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Abstract Integrated sensing and communication (ISAC) over deployed telecom cables is a trending application. Leveraging optoelec-
tronic components and digital signal processing algorithms developed for telecom applications, and the ubiquity of telecom cables, it is
possible to mass deploy powerful and flexible sensing interrogators at low cost. The resulting widespread coverage by remote sensing will
lead to a revolution in applications. In this paper, we review two sensing methods based on (i) measurement of Rayleigh backscatter,
and (ii) measurement of integrated phase or SOP change in forward transmission. We highlight the respective advantages and challenges
of each method in terms of perturbation sampling rate, measurement range, spatial resolution, and network compatibility. Recent devel-
opments aimed at improving sensor performance are also discussed. Finally, we review examples of commercial applications and recent
experimental results.
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1 Introduction

The use of optical fiber as a sensor has existed since the 1970s [1-3]. These earliest fiber sensors were based
on interferometry, where the incident light is split into two paths: one path passes through an environmental
perturbation, where the optical path length is altered by strain or temperature change, and the second unperturbed
path serves as a reference. Coherent interference between the two optical fields yields an output signal whose
amplitude, phase, or polarization changes with environmental perturbation. Later, it was discovered that optical
fibers also produce measurable backscatter, and fiber position can be inferred by round-trip propagation delay [4].
This led to the development of “distributed” sensors, which have the advantages of high spatial resolution and a
high number of sensing points.

There are three main scattering mechanisms in optical fiber: Rayleigh, Brillouin, and Raman. Rayleigh scattering
is a linear scattering phenomenon that arises from inhomogeneity in glass density and refractive index that are
frozen into the glass structure during the cooling process. Brillouin and Raman scattering are nonlinear scattering
mechanisms that arise from the interaction between an incident light and phonons associated with guided acoustic
waves or molecular vibrations. All three backscatter mechanisms have been exploited for distributed strain and/or
temperature sensing. In addition, an optical cable can also sense other environmental quantities if the cable design
transduces the desired quantity into strain or temperature change. Distributed fiber sensors have been used in a wide
variety of applications, including oil well monitoring [5], pipeline monitoring [6], infrastructure health monitoring [7],
geotechnical monitoring [8], and intrusion monitoring [9]. Until recently, fiber-based sensors were typically deployed
on dedicated optical fibers rather than sharing existing telecom fibers with co-propagating data traffic. This has
several advantages. First, the absence of co-propagating data channels allows greater flexibility in the choice of probe
signals and higher peak powers. Second, dedicated fibers can use technologies not found in telecom transmission
fibers, such as fiber Bragg gratings (FBG) [10] or enhanced scattering fibers [11], which increase returned power
and improve performance.

Recently, there has been great interest in integrated sensing and communications (ISAC) as telecom operators
seek novel applications that generate new revenue from the existing telecom infrastructure. One key motivation is
the ubiquity of deployed telecom fibers in urban areas, as well as submarine cables that traverse parts of the planet
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Figure 1 (Color online) Telecom fiber network and the potential for environmental sensing over terrestrial and submarine fibers.

where it is difficult and expensive to deploy conventional ocean bottom sensors. By 2020, there already existed 4
billion km of optical fibers, with as much as 500 million km being added annually [12]. If the telecom infrastructure
can be transformed into a wide-area sensor network, numerous applications facilitating smart cities and public
safety become possible. Consider Figure 1. Optical cables are typically mounted on utility poles or installed in
ducts underneath roads that may pass by critical infrastructure such as utility pipes and perimeter fences. This
provides opportunities for traffic monitoring, infrastructure monitoring, and intrusion detection. At sea, submarine
cables can monitor ship movement, detect seismic waves, and ocean waves.

In this paper, we review two technologies that have been used in ISAC. These are sensors based on forward
transmission and sensors based on Rayleigh backscatter. We provide a brief overview of each technology, the
technical challenges to performance improvement, as well as recent advances, and examples of their application.

2 Integrated sensing and communications and network compatibility

The goal of integrated sensing and communications (ISAC) is not only to re-use the existing telecom infrastructure,
but also to leverage mature components already developed by the telecom industry to build powerful, low-cost
sensing interrogators that operate in the same wavelength band as telecom signals, so sensing and telecom signals
can coexist with as few network modifications as possible. Over the past decades, the telecom industry has developed
external cavity lasers, optical modulators, and coherent receivers that operate in the C-band, as well as high-speed
analog-to-digital and digital-to-analog converters (ADC/DAC) and powerful digital signal processing (DSP) chips.
These allow sensing interrogators to be built using off-the-shelf telecom components.

There are two ways to multiplex sensing channels with telecom channels. One way is to insert the sensing channel
anywhere within the telecom band using wavelength-selective switches (WSS) inside reconfigurable optical add/drop
multiplexers (ROADMSs) (Figure 2(a)). This configuration requires the telecom operator to know which channel has
been allocated to sensing and is unavailable for data transmission. Since sensing probe signals have low bandwidth,
typically below a few hundred MHz, an alternative configuration is to have the sensing channel inside the optical
supervisory channel (OSC) band alongside low-speed modulated signals dedicated to network control [13], which is
further away from the data channels (Figure 2(b)).

Conventionally, probe signals used by sensors based on backscatter measurement are pulse-like, and they will
incur nonlinear penalties on coherent data channels similar to legacy on-off-keying (OOK) signals [14]. As a first-
order approximation, the bandwidth of sensing probe signals is typically much lower than that of telecom signals, so
Kerr nonlinearity will convert time variations in the probe’s amplitude (i.e., near rising and falling edges) into time-
varying phase shift and polarization rotation for nearby data channels, while stimulated Raman scattering (SRS)
will induce time-varying amplitude change on data channels far away. The exact impact on performance depends
on implementation details of the telecom coherent receiver, including: (i) the tracking speed of the carrier recovery
unit and time-domain equalizers, and (ii) the depth of the interleaver used by forward error correction (FEC), since
when a burst error event occurs due to fast nonlinear effects, the errors need to be sufficiently scrambled in order
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Figure 2 (Color online) Multiplexing options in ISAC: (a) sensing channel multiplexed within data channels, (b) sensing channel in the optical
supervisory channel (OSC) band.
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Figure 3 (Color online) Insertion of the outbound probe signal and reception of inbound backscatter using: (a) an inline coupler to monitor
one fiber span in a unidirectional link, and (b) high-loss loop back (HLLB) circuit in a bidirectional link.

for FEC to work properly.

A rigorous analysis of the nonlinear interaction between sensing and telecom signals requires simulating signal
propagation using the split-step Fourier method (SSFM). The usable peak power of the sensing probe will depend
on: (i) the slew rate of the probe signal, (ii) the modulation format and baud rate of the telecom channels, and
(iii) the channel spacing between the sensing channel and the telecom channel of interest. A numerical study of
nonlinear compatibility between sensing and telecom signals using a full SSFM simulation was conducted in [15],
while an experimental study with co- and counter-propagating sensing and C+L band transmission was reported
n [16]. As per [17], it is necessary to check the bit-error rate (BER) after forward error correction (FEC) to ensure
coexistence.

The nonlinear penalty can be reduced by ensuring the probe signal has constant amplitude, such as in optical
frequency-domain reflectometry (OFDR) [18]. Alternatively, the nonlinear penalty can also be suppressed by
launching the probe in counter-propagation with respect to telecom signals. However, this configuration effectively
limits sensing to only a single fiber span due to inline amplifiers.

Sensors based on backscatter also require the network architecture to provide a path for the reflected light to travel
back to the sensing interrogator. However, this is normally prevented by inline optical amplifiers, which typically
have isolators at their outputs. To sense even a single span of deployed fiber, it is necessary to provide a coupler
after the isolator for inserting the probe signal and dropping the backscatter (Figure 3(a)). Even this configuration
allows only one fiber span to be monitored. To increase sensing range beyond one span, ROADMs must provide
bypasses for the sensing channel. Submarine cables are potentially more promising for sensing due to high-loss
loopback (HLLB) circuits already provided to facilitate fault localization using optical time-domain reflectometry
(OTDR) [19] (Figure 3(b)). The drawback is that HLLBs have a high loss ratio, typically > 30 dB, which results
in a low received signal-to-noise ratio (SNR) when the backscatter finally reaches the sensing interrogator. In cable
break localization, a long averaging time can be used to obtain an OTDR trace with high fidelity. In real-time
sensing, however, it is desired that every OTDR trace received with every probe sequence is at a usable SNR. There
has been much ongoing work to improve SNR in sensors based on backscatter measurement.

3 Sensors based on backscatter measurement

3.1 Perturbation detection using phase-OTDR

The most common type of fiber-based sensor is based on backscatter measurement. Of the three scattering mech-
anisms in optical fiber, Rayleigh is the most promising as it is linear, which means the scattered light is at the
same wavelength as the probe light, avoiding crosstalk issues in dense wavelength-division multiplexing (DWDM)
systems. Additionally, Rayleigh scattering has the largest scattering coefficient of the three and thus has the highest
SNR.

A canonical model of a sensor based on Rayleigh backscatter measurement is shown in Figure 4. At the trans-
mitter, a narrow linewidth, low phase noise seed laser is modulated with probe pulses p(t) = v/P - rect(t/T), which
are then launched into the fiber under test (FUT) through a circulator. The optical time-domain reflectometry
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Figure 4 (Color online) Sensor based on the measurement of an OTDR from Rayleigh backscatter. NLL: narrow linewidth laser.

(OTDR) trace recovered at the output of the circulator, y(t) = p(t) ® h(t) + n(t), is a convolution between the
probe pulse and the fiber’s Rayleigh impulse response [20]:

h(t) = /OL s(z)e 297§ (t - m%“) dz, (1)

where L is the length of the FUT, and o and n.¢ are its attenuation and effective index of propagation, respectively.
s(z) is a 2 x 1 vector in Jones space representing the Rayleigh scattering at each point along the fiber. Each polar-
ization component is a circular Gaussian random variable, with E[|s(z)|?] typically between —70 and —75 dB/m.
Fiber position maps to the time axis in OTDR according to T2, = 2n.srz/c. The spatial resolution achieved in the
measurement of h(t) is determined by the bandwidth of the probe pulse according to zs = (¢/2nes7)T.

For optimum performance, y(t) can be detected with a coherent receiver using the same seed laser as local
oscillator (LO). The in-phase and quadrature components of the two polarizations are then sampled at an interval
of Ty, < T/K where K is the oversampling ratio. To monitor time-varying changes in the FUT, probe pulses are
launched at a repetition interval of 7}, that must be greater than the round-trip propagation time of the FUT given
by Tt = 2nerpL/c. The digitized signal is then parallelized as y[n,m] = y(nTs + mT},), where n is the distance
index corresponding to fiber position z, = (¢/2n.ss)nTs, and is often referred to as a “sensing channel”, while
m is the time-index associated with the transmission of the m-th probe pulse. The sampling rate of the cable’s
environment is R, = 1/7,.

It can be shown that strain € or temperature change AT, on a section of fiber will cause its round-trip optical
phase to change by the ratio:

€p = % = kee + kATeATe; (2)
where k. =~ 0.78 [21] and ka7, ~ 6.92 x 1076 K~* [22] are typical values for the strain and temperature coefficients
in standard single-mode fiber (SSMF).

To recover A¢, we construct beat products between pairs of polarizations separated by the gauge length:
Gij[n,m] = yiln, mlyj[n — Ag,m], 4,5 €{1,2}. (3)

Regardless of which pairs of polarization ¢ and j are chosen in (3), Z{;;[n, m| will track the time-varying change in
optical pathlength for the section of fiber between z,, and z, + z4, where 2y, = (¢/2n.55)A4Ts is the “gauge length”.
As the beat products are “noisy” due to additive white Gaussian noise (AWGN), a resultant phasor is commonly
constructed using a rotated-vector-sum ([n,m| = >, ; e J%in(;:[n, m] [23], where the optimum de-rotation angles
®ij.n can be found by correlating each (;;[n, m] against the strongest beat product at every sensing channel n over a
pre-determined time-window in m. The unwrapped phase Z([n,m] is the time-varying optical pathlength A¢ due
to environmental perturbations. The method described hereby is commonly known as a phase-OTDR, (¢-OTDR).

3.2 Improving SNR using coding

The SNR of o-OTDR can be improved with coding. Instead of probing with rectangular pulses p(t), a coded
sequence c(t) = > cpp(t —nT) can be used instead. The goal is to increase the energy launched into the FUT
subject to a peak power constraint, thus increasing the power and SNR of the received backscatter, but without
sacrificing spatial resolution. It can be shown that for a properly designed code, SNR improvement is proportional
to the “code length” N. = T./T. Candidate codes c¢,,, which have been proposed, include pseudo-random binary
sequences (PRBS) [24], Golay codes [25], and Simplex codes [26].
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Figure 5 (Color online) Sensor based on the measurement of OFDR from Rayleigh backscatter. FSL: frequency-swept laser.

An important feature of a coded probe sequence is its autocorrelation function R..(7) = Elc(t)c*(t — 7)], as
non-zero values outside the main lobe will cause spatial leakage [20]. In PRBS, for example, it can be shown
that > cpci_,, = —1/N. when m # 0. The floor value leads to non-negligible spatial leakage. Although Golay
and Simplex codes can theoretically achieve ideal autocorrelation functions, they require sequential transmission of
multiple probe sequences, which reduces the sampling rate of the environment. Furthermore, when modulated with
band-limited components, their signal amplitude will be non-constant during bit transitions, causing a nonlinear
penalty on co-propagating telecom signals.

One of the most promising codes is the Zadoff-Chu sequence, which in reality is just a chirped pulse ¢(t) =
VP - exp(jmyt?) - w(t/T.), where ~ is the chirp rate, w(t) is a windowing function, and T} is the chirp duration.
Chirped-pulse DAS (CP-DAS) is essentially a one-dimensional chirped radar [27] in the direction of the fiber. The
Rayleigh impulse response associated with each chirped pulse launched into the FUT can be estimated by correlation
detection, h(t) = ¢*(t) * y(t). When w(t) = rect(t), it can be shown that Re.(7) ~ sinc(r/Ts). As there are no
bit-transitions, signal amplitude is constant over ¢(¢), but the rising and falling edges will still incur a nonlinear
penalty. Using a w(t) with a more gradual roll-off, such as a raised-cosine function, can lead to further suppression
of autocorrelation sidelobes, as well as a reduction in nonlinear penalty on neighboring channels.

If the coherence time of the laser (inverse of its native linewidth) is sufficiently long, it is possible to increase Tt
up to the repetition interval 7, the probe signal for CP-OTDR then becomes the same as that for OFDR, which
is shown in Figure 5. The linear frequency-modulated (LFM) probe signal has constant amplitude, and has been
shown to induce minimal nonlinear penalty on co-propagating telecom signals [18].

3.3 OFDR

In the OFDR receiver, the frequency-swept probe signal also serves as the LO. As a reflection at z will be received
with a round-trip delay of 7o,, the interference between the reflected signal and the LO will produce a tone at
f = —v72.. Hence, fiber position maps to the frequency axis in OFDR. To estimate the strain or temperature
change at a particular point in the FUT, it is possible to take the fast Fourier transform (FFT) of the received
signal Y[k, m] = FFT{y[n, m]}, followed by constructing beat products in frequency over a gauge length A:

Cij[kvm] = }/Z[kam]}/y*[k - Agvm]a 1,7 € {L 2} (4)

However, a more common approach to estimating strain or temperature change in OFDR is to measure the
shift in the Rayleigh frequency response [28]. If environmental perturbation causes optical pathlength to scale by
€4 = Ap/¢ as per (2), then scaling the input frequency by

- % =kee+ kATe AT, (5)
should yield the same response. To estimate Av, we take N consecutive samples of Y[k, m] from (I—1)N < k <IN
and compute their inverse fast Fourier transform (IFFT). The resulting signal Y[n, I, m] is the Rayleigh frequency
response, where frequency index n spans optical frequencies vy to vy + T}, swept by the laser (Figure 5), [ is the
distance index of the sensing channel centered at z; = (I + %)zsr where zg. = m is the OFDR spatial resolution,
and m is the time index.

Using a larger N will improve frequency resolution f, = B/N of the calculated Rayleigh frequency response
computed, allowing an improved estimation of Arv and improving measurand resolution, but at the price of worse
spatial resolution.

Equivalence between CP-OTDR and OFDR. OFDR is in reality no different than CP-OTDR when T;, = T,.

By using the FSL as the LO, “correlation detection” is implicitly performed by the OFDR receiver. Provided
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Figure 6 (Color online) Increasing the environmental perturbation sampling rate using time-interleaving. The chirped pulse of duration T}, is
divided into Na sub-chirps, each of which estimates optical phase at the sampling times shown.

the laser’s phase remains coherent over the repetition period, the Rayleigh reflection at each segment of length
m in the FUT maps to a point on the frequency grid of the FFT of the interferometric product between

the Rayleigh backscatter and the frequency-swept LO. In CP-OTDR, correlation detection is performed digitally,

and each segment of length m in the FUT maps to a point on the ¢ime grid of the interferometric product
between the Rayleigh backscatter and the continuous-wave LO. As signal bandwidth and optical SNR are the same
for CP-OTDR and OFDR, provided analog prefiltering and DSP are done properly, the SNR per point on the
time/frequency grid will be identical. Hence, CP-OTDR and OFDR have the same performance regardless of what
method is used to recover temperature or strain—either by (i) taking the beat product between two spatial points
on the time/frequency grid over a gauge length followed by taking the unwrapped angle, or (ii) taking the (I)FFT

of N spatial points then using correlation detection to find the shift in Rayleigh frequency response as per (5).

3.4 Increasing the environmental perturbation sampling rate with time-interleaving

In submarine links, the sampling rate limit imposed by the round-trip propagation delay may be too restrictive,
since the phase at each sensing channel cannot change by more than 27 between time samples in ¢-OTDR, or else
phase unwrapping errors will occur. If the phase slew rate of the environment is such that a higher sampling rate
is required, time-interleaving can be used. In CP-OTDR with constant envelope (T, = T},), we can treat the probe
signal as N evenly spaced sub-chirps as shown in Figure 6. Coherent OTDRs associated with each sub-chirp can be
recovered by bandpass filtering followed by correlation detection with the sub-chirp of duration Ta = T,,/Na. The
speckle patterns of the Nao OTDRs will be independent, as they are associated with different parts of the Rayleigh
frequency spectrum. As before, beat products at a pre-determined gauge length can be constructed according to
(3), followed by a rotated-vector sum to recover a resultant phasor (4[n,m|, where d is the index of the time-
interleaving channel. Although the Z(;[n,m] of all Na tributaries will track the same environmental stimulus, they
have different DC phase offsets as shown in the lower part of Figure 6. Interleaving Z(4[n, m] without compensating
for their DC offsets will leave interleaving artifacts which appear as tones spaced at the sampling frequency 1/T),
of each tributary.

A method to align the phases of all Na tributaries using a “reference” channel was proposed by [29] and is shown
in Figure 7. In addition to the Na sub-chirp pulses, an additional reference sub-chirp pulse with repetition period
(Na + 1)Ta co-propagates. This reference sub-chirp is modulated at its own center frequency. It is observed that
successive reference pulses align with a different time-interleaving tributary, allowing the phases of each tributary
d to be compared against the reference, so that their difference can be compensated. After the reference has been
compared against all Na time-interleaving channels, they are aligned, and the compensated phases can be interleaved
without distortion. The procedure described requires a synchronization period of (Na + 1)T),. If this is too slow,
a modified method using “nested references” was recently proposed in [30], which reduces the synchronization
duration to ~ v/NaT).

Time-interleaving is also possible for OFDR, where it is referred to as time-resolved OFDR [31]. In this method,
the received signal is time-demultiplexed into Na tributaries with duration Ta = T,,/Na. An FFT is computed for
each tributary. The resulting signals are Rayleigh speckle patterns at a spatial resolution of z,. = N, Am’ which
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Figure 7 (Color online) Alignment of the phases waveforms recovered by the time-interleaving tributaries using a reference probe channel.
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is Na times greater than the non-time-interleaved case. These speckle patterns are again independent as they arise
from different frequency bands in the Rayleigh frequency spectrum. As OFDR is equivalent to CP-OTDR with a
constant envelope, the phases of the different time tributaries can be aligned using the same methods presented for
CP-OTDR.

3.5 Impact of accumulated dynamic strain in long-haul sensing

CP-OTDR and OFDR are both sensitive to phase modulation by accumulated environmental perturbation, as
illustrated in Figure 8. Mathematically, the round-trip phase accumulated is the integration of (2) from the start
of the FUT up to the fiber position z of interest:

41N ¢ #
d)env(?f,t) = —ij/o €¢(Z/,t) dz’. (6)

This leads to instantaneous frequency shift of Af(z,¢) = %gﬁ)em (z,t), which is proportional to the spatial integral
of €4(2',t). One way to interpret (6) is that time variation in integrated strain or temperature change causes time
variation in total optical pathlength from 0 to z. When Eq. (6) is negative, it is akin to the fiber getting longer,
and the sensor interrogator is perceived as moving away from z. The perceived frequency is decreased due to the
Doppler effect.

Due to the use of a chirped probe signal, frequency-shift will translate into a time-shift of 7 = —Af /v following
correlation detection in CP-OTDR, and results in a shift of the distance axis by Az = (¢/2ncss)7. For OFDR,
Eq. (6) is additive to the true interferometric frequency, so the shift in distance is identical. This Doppler-induced
distance shift effect has been observed in [32]. Figure 8 shows an example of the OTDR amplitude obtained after
correlation detection in a submarine cable. If uncompensated, the Doppler-induced shift in the distance axis from
trace to trace will distort the estimated ¢en, (2, ), effectively rendering the results meaningless. It was shown in [33]
that a distance shift of 0.32 times the spatial resolution zg. will result in a catastrophic rise in spatial crosstalk
power spectral density (PSD).

When the amplitude of distance shift is large, it is possible to implement an edge detector on Figure 8 to find
the time-varying delay 7;[m] of edge | during the transmission of the m-th probe pulse. The spatial difference
Ti41[m] — 7[m] infers the instantaneous frequency of the I-th span due to the environment, which, from (6), can be
inverted to find the span-averaged optical pathlength ratio change. The drawback of this method is poor spatial
resolution, which is effectively one fiber span. But edge detection has the advantage that it has high accuracy even
at low SNR.

To achieve sub-span spatial resolution, it is necessary to consider both the frequency-shift in Rayleigh frequency
response due to local environmental perturbation (5), and distance-shift due to cumulative environmental per-
turbation. A method based on 2D correlation was proposed in [33]. Consider the calculated Rayleigh frequency
response ?[n, I,m] at distance index [ and time index m, as described in the previous section. If only cumulative
environmental perturbations exist, but no local perturbation, Y'[n, I, m] will shift by Az/z,, along distance index
l. Likewise, if only local environmental perturbations exist, but no cumulative perturbation, Y[n, 1, m] will shift by
Av/f, along frequency index n. In the general case where both local and cumulative environmental perturbations
are present, it is necessary to perform a 2D correlation of Y[n, I, m] against a reference, say ?[n, 1,0], over a 2D
window in n and [, in order to determine both Arv and Az. Only after compensating for distance shift should a
final 1D correlation in frequency be performed to find the Av arising from local strain.
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Figure 8 (Color online) Accumulated environmental perturbation causes phase modulation on both the outbound probe and the inbound
backscatter. As the derivative of phase modulation is frequency modulation, the resulting “Doppler effect” leads to a positional shift of the
OTDR when chirped probe signals are used. This effect occurs in both CP-OTDR and OFDR, and becomes increasingly severe with distance
from the interrogator. Inset A shows that for the initial spans of a submarine link, the OTDR traces lie on top of each other; while for spans
far from the interrogator, Inset B shows a significant shift in the distance axis from trace to trace.
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Figure 9 Typical “waterfall” plot of the vibration measured on a deployed telecom cable [34]. Diagonal lines indicate moving objects.

3.6 Applications based on Rayleigh backscatter measurement

An early application of ISAC using Rayleigh-based DAS was cable route geolocation. Even when a cable route
map is available, optical distance is never the same as map distance due to cable coils in manholes, splice junction
boxes, and aerial-to-ground sections. When a cable break occurs, the distance measured by OTDR will not indicate
its physical location unless a mapping between global positioning system (GPS) location and OTDR distance has
been established beforehand. It was proposed in [34] to mount an on-board vibrator and GPS device on a trolley
that physically vibrates the cable in the field. The unit is synchronized to a DAS interrogator in the central office,
which continuously monitors the OTDR distance of the vibration, and the mapping to GPS co-ordinate is stored
for future reference. This device can also be used to look for buried cables whose route is not known precisely.
Another early application is traffic monitoring [35]. Figure 9 shows a “waterfall” plot produced by a DAS
interrogator, where the brightness of a pixel indicates the vibration amplitude at that position and time. Diagonal
lines indicate moving objects—typically cars, trains, bicycles. The slope and direction of an individual line infer the
speed and direction of that object. Additionally, after calibration, the thickness and brightness of each line can also
be used to estimate an object’s length and weight. Such 2D spatio-temporal information is useful to transportation
authorities, as it allows the determination of vehicle density, and the existence of traffic bottlenecks. Recently, it was
shown that when two fiber strands of the same cable are simultaneously monitored using two DAS interrogators,
and different spectral components of the two sets of vibration data are digitally combined, it is possible to improve
the fidelity of the resultant waterfall plot, and even determine which lane a vehicle is traveling in [36]. Another
publication used machine learning to analyze traffic waterfall plots and detect road surface anomalies [37].

Although a distributed fiber sensor only localizes perturbations as a function of optical distance, it is possible
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Figure 10 (Color online) The location of a point-source acoustic event can be inferred by triangulation after determining the relative delays
between the waveforms recovered at different fiber positions.

to locate a point source in 2D space using triangulation if the geometry of the deployed cable allows. Figure 10
illustrates the excitation of a cable by a point source event. Its waveform will be detected at every sensing channel
with a delay 7; given by d; divided by the speed of sound. Relative delays between the waveforms recovered at
every sensing channel can be obtained by taking their cross-correlation, followed by peak search. This method was
demonstrated for the detection of impulsive events in [38]. To further discriminate an event of interest—such as a
gunshot—from less alarming events, Ref. [39] showed that machine learning models based on convolutional neural
networks (CNN) can achieve event prediction accuracy of > 95%. Thus, DAS can be used to facilitate public safety.

Rayleigh-based DAS has also been used for erosion monitoring. In [40], it was shown that breakage of subterranean
water pipelines leads to measurable vibrations in optical cables buried in nearby conduits. If left unrepaired, water
pipeline leakage will cause underground erosion, potentially leading to sink holes and surface collapse. DAS can
therefore be a useful tool for monitoring critical infrastructure.

Recently, there has been increased interest in distributed sensing over submarine cables. First, submarine cables
traverse the deep ocean, where conventional sensors are expensive and difficult to deploy. Second, to retrieve data
from the sensor, a communications link is required. Fiber-based sensors have the advantage that a communications
link is already provided. Additionally, submarine cable security, undersea infrastructure security, and maritime
traffic monitoring have all emerged as applications of interest. Submarine cables can also be used to monitor
seismic activity, facilitate oceanography, and track ships and marine life.

An example where DAS was used for marine life tracking over a 120-km cable in the Svalbard islands was
reported in [41]. The quiet ocean bottom allows low-frequency sounds emitted by baleen whales to be detectable
over kilometers of ocean. Different whale species can be identified by their unique acoustic chirp signatures. Using
triangulation methods similar to those described for impulsive event detection, the position and movement of whales
can be tracked. DAS can help marine biologists monitor whale populations and understand their migration patterns.
Furthermore, the ability to track whales can also be extrapolated to track manmade vessels. Some preliminary work
in this direction was reported in [42].

Seismic monitoring is another area where submarine sensing has great potential. The ability to detect the onset of
earthquakes many kilometers offshore can provide early tsunami warning and protect human lives. As megathrust
earthquakes involve the movement of kilometers of fault line, it may not be necessary to localize the epicenter with
high accuracy—even a span-level resolution technique outlined in Subsection 3.4 may be sufficient for early warning.
An example of span-based DAS over a submarine cable was reported in [43]. OFDR was used on a cable that had
FBG-based reflectors in the HLLB of each repeater node. The FBG reflectors produce a high-SNR, point at the
beginning of each span. The time-varying optical phase of each span is found by spatial differentiation. Ref. [44]
also demonstrated span-resolution DAS using OFDR, but for a cable without FBG-based reflectors at repeaters.
More recently, OFDR with sub-span resolution was demonstrated in [45] and was able to recover the vibration
signature of a tsunami generated by a My, 8.8 earthquake in Kamchatka using a 4500 km submarine cable between
Hawaii and California.

DAS has also been used to study ocean waves, as well as the interaction between ocean waves and seismic waves.
An example is [46], which used a direct-detection method with wideband chirped pulses to provide the first evidence
of in-situ microseism generation, where the interaction between opposing groups of ocean waves produces a seismic
“Scholte” wave at the seafloor surface at twice the original frequency. Another experiment conducted by the same
research team in [47] observed hydroacoustic tertiary (T) waves for the first time using DAS. These T-waves are
generated by oceanic earthquakes and propagate in the sound fixing and ranging (SOFAR) channel, which is a
horizontal layer of water in the ocean where low-frequency guided acoustic waves can propagate with low loss. The
direct-detection CP-DAS technique has high immunity to laser phase noise, achieves spatial resolution on the order
of tens of meters over a sensing distance of ~100 km, and has high potential for monitoring vibrations at ultra-low
frequencies down to the mHz level.
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Figure 11 (Color online) Bidirectional sensor based on forward transmission.
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Figure 12 (Color online) Detecting the presence of an event of interest using time-windowing and frequency analysis. (a) Detected phase
waveform and after filtering; (b) procedure for recovering the waveform of an event.

4 Sensors based on forward transmission

4.1 Detection and localization of perturbation event using a bidirectional forward sensor

To circumvent low SNR and network compatibility issues in backscatter measurement, a new class of sensing
methods based on forward transmission was recently proposed. This work was inspired by clock frequency transfer,
where mechanical vibration is an unwanted noise source. Thus, the optical fiber infrastructure itself can be used
to sense such vibrations [48]. Figure 11 shows a bidirectional implementation, where each interrogator sends a
continuous-wave (c.w.) signal to the other interrogator. As the two fibers are co-located at close proximity inside
the same cable, they are assumed to experience the same phase change due to environmental perturbations. Each
interrogator uses its own seed laser as a LO to demodulate its received signal and compute the instantaneous phase.
It can be shown that the heterodyne phases recovered by the East and West interrogators are

0E(t) = denv,e(t) + (pw (t — 72) — ¢E(t)) + ¢n,E(?), (7.a)
GW(t) = (bemj,W(t) + (¢E (t - TL) - 9w (t)) + (bn,W(t)v (7b)

where ¢p(t) and ¢w (t) are the phase noises of the seed lasers in the East/West interrogators, 71, = neysL/c is
propagation delay over the link length L, and ¢, g(t) and ¢, w(t) are phases noises due to AWGN. The forward
sensor detects an integrated phase change due to environmental perturbation over the whole cable

L
¢env,E(t) = ﬁO/ 6(25(27 t— TL—Z) dZ, (88“)
0

L
d)env.,W(t) = ﬂO / 6(;5('23 t— Tz) dZ, (8b)
0

where €4(z, t) is the optical pathlength ratio as defined in (2), for the strain and temperature change at fiber position
z and time ¢, and 7, and 77—, are the phase delays to each receiver.

If the goal is to detect whether an event of interest occurred, it is possible to use the time-windowing procedure
shown in Figure 12 on either g () or 6y (t). Suppose the event of interest (e.g., seismic signal, vibration due to
heavy machinery), as illustrated in Figure 12(a), has a known waveform s(¢) with Fourier transform S(f). The
optimum filter that recovers a minimum mean-square estimate (MMSE) of the event is Wy (f) = S*(f)/Snn (f).
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Figure 13 (Color online) For a point source environmental perturbation, its position can be estimated by (a) taking the generalized cross-
correlation (GCC) between the phase waveform recovered at each interrogator, followed by peak search. (b) Example GCC output.

However, it is unlikely that s(t) is known exactly. In that case, as shown in Figure 12(b), the signal is passed through
W (f), which is initialized based on heuristics. When the square amplitude of the filter output ¢’(t) averaged over a
time window of duration 7" exceeds a pre-determined threshold, the event is assumed to be present. The start (¢szqrt)
and end times (tenq) of the event are recorded (Figure 12(a)), and 6(t) is cropped between these limits. This allows
an updated estimate of the event’s spectrum to be computed so that W(f) is iteratively refined. The estimated
waveform of the event is obtained by cropping 6’ () between tgqrt and tenq. The structure in Figure 12(b) allows
different events to be detected by changing W (f). When multiple events occur simultaneously, source separation is
required. This is covered in Subsection 4.3.

If the environmental perturbation is from a single point source at zo, then ey (z,t) = €4(t)-6(2 — 2z0). The problem
of finding 77_2,, given the formulation in (8.a) and (8.b) has been studied in the context of passive radar [49].
Figure 13(a) shows the generalized cross-correlation (GCC) method. After cropping 0g(t) or Oy (t) around the
event of interest using the time-windowing procedure in Figure 12, the truncated signals are passed through filters,
followed by taking the cross-correlation between 0’ (t) and 6y, (¢). The purpose of the filters is to flatten the signal
amplitude over frequencies where there is adequate SNR in order to minimize the width of the resulting cross-
correlation, as illustrated in Figure 13(b). Since AWGN and PN of different lasers in (7) are independent, in the
absence of the filters, the cross-correlation is

Ry o1 (T) = B3 Reyey (T — TL-22) = Rowow (T = TL) — R (T + 71). (9)

The first term is the autocorrelation function of the point-source perturbation e4(¢) shifted by 77,_25,, while the
last two terms are shifted autocorrelation functions of the PNs of the lasers acting as interferences to localization.
As Re,c,(7") has maximum value at 7/ = 0, the delay 77,2, can be found by a peak search on (9), from which zg
can be determined.

If two spectrally identical events are simultaneously present at two fiber positions, there will be two peaks in (9)
which will only appear distinct if their positions are separated by a delay greater than the autocorrelation width of
€4(t). Hence, it is desirable to make the autocorrelation function as narrow as possible by using the filters Wy (f)
and Wa(f) shown in Figure 13(a) to boost and flatten the higher frequencies of 6 (t) and 6y (¢). If the SNR of the
event was constant over |f| < B/2, the GCC output will be a sinc function with zero crossings at 1/B, and the

. . . . c
resulting spatial resolution is zg ~ e, B

In contrast to backscatter measurement, the bandwidth B here is a property of the event of interest rather than
the probe signal. Spatial resolution in a forward sensor cannot be controlled by the sensing interrogator, but is
typically on the order of tens to hundreds of kilometers, which is much worse than that of backscatter measurement.

A related performance metric is positional error, i.e., the standard deviation of the estimated position when only
one correlation peak is present. Firstly, it is critical that the clocks of the two interrogators are synchronized, as
timing offset or jitter between their clocks will manifest as positional error. There are various ways to synchronize
two remote receivers, such as locking them to GPS, which has timing accuracy on the order of 100 ns, corresponding
to positional jitter of ~200 m. It is also possible for one interrogator to transmit a synchronization signal to the
other interrogator, e.g., by sending a synchronization pulse at a slightly different frequency than the c.w. probe.

Even in the absence of timing error between the interrogators’ clocks, the GCC between two noisy signals will
always lead to uncertainty in correlation peak position. A theoretical analysis of the variance of positional error based
on the Cramer-Rao lower bound (CRLB) was given in [49]. At low SNR, signal-noise and noise-noise correlations
can by chance produce a higher correlation peak value than signal-signal correlation. In this case, an adjustment
that takes into account stochastic error in the GCC’s peak position was studied in [50].
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Figure 14 (Color online) Typical DSP operations performed by a telecom coherent receiver during data demodulation.
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Figure 15 (Color online) Inserting a decorrelation delay 74 between the carriers used to modulate z- and y-data allows estimation of laser

phase noise by the remote receiver.

4.2 Using telecom transponders as a forward sensor

A forward sensor does not have to be based on c.w. transmission. In telecom coherent receivers, instantaneous
optical phase and SOP are already tracked in DSP as part of the data demodulation process [51]. Figure 14
shows typical DSP operations in a coherent transponder. Phase is tracked by a combination of frequency offset
compensation, adaptive time-domain equalization (TDE), and carrier phase recovery (CPR), while SOP is tracked
by the TDE. A telecom coherent transponder thus estimates optical phase and SOP change at a baud rate, which
is typically ~100 GHz for current generation coherent transponders—much higher than necessary for sensing. As
per (7), the phase sampling rate should be fast enough to ensure phase change is always less than 27t between
time samples. A rate in the hundreds of kHz, or around one sample per million symbols, is usually sufficient. The
overhead of computing (5) in [51] is low. Nevertheless, to enable a telecom transponder to fulfill an additional role
as a sensor, the internal hardware needs to be modified to store the phase sample in a readable buffer. Additionally,
external cavity lasers (ECL) used by telecom transponders have poor phase noise performance compared with
stabilized lasers used in metrology, as the high baud rate of telecom data signals makes low linewidth unnecessary.
However, sensing requires greater phase stability, especially at low frequencies below 1 kHz that are of interest in
environmental sensing. One way to enable sensing compatibility is for telecom transponders to provide an external
optical port where the user can supply their own high-phase-stability seed laser when sensing is required.

Another method to increase laser phase noise tolerance was proposed in [52], which requires modifying the internal
architecture and DSP of telecom transponders. The proposed scheme is shown in Figure 15. At the transmitter,
the seed laser that modulates the y-polarization is delayed by 7, relative to the x-polarization; while at the receiver,
carrier phase recovery is performed independently for the two data polarizations. Ignoring AWGN, the phases of
the z- and y-polarizations recovered by the East interrogator in this scheme are

08.:(t) = benv,5(t) + (pw (t — T2) — ¢E(1)), (10.a)
0p,y(t) = Genv,6(t) + (ow (t — 7o — 7a) — dE(t)). (10.b)

We note that the phase perturbation by the environment, as well as the PN of the East interrogator’s own seed
laser, is identical in (10.a) and (10.b). Consequently, their difference 0 ,(t) — 05 ,(t) is only sensitive to the time-
derivative of the West interrogator’s PN, which can be numerically integrated to find ¢w (¢). A similar procedure
can be performed by the West interrogator to find the East interrogator’s PN ¢g(t). After the two interrogators
exchange their estimates of each other’s PN, the laser PN terms in (10.a) and (10.b) can be removed.
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Figure 16 (Color online) Equivalence between a bidirectional forward sensor and far-field illumination of a dual-sensor array in free space.

A similar procedure, which does not require numerical integration, was proposed by [53], where the y-polarization’s
phase with the decorrelation delay inverted is subtracted from the x-polarization’s phase. For the West interrogator,
this yields

Ow,z(t) — Ow,y(t + 7a) = (Penv,w (t) — Genv,w (t + 7a)) + (dw (t + 7a) — dw (2)). (11)

It is observed that the East interrogator’s PN has been removed, leaving just a time-derivative of the West inter-
rogator’s own PN, which can be obtained from the East interrogator. Hence, following an exchange of information
between the two interrogators, the PN of both lasers can be compensated, leaving just time-derivatives of the envi-
ronmental perturbation. In practice, estimation of laser PN will never be exact due to: (i) phase noise arising from
AWGN sources which were neglected in (10) and (11), and (ii) the stability of the decorrelation fibers in Figure 15.
The latter is dependent on how the decorrelation fiber is installed. A coherent transponder mounted on a rack in
a telecom Central Office will likely be exposed to a noisy environment. Nevertheless, the configuration shown in
Figure 15 was experimentally demonstrated in lab conditions in [53], which showed that forward sensing is possible
even when using a pair of distributed feedback lasers (DFB) with a combined linewidth > 20 MHz. The ability to
detect environmental events below 1 kHz ultimately depends on the phase PSD of the event of interest being larger
than the PSD of residual laser PN.

4.3 Multi-event detection and localization

Unlike sensors based on backscatter measurement, which can have tens of thousands of independent sensing channels,
forward sensors have a far more limited ability in detecting simultaneous events at different positions. When
multiple simultaneous events occur at different fiber positions, the GCC output in Figure 13 has multiple peaks.
The amplitude of each peak will be lower than that in the case of a single event present. To discriminate real peaks
caused by events of interest from “ghost peaks” arising from stochastic signal-noise and noise-noise correlations [50],
thresholding is required. Once correlation peaks associated with real events are identified, a source separation
algorithm is required to recover their individual waveforms.

It has been shown that a bidirectional sensor is equivalent to a dual-sensor array in free space [54]. As shown
in Figure 16, a far-field source illuminating the two receivers at a wave speed of ¢/n and at an incident angle of
sin™!'(Az/L) produces the same time-of-flight difference of AT = 7,5, as in the bidirectional sensor. Thus, the
presence of simultaneous events on a cable is equivalent to multiple far-field sources illuminating the dual-sensor
array at different angles, while ambient noise can also be modeled as a diffuse noise field.

Borrowing techniques from adaptive beamforming, one way to recover the waveform associated with the event
with delay difference Ar; is to use a generalized sidelobe canceller (GSC), which suppresses interference from
unwanted events. Figure 17(a) shows a schematic of the GSC beamformer. Let 0(t) = [0 (t),05(t)]T be the
vector of the phases recovered by the two interrogators. A short-time Fourier transform (STFT) applied to 6(t)
yields a time-frequency representation Olk,l!] = [Ow[k,l],0x[k,1]]T, where k and [ are the frequency and time
indices, respectively. We can pre-multiply O[k, 1] by W[k] = [1,e *+A7]T which preferentially steers the output
towards the desired event with delay Ar;, while pre-multiplying by the blocking vector B[k] = [1, —e iwrA7i]T
suppresses the same event, leaving the superposition of all other events at its output. These residual interferences
can be removed from the output of W[k] using an adaptive noise canceller H |k, ] which minimizes the sidelobes of
Y = WHO — HEBHO using normalized least-mean square (NLMS) optimization, with (-)! denoting the Hermitian
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Figure 17 Multi-event detection and reconstruction using the (a) generalized sidelobe canceller (GSC) beamformer and (b) null-steering (NS)
beamformer.

transpose. The GSC beamformer output is passed through an inverse STFT to obtain an estimate (;3(,21, t) of the
event at the delay difference A71;. The GSC method is effective at suppressing stationary noises and diffuse noise
fields.

When there is only one strong interferer present, the null-steering (NS) beamformer is usually more effective,
and its schematic is shown in Figure 17(b). As before, the NS beamformer first calculates ©[k, ] using the STFT,
and the vector Wglk] = [1,e3*27]T steers the output towards the desired signal with delay difference Ar;.
Additionally, the vector W [k] = [1, —e9*+A7]T serves as a nulling vector to suppress the strong interferer with
delay difference At;. The NS beamformer then constructs a minimum variance distortionless response (MVDR)
beamformer Wy pr(k] = PWs/(WEPWs), where P = I, — WyW3l/2 is the projection matrix and I is the
2 x 2 unitary matrix. The output of the MVDR beamformer, ¥ = WAI}V pr©, is passed through an inverse STFT
to obtain an estimate of the event of interest gZA)(zi,t) while rejecting the strong interferer é(zj,t). Experiments
conducted over a 100-km cable demonstrated over 20 dB stationary interference suppression using GSC, and 18 dB
jamming rejection using the NS beamformer [54].

When more than two simultaneous events are present, spatial-temporal masking can still be used, provided the
events have different spectral characteristics. Machine learning methods can also be combined with beamforming.
Data-driven approaches such as deep clustering (DPCL), deep attractor networks (DAN), and transformer-based
models (e.g., SepFormer) can be used to improve separation performance in multi-source scenarios.

4.4 Forward sensors based on SOP measurement

The cumulative environmental perturbation on a cable can also be sensed using the SOP of the received signal.
Due to fiber birefringence, an environmental perturbation that changes the optical pathlength will also change the
relative pathlength between the two polarizations, manifesting as SOP rotation. In the method described by [55],
which was then theoretically analyzed by [56], the receiver computes an average received SOP over a time window.
A rotation matrix is then constructed in Stokes space which rotates the time-averaged SOP to the north pole of
the Poincaré sphere, so SOP fluctuation arising from environmental perturbation will be detectable as deviations
of S1 and S5 from zero.
It was shown that for circularly symmetric fiber, SOP change in Stokes space is given by [56]

L
As?:/ B1(2)eg(z,t — ) dz, (12)
0

where E = E X So is the component of the birefringence vector perpendicular to the signal’s SOP s§; at every
fiber point in the absence of environmental perturbation, and €4 is the optical pathlength ratio due to strain or
temperature change defined in (2). Comparing (12) with that for phase measurement given in (8), it is observed that
€4 1s multiplied by B | () rather than 3y. As birefringence is typically on the order of 10~7 in SSMF, the amplitude
of SOP change is smaller and more prone to AWGN than phase measurement. However, the key advantage of SOP
detection is robustness against laser phase noise. Whereas laser PN is an additive noise according to (7), laser PN
has only a secondary effect on SOP detection. Namely, the derivative of PN is frequency noise (FN). Fluctuations
in frequency manifests as polarization rotation through frequency-dependent birefringence.

As with phase measurement, a forward sensor based on SOP measurement can transmit either a dedicated c.w.
tone, or extracted from a data-modulated signal. For the latter, the TDE (Figure 14) in a telecom coherent receiver
already tracks the instantaneous polarization state by rotating it back to the transmitted polarizations in Jones
space. Hence, A§ can be inferred by converting the DC value of the TDE coefficients to Stokes space.
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Table 1 Summary of sensors based on backscatter measurement and forward transmission.

. Sensors based on Sensors based on
Characteristic . ..
backscatter measurement forward transmission
Good (controllable by Poor (depend on spectral
Spatial resolution interrogator, typically characteristics of event,
1-100 m) typically many km)
Number of sensing High F
. . ew
points (typically thousands)

Very high, up to the baud
rate if using data-modulated
signals. But 100 kHz to

Depend on length of FUT and use

Envi t li . . . .
pvironment samping of time-interleaving, typically

rate

20-10 kHz 1 MHz is sufficient
(i) Need bypass around amplifiers to return
Compatibility backscatter to the interrogator. (i) Will always pass through the network.
with telecom (ii) Amplitude shaping or continuous probe signal (ii) Low NL penalty on telecom signals
will reduce the NL penalty on telecom signals
DSP requirement High Low

High (Number of sensing points

. Lower
X sampling rate)

Memory requirement

4.5 Field demonstration of forward sensors based on phase and SOP Measurement

Forward sensing using the phase measurement technique was first demonstrated in [48]. Several terrestrial and
undersea cables up to 535 km were used to detect seismic vibrations from earthquakes ranging from My, = 3.4 to
My = 7.3. The phase waveforms captured by the forward sensors were shown to be in close agreement with those
captured by conventional seismometers at nearby seismic stations. Bidirectional localization was proposed, but was
not demonstrated due to the low bandwidth (< 1 Hz) of the seismic vibrations.

A bidirectional demonstration of phase measurement with localization over a 32-km fiber ring was reported in [57].
Impulsive vibrations were emulated by hitting the lab floor and using a piezoelectric transducer (PZT). Another
bidirectional experiment over a terrestrial link of 380 km was reported in [51], where it was shown that manual
shaking of the cable and hammer strikes against utility poles can be detected above the integrated environmental
noise from vehicles and wind. Phase extraction from data-modulated signals was also proposed and demonstrated,
and the achieved spatial resolution was on the order of 200 km.

More recently, it was shown that using a time-frequency masking method, the phase measurement method is
also capable of detecting weak vibrations with an amplitude as low as 5 rad against stronger ambient noise. But
as spatial resolution depends on bandwidth above ambient noise, localization is worse for weaker vibrations [58].
Multi-event waveform detection and localization using vibrations emulated with a PZT was demonstrated in [57].

For the SOP method, Ref. [55] reported an experiment conducted on a 10000 km submarine cable between Los
Angeles and Valparaiso. This experiment successfully detected earthquakes originating from Oaxaca (My = 7.4)
and Peru (Mw = 6.8). The recovered SOP waveforms were above ambient noise from ~0.01 Hz to 1 Hz. The
level of fidelity achieved was sufficient to observe distinct primary (P) and secondary (S) wave packages for the
more “impulsive” smaller earthquake, which had a shorter duration. Microseism in the primary band (~0.06 Hz)
originating from ocean swells was also observed, showing good spectral correlation with measurements recorded by
conventional seismometers.

5 Discussion and conclusion

In this paper, we reviewed recent advances in integrated sensing and communications, focusing on two classes of
methods based on the measurement of Rayleigh backscatter and on forward transmission. A summary of the relative
advantages and disadvantages of sensors is shown in Table 1.

Sensors based on Rayleigh backscatter have a major advantage in their ability to resolve many sensing points
and offer excellent spatial resolution that is scalable with the bandwidth of the probe signal. However, low SNR
and network compatibility remain major issues. The latter is particularly challenging to overcome due to isolators
in inline amplifiers. Network modification may be necessary to monitor even a single span of deployed telecom
fiber. Submarine cables with high-loss loopback circuits offer the best promise for long-haul sensing over multiple
spans, provided low SNR can be overcome. We reviewed the theory of ¢-OTDR and discussed techniques to
improve its performance, including time-interleaving and coding using chirped pulses. The limiting case where code
duration equals the probe repetition period is of interest, as the probe will have constant power, thus the least
nonlinear impact on co-propagating telecom signals. We also demonstrated that this case is equivalent to OFDR.
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In long-distance sensing, accumulated strain rate causes a Doppler effect, which leads to distance uncertainty. The
mitigation of this remains ongoing research. Rayleigh-based sensors have been experimentally demonstrated and
commercially deployed for a wide range of applications, including cable location identification, traffic monitoring,
infrastructure health monitoring, intrusion detection, marine life tracking, and seismic sensing.

Sensors based on forward transmission have advantages of a high SNR and greater network compatibility. How-
ever, it is difficult to resolve a high number of sensing points. Recent results show that it is possible to discriminate
between two simultaneous events using techniques borrowed from adaptive beamforming, but it remains uncertain
what the ultimate limit is. Moreover, spatial resolution depends on the bandwidth of the perturbation and is
not controllable by the interrogator. Forward sensors based on phase measurement have higher SNR and better
spatial resolution, but low-frequency laser phase noise may require the use of stabilized lasers. By contrast, SOP
measurement has good immunity to laser phase noise. Applications for forward sensors are more limited than those
for Rayleigh backscatter measurement. Nevertheless, it has been shown that phase and SOP can be extracted from
telecom signals as part of the data demodulation process. With proper modifications and timing synchronization,
the potential exists for telecom transponders to serve in an additional role as sensors. Recent demonstrations have
shown the potential for intrusion detection, cable hazard detection, and most notably, seismic sensing on submarine
cables.

One direction of future research is the integration of the front-end DSP operation discussed in this paper with
back-end machine learning applications. The drawbacks of the current two-step approach include: (i) generation of
large amounts of intermediate data (phase, SOP, frequency shift) that have to be stored or transmitted for further
processing, (ii) potential loss of information, such as arising from the calculation of differential phase over a fixed
gauge length, (iii) longer latency, and (iv) higher DSP cost. A recent investigation into combining front-end and
back-end operations was reported in [59].

For sensors based on phase measurement, there exists a trade-off between cost and phase noise performance at low
frequencies. While lasers locked to thermally and mechanically stabilized external cavities can achieve phase stability
below 1 Hz?/Hz in the sub-Hz range, and are vital tools for seismology and oceanography, they are expensive and
bulky instruments. By contrast, vibrations from anthropological sources are typically between 10 Hz and 1 kHz,
and can be detected using cheaper fiber lasers. Between these two extremes, there exists scope for cost-optimized
lasers designed for the desired level of phase stability. Ultimately, a sensing interrogator is architecturally similar
to a telecom transponder, consisting of a transmitter that uses a modulator to generate the outbound probe signal,
and a receiver that uses coherent detection and digital signal processing to optimally detect the inbound signal. Just
as photonic integration has enabled telecom transponders on a chip to fit inside small form pluggables (SFPs), the
same potential also exists for sensing. The development of low-cost sensing pluggables will lead to more widespread
adoption and will help facilitate safer and smarter cities.
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