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Abstract—Coherent technology developed in the past decade
for transmission over core optical networks has leveraged the
fiber capacity with the introduction of polarization diversity 1/Q
modulation along with advanced signal processing. Meanwhile,
Distributed Acoustic Sensing (DAS) over telecom infrastructure
has recently gained interest, and its introduction in deployed
optical networks for in-depth supervision becomes a desirable
feature for telecom operators. This paper intends to show that
the combination of coherent solutions and digital processing
techniques implemented today in current transceiver systems can
strongly benefit DAS technology: key performance parameters as
sensitivity threshold and sensing range, and coexistence with data
traffic can be significantly improved compared with the figures
achieved by initially introduced conventional solutions.

Index Terms—Acoustic sensors, digital signal processing, fiber
optic sensors, optical fiber networks, smart cities, telecommuni-
cation network reliability.

I. INTRODUCTION

ISTRIBUTED acoustic sensing (DAS) technology was

recently introduced to detect and locate mechanical
events along an optical fiber, thus transforming this medium
into a sensor array mainly by exploiting the Rayleigh backscat-
tering effect. The first fields of application were in the oil
& gas industry typically for continuous monitoring of oil
wells and gas pipelines to detect leaks or flow irregularities
[1]], for structural health monitoring to detect cracks, for the
supervision of power cables to detect cable faults, and for
monitoring sensitive perimeters [2]. In these fields, a dedicated
fiber deployed along or within the structure conveniently
replaces a large set of independent electrodynamic or piezo-
electric sensors. In the meantime, optical fiber cables are the
backbone of today’s worldwide telecom network, with millions
of kilometers of cables deployed over the globe, both terrestrial
and submarine, to handle the internet traffic. These telecom
cables cover a wide surface of terrestrial and subsea areas,
which make them perfect candidates for acoustic sensing of
the environment. Most of the research works targeting sensing
through the telecom infrastructure have applied commercially
available DAS solutions originally used over dedicated sensing
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cables. They had shown promising results in road/rail traffic
supervision [3[|-[5] and in measuring dynamics on the scale
of an urban or regional area: near-surface characterization [6],
[7]] detecting high levels of anthropogenic activities of certain
sites during crisis (as in the recent COVID19 period) [8], [9l,
and other seismic events.

Beyond these promising results, we believe that the inte-
gration of sensing capability within the data communication
infrastructure can be drastically improved with coherent tech-
nology. The objective of this paper is twofold: firstly, we
show how to customize transceiver technologies used today
in optical fiber transmission systems to build an advanced
digital DAS system. We emphasize particularly on the benefits
offered by polarization diversity and frequency diversity such
as the achievement of very low noise floors. We also bring
up digital probing code structures based on Golay sequences,
constant amplitude zero autocorrelation (CAZAC) codes or
linear frequency sweeps. Secondly, we demonstrate that the
proposed probing technique based on continuous codes can
coexist with data traffic operated on adjacent Wavelength
Division Multiplex (WDM) channels without any impact on
the quality of data transmission. Therefore, a wide range
of novel DAS applications exploiting the already deployed
telecom infrastructure can be envisaged, from in-depth mon-
itoring of telecom operator networks for more automation
and enhanced telemetry [[10] to new markets driven by smart
city applications. Before concluding, we briefly review recent
works on acoustic sensing over the optical fiber infrastructure
based on information extraction from the forward propagating
light signal, and we point out that both DAS and forward
sensing based solutions offer complementary advantages to
smart network monitoring.

II. CHANNEL ESTIMATION WITH POLARIZATION
DIVERSITY CODES

Pulsed light from a single-wavelength laser is the most
straightforward probe signal in terms of optical generation, and
each transmitted pulse yields straight access to one backscat-
tered response of the fiber sensor over distance. Similarly to
light which is transmitted from one fiber end to the other, the
probing pulses experience attenuation along distance, and so
does the backscattered light. The sensing system is therefore
limited by the detector sensitivity on the one hand, and by
the maximum launchable power on the other hand, as signal
distortions and non-linear interference may arise when sending
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Fig. 1. DAS experimental set-up with polarization diversity both at transmitter and receiver sides (Coherent-MIMO). MZ: Mach-Zehnder, LO: Local Oscillator,

EDFA: Erbium Doped Fiber Amplifier.

high optical power through the fiber sensor, such as non-linear
Kerr and scattering effects in the fiber [11]]. To avoid high
peak power levels, the interrogation pulse can be widened :
spread-pulse or spread-spectrum techniques are alternatives to
launch higher power probing signals in the fiber and so to
relax the conditions on the maximum peak power and detector
sensitivity. The authors developed a purely digital polarization-
multiplexed spread-pulse probing technique, summarized in
the section below.

A. Dual polarization probing with continuous codes

Probing stage may rely on specific binary sequences [|12]]
or random data coded over a constant-modulus constellation
thanks to optical communication modulators such as Quadra-
ture Phase Shift Keying (QPSK) [13]]. These sequences exhibit
Dirac-like autocorrelation that allow to recover the system
impulse response after digital signal processing at the receiver
side. For DAS applications, these alternatives to probing pulses
are usually transmitted onto a single polarization axis. In [14],
we introduced instead a probing technique based on mutually
orthogonal binary codes derived from Golay sequences that
simultaneously modulate, by means of a Dual Polarization
(DP) Mach Zehnder modulator, two orthogonal polarization
states of a continuous light signal. At the receiver side,
a DP coherent receiver, as the one usually used in long
haul optical fiber communication systems, captures the back-
scattered optical field. In an SMF, the backscattered signal

T

E,,

vector E,

<Etm

E

of two orthogonal polarization axes x and y, H;; is the
dual-pass backscattered channel response up to the i fiber
segment at time index j represented by a 2 x 2 Jones matrix.
At the receiver side, the analog-to-digital converters (ADCs)
used in our experiments are commercially available digitizers
with 16-bit vertical resolution, 500 MSamples/s sampling rate
and a 350 MHz analog bandwidth. The applied digital signal

is given by E, = H;;E; where

is the transmitted symbol-vector onto each
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processing (DSP) consists in normalization and re-sampling
of the four signals acquired from four ADCs (in-phase and
quadrature beat terms of each of the two orthogonal polar-
ization states), correlation with the transmitted sequences, and
synchronization. Block processing of the acquired data may be
used to perform the correlations for real-time implementations.
Synchronization can be implemented by detecting a reference
reflection in the back-scattered channel response followed by
a framing of consecutive responses. A set of matrices H;
is derived periodically at time index j by means of four
correlations between each of the two received optical fields
{E;, E,,} and each of the two transmitted codes {E;,, E, }.

The design of the mutually orthogonal probing codes E;,
and E;, is based on a recursion from a 4-symbol seed of
alphabet {+1,—1} to get the desirable length, yielding a
probing code duration T4 = 2.(4.2K )/ Fsymp, where K
is the recursion index and Fjy,,; is the symbol rate. When
continuously probing the fiber with the period T¢,4e, the line is
analyzed within a mechanical bandwidth BW = 1/(2.T.04e)
(The mechanical bandwidth or the DAS response bandwidth,
is defined as the highest frequency that can be detected in
the measurand or the Nyquist frequency, i.e. half the probing
rate [15]]), whereas the spatial resolution S, = ¢;/(2.Fyymp)
is adjusted through the symbol rate, c; standing for the light
velocity in the fiber core.

The specific orthogonality properties between the designed
codes guarantee the mathematically perfect channel estimation
provided that a suitable sequence length is chosen: T¢,4. must
verify 4.7 < Teode < Teon Where Trpq = 2.L/cy stands for
the round-trip delay in a fiber of length L and T, is the
coherence time of the laser source. To ensure that the channel
remains stationary, T.,qe < Teon guarantees that the reference
phase is almost constant over the duration of a single code,
and the condition 4.7,y < T¢oqe 1S necessary to avoid the
overlapping of successive fiber estimations (channel impulse
responses) after correlation at the reception. This specific DP
A¢-OTDR system is referred to as Coherent-MIMO [16] to
highlight the polarization diversity used both at the transmitter
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and at the receiver sides. An outline schematic of the Coherent-
MIMO-OTDR is displayed in

Therefore, probing an optical fiber on two orthogonal
polarization axes with the designed binary codes formally
yields unbiased estimations of the full Jones matrices H; ; of
segments of the sensed fiber with a spatial resolution S,. and
refresh rate T,,4.. Indeed, the Jones representation describes
an optical system as a succession of retardation plates and
partial polarizers that operate on the incoming light [17]. The
backscattered intensity, phase, and state of polarization (SOP)
are so retrieved, and related information can be illustrated as
we show in |[Figure 2| The absolute optical phase is extracted
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(a) Rayleigh backscattered intensity from a 50 km SMF spool, in static
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(b) standard deviation of differential phase along distance from a 50 km SMF
spool, in static conditions

(c) Evolution of backscattered SOP over the Poincaré sphere, 347 m from
the start of a lkm-long deployed fiber, during a disturbance caused by
displacement of a manhole cover above a deployed fiber

Fig. 2. Example outputs from a backscattered Jones matrix.

from each matrix H; ; as ¢; ; = 0.5/(det H; ;) where det(.)
stands for the determinant operator. Having computed the
absolute phases up to the i segment, the phase evolution
per segment is obtained from the differential phases with the
phase from the first reflector (usually a calibrated reflection at
the interrogator’s output) set as a reference. [Figure 2(a) and
(b) show the backscattered intensity from a 50 km SMF spool
interrogated under static conditions in the lab, by means of a
highly coherent laser source and the corresponding standard
deviation of phase, respectively. Although the backscattered
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state of polarization (SOP) doesn’t change much under static
conditions, c) shows a backscattered SOP evolution
from a field measurement [[18].

B. Mitigation of polarization fading

To thoroughly understand the distributed acoustic sensors,
exploration of both the fiber sensor and the active inter-
rogator is needed. We modelled a distributed acoustic sensor
considering a two-dimensional dual-polarization fiber model
for transmission and backscattering of light in the fiber that
allowed to anticipate DAS performances relative to fiber
length and laser phase noise [19]. The Jones matrix response
corresponding to the round trip up to segment index i is
modeled as H; = A;p;V;, where V; is a unitary matrix
enclosing forward and backward evolution of the SOP of light,
and A; and p; are, respectively, the attenuation and phase of
the Rayleigh-distributed backscattered field at segment index
1. In addition, a study on polarization diversity performance
was conducted [I6]: while most studies on polarization di-
versity in DAS focused on the (coherent) receiver , ,
the recent study demonstrated how input-polarization-induced
phase noise also impacts the stability of backscattered phase
estimations. In we show a comparison of phase
stability simulations on 50 km single mode fiber for three
interrogation schemes: Single Input polarization and Single
Output (SISO), Single Input Multiple Output (SIMO) and
Multiple Input Multiple Output (MIMO), “multiple” referring
to dual-polarization here.

—SISO
06 —e—SIMO
—*—MIMO
0.5 No polarization effect

7, (rad)

5 10 15 20 25 30 35 40 45
Fiber distance (km)

Fig. 3. Phase standard deviation o4 along distance, laser linewidth Av = 75
Hz, 50 km fibre simulations. Averaged simulations along 50 km with coarse
200 m spatial sampling resolution [[16].

The used noise-floor criterion is the standard deviation
of the differential phase along the fiber in static conditions,
which defines the detection threshold of the system. The first
observation is the clear decrease of this threshold as the
polarization diversity is introduced to the interrogator. The
simulated performance for “no polarization effect” is included
as well in this latter simulation was done with no
polarization rotations or retardation in the fiber sensor and
yields a phase standard deviation with the same profile as for
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MIMO interrogation, hence highlighting that MIMO interroga-
tion in a A¢-OTDR sensor is polarization-independent. These
simulation results were also validated experimentally in [16].

ITI. A RELIABILITY CRITERION TO LOCATE COHERENT
NOISE

Beyond polarization fading, coherent fading (also known
as Rayleigh fading or speckle noise) [21] is another major
issue which affects the performance of DAS systems. This
effect originates when randomly spread elementary scatterers
lead to destructive interferences of coherent light. Indeed, a
highly coherent wave is required for the phase retrieval in
our scheme, yet this same highly coherent wave is prone to
encounter coherent fading as it passes through the random
scattering zones of a fiber. At local intensity drop positions i,
noise contribution becomes dominant in the estimated channel
response H;, which severely degrades the phase estimation.
Thus, it is of major importance to detect these local intensity
drops to distinguish them from the true phase response of the
Sensor.

In MIMO mode, the backscattered intensity | A;.p;|> can be
derived from the 2 x 2 matrix H; by two estimators:

fl = ‘A1p1|2 = 1/2.\Hi|?mbandf2 = |A1pl‘2 = |d€t(H1)|

The former one is the Frobenius norm of H; while the latter
one is the modulus of its determinant. They both perfectly esti-
mate the intensity of the backscattered optical field. However,
in presence of additive noise, they show distinct behavior [22]]
the | det | criterion provides a significantly smaller bias com-
pared with the Frobenius one when the SNR decreases, as
highlighted in[Figure 4[a). We superimpose the SIMO intensity
estimator, where the intensity is estimated by summing up the
square modulus of the complex term of one column of the
Jones matrices. It shows a 2 dB additional bias compared with
the MIMO case at high SNR, but intensity biases provided
by SIMO and MIMO Frobenius cases converge when the
noise term becomes dominant. In summary, |det(H)| is the
most reliable estimator of the backscattered intensity and is
preferable to account for local drops induced by coherent
fading. [Figure 4b) displays the differential phase as a function
of time measured experimentally at one fiber segment that is
mechanically perturbated by a 15 Hz sine wave generated by
a fan placed approximately 5 meters away from a 1.2 km
fiber cable. Note that low-frequency vibrations can propagate
on long distances and also through relatively thick surfaces
(ground...), so no acoustic fading is expected here. The related
intensity derived from the | det | criterion is superimposed, and
we observe that it is modulated by the captured excitation
which slightly modifies the initial position of the elementary
scatterers and so modulates the intensity term |A;.p;|?. The
sine wave excitation is quite well captured by the phase
response though local artifacts are present. Notice that the
artifact locations observed in the phase response coincide with
the local minima of the |det | metric. This correlation is not
perfect as this intensity estimator is slightly biased at low
intensity levels, and so false positives or negatives cannot
be excluded. Nevertheless, it highlights that such artifacts are
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(b) Differential phase backscattered from a 2-meter perturbated fibre segment
and superimposed | det | values. Red circles show artifacts in phase and the
related backscattered intensity

Fig. 4. Intensity error estimation and relation with phase artifacts.

erroneous phase estimates that occur when the Jones matrix
intensity drops. Therefore, the | det | metric can be exploited
in MIMO sensing, on top of a fair intensity estimator, as a
reliability index of the underlying estimated phase value, so
behaving as a soft decision metric [22].

Beyond its detection and localization, the Rayleigh fading
effect can be mitigated thanks to frequency diversity schemes
[23]], [24] at the cost of increased setup complexity. To avoid
increasing measurements or processing time, several groups
proposed low-cost approaches either to discriminate the false
alarm peaks induced by the fading effect [25] or select a lower
resolution set of backscattered points, chosen on a signal-to-
noise ratio basis [[19]]. The next section proposes instead a low
complexity and purely digital frequency diversity approach to
mitigate coherent fading based on a multicarrier technique that
is widely used in wireless communications.

IV. SPECTRAL DIVERSITY THROUGH OFDM
CODING FOR COHERENT NOISE MITIGATION

Now that polarization diversity has resolved polarization-
related fading effects, we are interested in benefiting from
an additional degree of freedom to mitigate coherent fading
in DAS. Coherent fading induces a degradation of the DAS
performance at random ‘blind’ almost-zero-reflecting locations
in the sensed fiber. Diversity-based solutions are an interesting
scheme to overcome coherent fading. Spatial diversity and
frequency diversity are the most popular schemes in DAS.
Knowing that the random fading locations depend on the
summation of phasors with random intensity and phase values,
they rely on a combination of channel impulse response
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estimates coming from separate probing signals at different
frequencies, or from several consecutive fiber segments [26].
Some elegant works have recently demonstrated the mitiga-
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Fig. 5. Illustration of noise-floor reduction thanks to the combination of phase
estimates from four OFDM subcarriers (static conditions) [27].

tion of coherent fading by tracking the most reliable probe
frequency in time [28]], by combining probe signals simultane-
ously sent over different subcarriers [29], or by sending several
frequency-shifted pulses [24]]. Most investigated frequency-
diversity based schemes require associated optical setups that
are relatively complex or hard to fine-tune. In [27], we
proposed to exploit a Rayleigh phase pattern diversity through
an all-digital DP orthogonal frequency division multiplexing
(OFDM) scheme. Identical DP probing codes are multiplexed
in parallel over OFDM subcarriers and are sent simultaneously
in the fiber. Hence, at the receiver side, this MIMO-OFDM
interrogation scheme yields one Jones matrix response per
code, per subcarrier and per segment. The coherent fading
is mitigated by combining the estimations from the different
subcarriers such that the | det | metric of the combined matrix
is maximized. The results in [27] show that the OFDM inter-
rogation along with the subcarrier combination performs an
averaging on the system noise and thus significantly enhances
the overall event-distinction threshold as we can clearly see
in In this study, a single-carrier and an OFDM
interrogation were compared for the same occupied electrical
bandwidth, which means that the spatial resolution of each
scheme was necessarily different. In that respect, the choice of
the number of subcarriers should result in a trade-off between
the noise floor reduction and the required spatial resolution.
Hence, we showed that a digital multiplexing technique can
be used to harness diversity and mitigate coherent fading. We
believe that OFDM is a powerful tool for highly sensitive DAS
systems and further benefits can still be obtained from it.

V. PROBING CODES ALTERNATIVES

Field test conditions and product integrations have inherent
limitations, whether induced by the shorter coherence lengths
of laser sources used in telecom transceivers, or mechanical
noise in the surroundings, or insertion losses connecting the
A¢-OTDR system to the transponders or amplifier cards.
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Given these limitations, Golay-based codes for coherent-
MIMO interrogation are not always the best option for prac-
tical use-cases. In the following, we present other probing
options, namely coded frequency sweeps, over single or dual
polarization. Although there are other DAS implementations
that extract the differential phase by transmitting pulses and
detecting the backscattering with a single photodiode, we do
not cover them in detail as alternatives for Golay-based codes
mainly because of their pulsed nature. For instance, two pulse-
based DAS implementations that can retrieve phase informa-
tion were suggested in the literature: chirped pulses through
the current control of the laser [30] or phase-modulated dual-
pulses [31]. Both operate with a direct detection at the re-
ceiver side. However, pulsed interrogation requires high energy
pulses to achieve a good sensitivity over long distances, which
makes it unsuitable for a co-existence of sensing with data
transmission over a single fibre (unless important guard bands
are introduced to avoid non-linear crosstalk as shown in [32]).

A. Release the constraint on the code length to enlarge the
mechanical bandwidth of the sensor

Frequency sweep interrogation has been used for decades
to measure the impulse response of systems to circumvent
limitations of pulse interrogations. For fiber sensing applica-
tions, a digitally generated chirp signal that modulates the laser
source after analog conversion is a flexible alternative to an
AOM, which simplifies the optical setup of the interrogator.
Also, CAZAC (Constant Amplitude Zero Autocorrelation) se-
quences, commonly used to estimate communication channels,
approximate a linear frequency sweep signal by means of a
complex-valued sequence with constant amplitude [33]]. They
can be implemented as well in a DAS system: the frequency
modulation used for the former digital sweep is replaced by a
PSK modulation.

Based on these two classes of digital chirps, we proposed
in [34] interrogation alternatives to binary codes. A first sweep
signal is used to cover linearly and uniformly the [0 : Fiymp/2]
bandwidth over a period Ts,yeep for the first polarization and a
second identical signal, but circularly shifted by half the sweep
period, modulates simultaneously the orthogonal polarization.
As for binary codes, the DP probing sweeps are repeated
continuously, and they also yield formally perfect channel
estimation under a Jones matrix form. However, perfect esti-
mation is achieved with chirp signal lengths at least twice the
roundtrip time in the sensed fiber instead of four times with the
binary codes : the requirement for digital sweep interrogation
is therefore 2. 7151y < Tsyeep While we had 4.7 < Tioge
in [section I|With amplitude modulated sweeps, imperfect
transition between successive sweeps degrades performance
in practice. When using CAZAC generated sweeps instead,
the constant amplitude of symbols in the CAZAC sequence
avoids any abrupt amplitude or frequency change issue. The
symbol alphabet size is M = logsIN where N is the length
of the CAZAC sequence. However, with sequence lengths
compatible with sensed fiber links longer than one km, the
modulation size M gets higher, and the generation of the phase
modulation becomes more sensitive to the imperfections of the
optical modulator.
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Fig. 6. Energy distribution in the time-frequency planes of DP-BPSK(a)
versus DP-CAZAC(b) codes [34].

compares the initially introduced DP binary codes
with the CAZAC codes by showing their respective energy
distribution in the time versus frequency plane over one code
period. For each case, the signatures at each of the two
polarization axes are superimposed. The two circularly shifted
linear sweeps of the CAZAC case are clearly reflected in
[Figure 6(b). Conversely, [Figure €[a) shows that binary probing
codes probe the channel in a different way, with a signature
homogeneously spread in the time-frequency plane.

B. Laser coherence length

Obviously, the longitudinal profile of the Rayleigh backscat-
tered intensity is dependent on the probing laser linewidth.
Besides, the statistic of backscattered intensity depends on
the probing pulse length [35]], where shorter pulses ensure the
acquisition of higher contrast regardless their degree of coher-
ence. Meanwhile, spread-pulse techniques require stationarity
of the channel response, along with coherence state, during
the full duration of a code [14]]. Therefore, any degradation of
the laser coherence leads to specific noise which we refer to as
“laser phase noise” since it implies source phase fluctuations.

We reported in how an increase of the laser linewidth
from several Hz could degrade the detection threshold of the
A@-OTDR system especially after several kilometers distance,
so decreasing the overall reach of the system. Consequently,
working with constrained laser coherence requires to adapt the
probing signal duration to account for the degradation of the
A@-OTDR interrogation. Since shortening the duration of a
probing code necessarily decreases the reach of the sensor,
alternative coded sequences as described above are to be
employed when dealing with laser coherence limitations.

We pointed out, in the previous section, that polarization-
independent MIMO probing signals, binary codes and digital
sweeps, impose longer minimal probing time than the physical
limit 7,4, by factors of 4 and 2 respectively, which is
somehow the price to pay to get rid of the polarization fading
effect. Furthermore, switching to a single-polarization sweep
allows to reach the minimal probing time of T,.;. Notice
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that increasing the probing time has a positive impact on the
system noise floor whereas decreasing it allows for a sensing
analysis over an enhanced mechanical bandwidth.
displays a comparison of the different impulse response spread
depending on the method used to probe a same fiber length:
it shows the aliasing patterns induced by each of the two
MIMO probing techniques, thus highlighting their respective
constraint regarding the minimal time length to achieve a
perfect estimation of the backscattered channel. Therefore,
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Fig. 7. Interrogation of a 10-km SMF with binary codes and linear frequency
sweeps, MIMO and SIMO for the latter. The true fiber response spreads
between 0 and 1.7.44.

when using a laser source featuring a given coherence time,
the probing signal choice may be viewed as a degree of
freedom to adapt to the length of the optical line to sense.
Though MIMO sensing offers the best performance in terms of
detection threshold, turning back to SIMO interrogation with
a digital sweep remains a fair solution when the line length
approaches the coherence length of the source.

C. Coexistence between sensing and data transmission

One last, yet fundamental aspect of DAS in telecommu-
nication is its operability jointly with live data transmission.
For best noise-floor performance, probing pulses in DAS sys-
tems exhibit high peak powers and would interfere with data
channels due to fiber nonlinearity if they were co-propagating.
This explains why it is sometimes claimed in the literature that
A¢p-OTDR can only be performed on dark fibers in telecom
networks. As network resources could become scarce with
the constant traffic increase, the coexistence between sensing
and data transmission is now under interest. For example,
counter propagating DWDM (Dense Wavelength Division
Multiplexing) signals and probing pulses has recently been
investigated [36]. Coming back to spread-pulse techniques,
probing codes continuously probe the sensing channel, which
in turns reduces the Peak-to-Average Power Ratio (PAPR),
thus mitigating non-linear induced distortions on surrounding
DWDM channels. It is possible to load the sensing channel
with an average channel power comparable to the adjacent
transmission slots, namely close to 0 dBm, and yet obtain
satisfactory backscattered intensity level after correlation.
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Fig. 8. Co-propagation of sensing channel and DWDM data in telecommuni-
cation C-band: set-up and transmitted optical Power Spectral Density (PSD).

In [37]], the non-intrusive coexistence between transmission
of DWDM channels carrying 600 Gb/s DP-16QAM data and
a coded sweep sensing signal was demonstrated. The outline
schematic of the experiment and the transmitted spectrum
are displayed in [Figure 8fa): the sensing signal is coupled
to the transmitted C-band channels through a 10/90 optical
coupler, the sensing probe power is adjusted such that the
power of the sensing signal in ITU-C51 slot is similar to that
in other WDM slots used for transmission. At the sensing
receiver, the backscattered light is captured at the launching
end of the fiber span where self-homodyne configuration of
the coherent receiver measures the signal backscattered from
the sole sensing slot. In [Figure §(b), we show the full C-band
transmitted data, except for ITU-C51 DWDM slot enclosing
the sensing signal. The WDM channels adjacent to the sensing
one are two channels under test (CUTs). The CUTs carry 90
GBd DP-16QAM and the 82 loading channels with a 50GHz
spacing are modulated at 49 GBd with DP-16QAM, for an
overall link capacity of 27.85 Tbit/s over a single fibre. The
detail of the DWDM testbed composition is given in [37].

The digital sensing interrogator probes the full span at a
rate Flsymp using single polarization digitally generated linear
frequency sweep signals, covering a [0 : Fiy,5/2] bandwidth
over a period Tyweep > Treq. As described in[section V] coded
sweep is formally less efficient than coded bipolar sequences ;
yet it allows to reduce the constraint on the coherence length
of our laser source to cope with the long sensing distance
demonstrated in this experiment, as the SIMO probing requires
a laser source coherence restricted to the sole fiber round-trip
time T5q.

Another positive effect of the relaxed condition on the
probing signal duration is the increase of the mechanical
bandwidth BW = 1/(2.Tsweep) (Where Tsyeep = 0.25T¢oge
for the same sensing fiber length). In the experiment, the 82-
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Fig. 9. Cable under test and measured acoustic perturbation.

km fiber under test is interrogated at Fl,,,;, = 50MBaud, with
Tsweep= 0.8 ms, yielding a 600 Hz mechanical bandwidth. The
fiber under test (FUT) consists of 80 km Single Mode Fiber
(SMF) spools (one 30 km spool and one 50 km spool) and
a 1.4 km long cable deployed between two buildings, fixed
to the wall of a tunnel, and located 0.6 m under an asphalt
road. [Figure 9(a) shows a picture of the cable position in the
tunnel. The main perturbation on the line is an air conditioning
system 10 m distant from the deployed cable and located near
the second building. Acoustic measurements (sonometer and
spectrum analyzer) showed a stable low acoustic pressure of
63 dB- SPL at the cable with a spectral signature made of
a 24.5 Hz fundamental component and harmonics up to the
seventh rank (172 Hz), as displayed in [Figure 9b).

Three different configurations were investigated: the fiber
spools were either connected before the deployed fiber section,
or 30 km SMF were placed before the deployed fiber section
and 50 km after, or else the full 80 km were connected
after the deployed cable. Thus, the acoustic disturbance was
measured at three different fiber distances. Detection and
localization of the acoustic disturbance after 80 km is dis-
played in [Figure 10{a): a peak of phase variations is visible
above the detection threshold of cumulated phase noise of the
backscattered light after 80 km. [Figure 10{b) is the power
spectral density of the differential phase at the detection peak
(in each of the three configurations mentioned earlier). It gives
the spectral signature of the air conditioning machinery, and
it is in line with the previously measured spectral signature
(in [Figure 9(b)). After 81 km, the fundamental and third order
harmonic are visible on the spectrum, exceeding the noise level
by nearly 10 dB.

Finally, we analyze the performance of the adjacent coherent
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Fig. 10. Detection, localization, and identification of an acoustic perturbation
on an 82-km long SSMF.

channels carrying 600 Gb/s data. The pre-FEC SNR of the
detected 16QAM constellations is measured at the receiver
side, directly after DSP. First, the sole data channels under
test are switched on, and the SNR is given in [Figure T1fa),
for the 100 first time units, and for both channels under test.
The SNR for CUT1 is about 0.2 dB below CUT2. Then the
sensing channel is switched on: it operates in a SOGHz spacing
in ITU grid 51. The SNR is measured for 100 additional time
units in [Figure T1|a). Overall, the measured SNR after 82 km
transmission is left unchanged while switching on and off the
sensing signal.

Yet, the experiment in [Figure T1{a) is performed with a 25
GHz frequency spacing between the sensing spectrum and the
data on CUT1 and CUT2. Now the CUTs are brought closer
and closer to the sensing signal, up to a 2 GHz spacing in
[Figure T1[b). It was not possible to perform smaller spacing
due to the granularity limit of the WSS used in the experiment.
The SNR performance of the channel 2 (centered around f =
195.15 THz in c)) remains stable as we approach the
sensing signal down to 2 GHz. The SNR results are displayed
for CUT?2, although the conclusions are similar for CUT1. This
result further demonstrated the non-intrusive coexistence of the
digital sensing system with high-speed transmission data.

VI. OPTICAL INFRASTRUCTURE SENSING
BEYOND DAS

DAS is not the only fibre sensing solution in an optical
network. Forward-propagation based sensing configurations,
though less sensitive, can also be used to detect and even
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Fig. 11. Data transmission performance in presence of a sensing signal: pre-
FEC SNR measurements.

localize vibrations. One bottleneck in optical networks is the
presence of amplifiers which restricts the usage of DAS to
a per-span sensing. To circumvent this limitation, a hybrid
forward and backward sensing approach with a first level of
forward-propagation based sensing can be envisioned. Then, a
second level of backscattered-based sensing complements the
first level by providing an accurate location and characteriza-
tion the vibration event within the span.

Submarine lines are a specific case with ultra-long-distance
capabilities enabled by the repeaters periodically installed
along the link. According to the repeater architecture, which
is manufacturer dependent, a small portion of the signal
from each span can be transmitted to the line termination
thanks to a specific link for monitoring purpose. In such a
submarine architecture, implementing forward sensing would
provide a coarse localization of events, equal to the span
length, so enabling ideal complementarity with a per-span
DAS approach. In [38], [39]], continuous wave optical signals
were sent back and forth through a fiber pair for vibration
detection and localization by phase extraction and propagation
time computation. In , an ultra-narrow coherent laser
source was also required which is not available by default
in an optical transmission system. Later, new demonstrations

Xplore. Restrictions apply.



This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2022.3221552

DORIZE et al.: FROM COHERENT SYST. TECH. TO ADVANCED FIBER SENSING FOR SMART NETW. MONITORING 9

showed how to convert the optical network infrastructure into
a real-time vibration sensor without the use of a DAS system
but using the existing network hardware and intelligence at
network nodes, for instance at optical transceivers. In [40]-
[43]], different groups extracted the evolution of the state of
polarization (SOP) or the phase of the propagating wave from
the outputs of the digital equalizer of the coherent receiver.
SOP or phase changes were monitored in the lab in [40],
[41]], and seismic and water waves were characterized over
a 10,000km-long submarine cable connecting Los Angeles,
USA, and Valparaiso in Chile in [42]]. Localization of vibra-
tion events was based on the extraction of information from
bidirectional WDM transmissions over deployed fiber cables

[42]-[44].
> Router

Router <
< Line card Layer supervision > D

Forward sensing

IP Layer supervision

Client
port

ort <> <> <—*; <
ROADM Advanced fiber sensing ROADM

< Optical line supervision >

Fig. 12. Global network telemetry system including fiber sensing at the optical
layer.

We believe that forward phase and SOP sensing and DAS
approaches potentially complement each other and that they
both form a fulsome vibration sensing solution for metropoli-
tan and submarine coherent optical networks: DAS provides
high sensitivity and accurate localisation of mechanical events
over distances limited to span length, and multiple systems are
thus needed to cover a full optical link ; conversely, forward
sensing can monitor ultra-long distance links with a single
system to detect high energy perturbations.

With regards to the constantly increasing amount of trans-
ported information and the growing impact of a network
failure, telecom operators strive for monitoring their network
with more and more accuracy [10]. displays the
concept of a global telemetry system where in-depth moni-
toring is implemented at each network layer. In this figure,
we show a scheme using DAS interrogators located at each
amplification stage between two fiber spans, complemented by
forward sensing over a full light path based on a collection of
information available form the DSP of coherent transponders.
For example, the DAS interrogators can be enabled on-demand
in relation with forward sensing or upper layers alarms, so
enabling accurate event localization and identification when
required while generating a reasonable amount of sensing data.

VII. CONCLUSION

We intended to show that leveraging technologies used in
coherent optical transmission as dual polarisation transceivers
along with telecom dedicated digital signal processing allows
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to revisit Distributed Acoustic Sensing, further enhancing the
detection threshold.

The polarisation diversity probing technique, yielding for-
mally perfect estimation of the Rayleigh backscattered chan-
nel, is the backbone of this approach. Beyond solving the
polarisation fading issue, it can be advantageously comple-
mented by OFDM to mitigate in turn the coherent fading. Also,
channel estimation under a Jones matrix form helps detect
the remaining intensity drops, giving rise to soft decision
reliability metric which locates potential phase artifacts and
can be exploited further, to enhance classification of detected
mechanical events.

The scalability with respect to the practical coherence
limitation of the laser source was also discussed. Finally, it was
shown experimentally that, thanks to the specific time spread-
ing properties of the probing signal, such DAS system can
coexist with data traffic in already deployed telecom networks
without impacting transmission performance. Therefore, this
innovative approach to DAS is an appealing potential basis for
a future global telemetry system dedicated to optical networks.
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