake detection and characterization.

During the past decade, Distributed Acoustic Sensing (DAS) has become a mature technology that offers high
spatial sampling and large frequency bandwidth from the mHz to kHz range’. It has thereby opened diverse
research opportunities with immediate societal relevance, for instance, in seismic imaging and monitoring of
near-surface structures and reservoirs®~, the detection and characterisation of volcano seismicity for potential
early warning®'! and studies of the structure and dynamics of glaciers and ice sheets'*™'>.

In sync with the popularization of DAS, novel sensing approaches have been developed to overcome two of its
drawbacks: the high cost of DAS units and the maximum interrogation distance of typically several tens of kilo-
meters, which may be extended by using repeaters, in cases where the cable is accessible. Exploiting deformation-
dependent birefringence, it has been shown that optical polarization changes accumulated along transoceanic
telecommunication cables record seismic ground motion'®". In an earlier study, it was demonstrated that optical
phase changes in ultrastable laser signals, transmitted through metrology or telecommunication networks of
hundreds to thousands of kilometers length, are sensitive to a broad range of environmental signals, including
earthquakes'®. Adopting a conceptually similar approach, a microwave frequency fiber interferometer (MFFI)
has been developed at a fraction of the cost of commercial DAS units'®, making this technology attractive for
environmental and natural hazard applications in low-income countries. A side-by-side comparison of DAS and
MFFT highlighted the potential of the latter for quantitative science?. While technologies based on phase trans-
mission only provide spatially integrated, instead of distributed, deformation measurements, some level of spatial
resolution can be achieved either through the use of repeaters between fiber segments®' or a time-dependent
analysis of the signals®?. Fiber-optic sensing technologies based on polarization or phase transmission greatly
increase coverage, especially in the oceans, with obvious benefits for seismic imaging, as well as earthquake and
tsunami early warning. However, they require dedicated measurement equipment'®'® and possibly the interrup-
tion of the service for which a fiber is supposed to be used primarily'®.

Here we present an alternative approach to long-range fiber-optic deformation sensing that is based on active
phase noise cancellation (PNC). Commonly used to stabilize frequency dissemination in metrological fiber net-
works, PNC produces optical phase change measurements as a side product that is typically discarded or only
monitored for system health surveillance. Through a comparison with full-waveform simulations of a regional
earthquake, we demonstrate that PNC provides quantitative measurements of ground deformation without any
interruption of the metrological frequency dissemination. This implies that existing metrological networks can
be converted into long-range deformation sensors without additional cost and effort.
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Measurement principle and instrument response

Phase-stabilized optical fiber networks are widely used to transmit highly stable and accurate optical frequencies
from one location to another. Frequency perturbations induced by mechanical or thermal disturbances along
the fiber can be compensated with the help of active PNC. Several PNC fiber networks have been developed
recently, primarily with the goal to improve the performance of frequency dissemination beyond that of satellite
techniques, which is a necessity for state-of-the-art atomic clock comparison®*-*. While the time-dependent
frequency or phase correction applied by active PNC is per se not a useful signal from a metrological perspec-
tive, it carries potentially valuable information on ground deformation, induced, for instance, by earthquakes.
A detailed description of the PNC network utilized in this work is given in Ref.*’. Here we provide a condensed
summary of the essentials, complemented by a schematic summary in Fig. 1a.

PNC is based on a coherent optical phase measurement and feedback loop?!, where a low-noise continuous-
wave laser signal is sent from a local to a remote station through a fiber of length L. At the remote station, part of
the signal is coupled out for local use, while the remainder is reflected back to the local station for phase detection.
At some position z along the fiber, an inline strain €(z, t) causes the optical phase perturbation

2mwva

Sp(z,t) = &(z,t), (1)
where v is the laser frequency and c is the effective speed of light in the fiber??, which accounts for the photo-
elastic effect. The potentially frequency-dependent coefficient o describes the mechanical coupling of the fiber
to the solid Earth, and typically has to be inferred experimentally. It encapsulates a broad range of effects, such
as the mechanical insulation of the fiber within the cable and site-effects related to unknown small-scale sub-
surface structure. Assuming that the maximum propagation delay 2L/c is small compared to the time scales of
deformation, the accumulated phase change at the local station equals
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Figure 1. Measurement principle and experimental setup. (a) Schematics of the interferometric phase
measurement for PNC. The signal source is an ultrastable laser. A beam splitter (BS) and two mirrors (M1
and M2) form a Michelson-type interferometer that measures the optical phase noise ¢ accumulated on the
123 km long interferometer arm connecting the laboratories in Bern and Basel. The optical phase is detected
on a photodiode (PD) and processed to generate a correction frequency Av(t) via a phase noise cancellation
setup (PNC). This frequency correction is imposed on the optical frequency using an acousto-optic modulator
(AOM), thereby compensating the phase noise. We record Av with a sampling rate of 500 Hz. In Basel, part
of the optical frequency is coupled out for local use in metrology applications. (b) Geometry of the fiber-optic
cable connecting METAS in Bern to the University of Basel. The close-up shows the complex cable geometry
within the city of Basel. The epicenter and source mechanism of the Mulhouse earthquake are marked by the
beach ball. The event occurred at a depth of ~13 km?*2 Black triangles indicate seismic stations that provided
recordings for the validation of the seismic velocity model (see Fig. 3).
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The retrieved phase error is transformed into a correction frequency Av, which is imposed on the optical fre-
quency by means of an acousto-optic modulator. Provided that ¢(t) varies slowly relative to the PNC bandwidth
of ¢/(4L) = 406 Hz, the time derivative ¢(t) is a good approximation of Av, which constitutes our measurement
quantity. Hence, in summary, we find that the instrument response between deformation ¢ and the measured
correction frequency Av is given by

L

4mvo .
Av(t) = . /e(z,t) dz. (3)

z=0

In common practice, the correction frequency Av is logged for system health monitoring or completely discarded.
Here we store its time trace, thereby transforming the PNC into a deformation sensor.

Experimental setup

We implemented the PNC system on a 123 km long fiber connecting the Swiss Federal Institute of Metrology
(METAS) in Bern and the remote station at the University of Basel, as shown in Fig. 1b. This segment is part of
a larger fiber network originally developed for research in precision spectroscopy®, and is integrated into the
telecommunication infrastructure of the Swiss national research and education network provided by SWITCH.
Integrating a phase-stabilized frequency signal into an operational fiber network requires careful consideration
of the network design in order to prevent interference with co-existing spectral bands for telecommunication.
A simple but expensive approach is to use dedicated dark fibers. A more cost-effective solution is provided by
dark channels, where the signal is multiplexed into an unused spectral band. In contrast to other established
frequency metrology networks in the C-band (1530-1565 nm wavelength), here we chose a dark channel in the
L-band (1565-1625 nm wavelength) at a frequency of 190.7 THz (1572.06 nm wavelength), corresponding to
ITU-T channel 7. In addition to reduced fiber lease cost, this provides a large spectral guard band separation
from C-band telecommunication data traffic. The light source is an external-cavity diode laser (RIO Planex) at
a wavelength of 1572.06 nm, stabilized to an ultra-low expansion cavity of finesse 140’000, yielding a laser line
width on the Hz level.

At two points in the network, bidirectional erbium-doped fiber amplifiers are placed to compensate the opti-
cal power losses in the network. The loop bandwidth of our system, i.e., the maximum frequency at which phase
noise can be compensated, is vpnc & 250 Hz, slightly below the theoretical limit of L/4c = 406 Hz, imposed by
the fiber delay. Accordingly, we measure Av with a rate of 500 samples per second, corresponding to a Nyquist
frequency of 250 Hz, which is far above the frequency range of seismic events.

Observation and modelling of the 2022 M3.9 Mulhouse earthquake

On 10 September 2022, the M3.9 Mulhouse earthquake provided a unique opportunity to test the ability of the
PNC system to act as a seismic sensor. Raw and low-pass filtered recordings of the correction frequency Av(t)
are shown in Fig. 2 and available as supplementary file. At frequencies above ~30 Hz, the prevalent anthropo-
genic noise masks the earthquake signal. After applying a 5 Hz low-pass filter, the phase distortions caused by
the earthquake are unveiled.

To assess the extent to which Av(t) may be exploited in the quantitative solution of seismological problems,
we perform a comparison to simulated data. For this, we slightly modified an existing 1-D seismic velocity model
of the wider Alpine region®, such that it explains three-component seismometer recordings, lowpass-filtered
to a minimum period of 3 s in the vicinity of the cable roughly to within the noise. In this process, we did not
attempt to match the fiber-optic recordings in order to avoid optimistically biased results. Fig. 3a displays the
depth distributions of P- and S-wave speeds. Wavefield simulations are based on the spectral-element solver
Salvus®*, which takes topographic variations into account. Earthquake source information, including location
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Figure 2. Raw and 5 Hz low-pass filtered recordings of the PNC correction frequency Av(t). The earthquake
signal dominates over the electronic and anthropogenic noise at frequencies below ~5 Hz.
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Figure 3. Regional Earth model and seismogram comparison. (a) Regional 1-D model of P-wave and S-wave
speed, slightly modified from a seismic model of the wider Alpine region® to better match observed waveforms
from the Mulhouse event. (b) Comparison of observed (black) and computed (red) displacement waveforms for
a selection of components and stations in the Basel-Bern region.

and moment tensor, are provided by GEOFON?2. A representative collection of waveform comparisons for dif-
ferent stations and components is shown in Fig. 3b. It demonstrates that the 1-D model, despite its simplicity,
explains arrival times with an accuracy of ~1s, and amplitudes to within ~ 10 %.

To proceed with the simulation of the correction frequency Av(t), we add the 123 km fiber-optic cable to
the spectral-element mesh. Special care must be taken because transmitted phase changes strongly depend on
the geometry of high-curvature segments of the cable??. For this, we position anchor points every ~50 m along
rather straight cable segments, and more densely around narrow bends. In between the anchor points, the cable is
represented by a cubic spline. Along the numerical cable, we output the axial strain rate & (t) every 2 m, integrate
and scale according to Eq. (3), initially assuming a coupling coefficient of ¢ = 1.

A comparison of the observed frequency Av°®(¢) and its simulated counterpart Av(t) is presented in Fig. 4
for different period bands. Despite being different physical quantities, the displacements in Fig. 3b and the cor-
rection frequency in Fig. 4 can be compared qualitatively in order to make the latter more intuitively plausible.
As expected, the signal appears on the PNC recording slightly earlier (at~2 s) than at station CH.MUTEZ (at ~6
s), which is at a greater distance from the epicenter than the northern end of the cable. At station CH.DAGMA,
located at ~48 km from the epicenter, the signal ceases after ~45 s. This is consistent with a similar signal dura-
tion recorded with the cable, the southern end of which is ~51 km from the epicenter.
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Figure 4. Comparison of the observed correction frequency Av°(¢) in black and its simulated counterpart
Av(t) in red for period bands of 7-25 s, 6-17 s, 5-12 s and 3-10 s.
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Though waveform differences in the PNC data are overall larger than for the conventional displacement
recordings in Fig. 3, there is a clear association between subsequent oscillation cycles, with time shifts around few
seconds. Amplitude differences are dominated by the unknown «, which Fig. 4 suggests to be ~0.95 in the 7-25 s
period band, and ~0.66 at lower period between 3-10 s. Hence, most of the earthquake-induced deformation is
effectively transmitted into the fiber. Within the waveforms, time-dependent amplitude differences are in the few
tens of percent range. Generally, the correction frequency time series are more complex than the displacement
time series at individual seismometers because the wave interacts with the cable for a longer time; around 20-30 s.
Especially the high-curvature points along the cable produce high-amplitude oscillations in the Av time series?.

Discussion

The major advantages of PNC-based sensing introduced here are as follows: (1) The compatibility with inline
amplification permits the deployment of this scheme on fibers beyond 1000 km length. (2) Other than active
PNGC, already operational in many metrology networks, no dedicated measurement devices are required, meaning
that there is no additional cost and effort. (3) PNC-based sensing operates without interruption of metrological
services. In contrast, the metrology links used in earlier geophysical applications'® were, to our knowledge, not
stabilized during the measurement in order to directly record optical phase changes, without passing via the
correction frequency. While permitting more direct phase read out, this method is not compatible with simul-
taneous network usage for metrological frequency dissemination.

While previous studies'®*! already provided useful analyses of phase transmission signals, Fig. 4 constitutes,
to the best of our knowledge, the first comparison of observed and computed phase transmission waveforms.
It is based on a rigorous forward modelling theory?? combined with spectral-element wavefield simulations
that properly account for details of the fiber-optic cable geometry. Though slightly worse than the displace-
ment seismogram comparison in Fig. 3b, time shifts are on the order of 1 s. This is comparable to arrival time
residuals in regional seismic waveform inversion®>*. For our experiment, the amplitude mismatch for periods
above ~3 s is below ~66 %. This would translate to an estimation error of the earthquake magnitude of merely
~0.12. Hence, in summary, our results suggest that PNC sensing can contribute to quantitative seismological
research, including the tomographic refinement of subsurface models and the characterisation of earthquakes.
The required spatial resolution for such applications derives from the fact that different time windows in phase
transmission data are sensitive to deformation along different segments of the cable, provided that these sege-
ments have non-zero curvature*>’.

Estimated values of the coupling coefficient « indicate that most of the strain is actually transmitted into the
fiber at periods above ~3 s. Though the telecommunication cable has not been installed for sensing applications,
this result is similar to dedicated fiber-optic sensing installations where « can reach values close to 12. Unfortu-
nately, information about the installation and the type of the cable are not available, thus making it impossible
to discuss the value of « in this context.

This work presents a prototype application that may still be improved. Most importantly, & should be esti-
mated more precisely with the help of active-source tests at various positions along the cable and with co-located
seismometers. Furthermore, the actual geometry of the cable may not be known with sufficient accuracy. In fact,
the geographic length of the cable, shown in Fig. 1b is ~8 km shorter than the cable length of 123 km that has
been measured optically with high precision. Most likely, the missing ~8 km have been deployed in the form of
loops, which can make a significant contribution to the waveform differences in Fig. 4.

Data availability

All data analyzed during the current study are available from the corresponding author on reasonable request.
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