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ABSTRACT | We review recent advances in distributed fiber

optic sensing (DFOS) and their applications. The scattering

mechanisms in glass, which are exploited for reflectometry-

based DFOS, are Rayleigh, Brillouin, and Raman scatterings.

These are sensitive to either strain and/or temperature, allow-

ing optical fiber cables to monitor their ambient environment in

addition to their conventional role as a medium for telecommu-

nications. Recently, DFOS leveraged technologies developed

for telecommunications, such as coherent detection, digital

signal processing, coding, and spatial/frequency diversity, to
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achieve improved performance in terms of measurand res-

olution, reach, spatial resolution, and bandwidth. We review

the theory and architecture of commonly used DFOS methods.

We provide recent experimental and field trial results where

DFOS was used in wide-ranging applications, such as geo-

hazard monitoring, seismic monitoring, traffic monitoring, and

infrastructure health monitoring. Events of interest often have

unique signatures either in the spatial, temporal, frequency, or

wavenumber domains. Based on the temperature and strain

raw data obtained from DFOS, downstream postprocessing

allows the detection, classification, and localization of events.

Combining DFOS with machine learning methods, it is possible

to realize complete sensor systems that are compact, low

cost, and can operate in harsh environments and difficult-

to-access locations, facilitating increased public safety and

smarter cities.

KEYWORDS | Brillouin scattering; coherent detection; distrib-

uted acoustic sensing (DAS); distributed strain sensing (DSS);

distributed temperature sensing (DTS); distributed vibration

sensing (DVS); optical communications; optical fiber sensing;

Raman scattering; Rayleigh scattering.

N O M E N C L AT U R E
ADC Analog-to-digital converter.
AI Artificial intelligence.
AOM Acousto-optic modulator.
APD Avalanche photodiode.
AWGN Additive white Gaussian noise.
BFS Brillouin frequency shift.
BGS Brillouin gain spectrum.
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B-OTDR Brillouin optical time-domain
reflectometry.

B-OTDA Brillouin optical time-domain
analysis.

BPD Balanced photodiode.
CPR Carrier phase recovery.
CCW Counterclockwise.
c.w. Continuous wave.
CS3 Cable safety self-protection system.
CW Clockwise.
DAC Digital-to-analog converter.
DAS Distributed acoustic sensing.
DD-CP-OTDR Direct detection of chirped-pulse

optical time-domain reflectometry
(based on Rayleigh).

DD-OTDR Direct detection of optical time-
domain reflectometry (based on
Rayleigh and nonchirped pulses).

DFOS Distributed fiber optic sensing.
DoC Depth of cover.
DOF Degree of freedom.
DSP Digital signal processing.
DSS Distributed strain sensing.
DTS Distributed temperature sensing.
DTSS Distributed temperature and strain

sensing.
DVS Distributed vibration sensing.
EBPF Electrical bandpass filter.
EDFA Erbium-doped fiber amplifier.
ELPF Electrical low-pass filter.
FDM Frequency-division multiplexing.
FFT Fast Fourier transform.
f-k Frequency–wavenumber.
FOC Frequency offset compensation.
FUT Fiber under test.
GTMS Geotechnical monitoring system.
LO Local oscillator.
ML Machine learning.
MOD Modulator.
ML Local magnitude.
MW Moment magnitude.
OBPF Optical bandpass filter.
OFDR Optical frequency-domain

reflectometry.
OTDR Optical time-domain reflectometry.
PD Photodiode.
pdf Probability density function.
PN Phase noise.
R-OTDR Raman optical time-domain

reflectometry.
ROW Right of way.
SBS Stimulated Brillouin scattering.
SDM Spatial-division multiplexing.
SMC Subsidence monitoring cable.
SNR Signal-to-noise ratio.
SOFAR Sound fixing and ranging.
SOP State of polarization.
SpBS Spontaneous Brillouin scattering.

SpRS Spontaneous Raman scattering.
TDE Time-domain equalizer.
TMC Temperature monitoring cable.
WDM Wavelength-division multiplexing.
φ-CP-OTDR Chirped pulse phase optical time-

domain reflectometry (based on
Rayleigh).

φ-OTDR Phase optical time-domain reflectome-
try (based on Rayleigh and nonchirped
pulses).

ULE Ultralow expansivity.
VTMS Vehicle traffic monitoring system.
WDL Wavelength-dependent loss.
XPM Cross-phase modulation.

I. I N T R O D U C T I O N
The optical fiber network is the backbone of modern
telecommunications infrastructure. As of 2020, there exist
more than four billion kilometers of installed optical fibers
worldwide [1]. Optical fiber cables crisscross the world’s
oceans, forming dense networks around major metropoli-
tan areas. Although optical fibers were first conceived for
telecommunications [2], the potential of fibers to serve
as sensors was noted as far back as the 1970s. In 2020,
the global distributed fiber optic sensor market exceeds
$1 billion in annual revenue and is expected to grow at a
compound annual growth rate (CAGR) of 8.4% from 2021
to 2028 [3], [4].

The earliest fiber sensing devices were interferometric
acoustic sensors [5], [6], [7]. By splitting a c.w. laser
and sending one part through a sensing fiber arm that
is perturbed by mechanical vibration and the other part
through an unperturbed reference arm, the phase modula-
tion induced by mechanical vibration on the sensing fiber
can be retrieved from the interferometric signal between
the two arms. Another early type of interferometer sensor
based on a fiber ring was described in [8]. These sensors
are based on forward transmission.

A key innovation in DFOS was the realization that
Rayleigh backscatter that arises from refractive index inho-
mogeneities can yield an OTDR return signal. This effect
was first exploited to measure fiber attenuation, and con-
nector and splice losses [9], [10]. An early distributed
sensor based on polarization variation in the OTDR was
proposed in [11]. OTDR in optical fiber is functionally
equivalent to a 1-D optical radar where the medium of
propagation has sensitivity along its entire length. Tech-
nologies that have already been developed for free-space
radar can also be applied for detecting and ranging distur-
bances along optical fibers. For example, OFDR is optical
fiber’s equivalent of a chirp radar [12].

The scattering mechanisms in fiber that can be exploited
for reflectometry-based DFOS are Rayleigh, Brillouin, and
Raman scatterings (see Fig. 1). Rayleigh scattering is an
elastic, linear scattering process where no energy is trans-
ferred between the incident light and the glass medium.
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Fig. 1. Scattering mechanisms in an optical fiber that are

exploited in reflectometry-based DFOS.

The return light is at the same frequency as the input
signal. If the input light is coherent, the backscatter from
various points along the fiber interferes, resulting in a
speckle pattern that is a signature of the fiber state, and
can be characterized as a Rayleigh impulse response. If
temperature changes or mechanical stress is applied, the
interference pattern changes. By comparing the interfer-
ence pattern over time, thermal and mechanical distur-
bances can be measured. Alternatively, it can be viewed
that longitudinal strain causes a change in optical dis-
tance between scatterers, translating into an optical phase
change of the return light. Rayleigh scattering is the
physical phenomenon used in DAS and DVS interrogators.
In DAS, the recovered waveform is a linear function of
the acoustic waveform, while DVS is based on intensity
measurement, and the recovered waveform is a nonlinear
function of the vibration waveform. Examples of DVS and
DAS applications based on Rayleigh scattering include
fiber microphones [13], [14], perimeter intrusion detec-
tion [15], [16], traffic monitoring [17], [18], and seismic
monitoring [19], [20], [21].

In contrast to Rayleigh scattering, Brillouin and Raman
scatterings are inelastic scattering processes where the
incident light interacts with the propagation medium, and
the return light is at a relative frequency shift compared
with the input signal. Scatterings at frequencies below and
above that of the incident light are denoted as “Stokes” and
“anti-Stokes” processes, respectively.

Brillouin scattering arises from the interaction between
the propagating light and thermally excited acoustic
phonons that propagate in guided acoustic modes of the
fiber. The acoustic pressure wave modulates the optical
refractive index through the elasto-optic effect, behaving
as a traveling wave grating that propagates along the fiber
at the acoustic velocity. This produces a diffracted light
at a Doppler shift relative to the propagating signal. This
BFS depends on the doping composition of the fiber, as
the “acoustic density” impacts the profile and propagation
characteristics of the guided acoustic modes [22]. The BFS
is typically around 10–11 GHz. More importantly from the
perspective of sensing, BFS changes with both temperature
and applied strain. A Brillouin sensor that measures the
BFS of the backscattered light at every point along the
fiber can, thus, estimate its temperature and strain profile
[23], [24], [25], [26], [27], [28]. Brillouin scattering
forms the basis of numerous DSS, DTS, and DTSS systems.
Examples of applications using Brillouin scattering include

monitoring the integrity of civilian infrastructure, such as
oil & gas pipelines [29], [30], [31], [32], railways [33],
[34], bridges [35], [36], dams [37], [38], and airframe
integrity [39], [40]. Brillouin sensors can be based on
either spontaneous or stimulated photons. In the latter
approach, a pump beam whose frequency is at the BFS
relative to the sensing signal is intentionally launched in a
counterpropagating direction to provide stimulated ampli-
fication for the backscatter. The use of stimulation signifi-
cantly increases the power of the return signal, improving
its optical SNR, which allows for improved measurement
range and performance.

Finally, Raman scattering is caused by thermally influ-
enced molecular vibrations. The Raman spectrum in glass
fiber peaks at around 13 THz from the incident light.
Since the probability of occupancy of Stokes and anti-
Stokes phonons is temperature-dependent, the ratio of
their powers can be used to infer temperature at a given
fiber position. Raman backscatter is, thus, used for DTS
[41], [42], [43]. Raman-based DTS applications include
monitoring of oil wells [44], [45], oil & gas pipelines [46],
[47], power transformers [48], [49], and soil moisture
monitoring [50], [51].

In addition to temperature and strain, it is also possible
for DFOS to sense other physical perturbations around the
fiber, so long as these can be transduced into a strain or
temperature perturbations through cable design or the use
of specialty fibers [52], [53], [54], [55].

Although acoustic and temperature sensors can be real-
ized using other technologies [56], [57], fiber optic sen-
sors offer compelling advantages. First, DFOS allows the
telecommunications infrastructure to be reused for envi-
ronmental sensing, providing telecom operators with new
sources of revenue. The ubiquity of optical fiber, partic-
ularly in urban areas, makes wide-area sensing possible
and can facilitate public safety and enable smarter cities.
Second, the glass medium has advantages such as greater
resistance to corrosion compared with metals and plastics,
as well as tolerance to high temperatures, high voltages,
and relative immunity from electromagnetic interference.
Fiber optic sensors can operate in extreme environments
where other types of sensors fail. Third, optical fibers
typically have diameters of only around 125 μm and are
of small size and lightweight. As a propagation medium,
its attenuation coefficient of around 0.2 dB/km is lower
than competing technologies. Fourth, by combining optical
channels using a wavelength-division multiplexer (WDM),
sensing channels and telecommunication channels can
coexist in the same optical fiber [18], [58], [59]. In
metropolitan and long-haul networks, optical components,
such as inline EDFAs, have isolators at their outputs and
may prevent backscatter from reaching the transponder.
Modifications to the network infrastructure may be nec-
essary to enable compatibility with DFOS. This topic has
been investigated in [18] and [60].

In DFOS, tradeoffs are made between spatial resolution,
measurand resolution, and system reach. The use of higher
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bandwidth sensing signals—or equivalently, signals with
shorter temporal features—improves spatial resolution.
However, this leads to increased noise, reducing the avail-
able SNR at the detector, which either results in worse
measurand resolution, or a reduction in system reach or
reduction in the number of sensing points. Similar trade-
offs must also be made between measurement time and
acoustic frequency resolution. A definition of interrogator
performance is reviewed in [61].

In DFOS methods based on phase measurement, the
spectral quality of the laser may be important since time-
varying strain or temperature also manifests as optical
phase variations. Laser PN is, thus, an additive noise
source. Even when using direct detection, laser PN may
still result in amplitude fluctuations similar to that induced
by strain or temperature changes. An analogy can be
made with data transmission, where AWGN from inline
amplifiers and laser PN both degrade signal detection per-
formance [62], [63]. The noise tolerance of a DAS system
depends on the amplitude and bandwidth of the vibra-
tion event being measured. To achieve high measurand
resolution, low PN lasers with a linewidth below 100 Hz
are typically required. Moreover, the energy of seismic
vibration is concentrated in the 0.01–20-Hz range, which
is a region where laser technical noise dominates. Seismic
sensing based on phase measurement may require using
specialized lasers that are thermally and mechanically sta-
bilized with flat frequency noise down to sub-Hz level [64].
Such lasers can be expensive instruments. Thus, there
exists a tradeoff between cost and required performance.

Although DFOS methods used commercially today were
invented decades ago, their full potential has only recently
begun to be fully realized. One of the most important
recent advances is in coherent receivers [65] and DSP [62],
[63], [66], [67]. Just as in telecommunications where
these technologies were first developed, coherent detec-
tion and DSP offer similar advantages to DFOS. The ability
to reconstruct the baseband electric field of the received
signal preserves information in all the fiber’s DOFs during
the optical-to-electrical downconversion process, allowing
for its subsequent arbitrary manipulation in DSP. Digital fil-
ters implemented in DSP can achieve superior rejection of
out-of-band noise compared with analog electrical filters.
Imperfections in optoelectronic devices can be digitally
compensated. A digital coherent DFOS transponder is eas-
ily reconfigurable. Parameters such as the bandwidth of
the sensing pulse and its chirp rate, the pulse repetition
rate, and the differential gauge length can all be modified
in software, enabling software-defined DFOS in the same
manner that software-defined networks (SDNs) have revo-
lutionized telecommunications.

DFOS can borrow other DSP tools from telecommu-
nications. For example, coding is a widely used tool to
improve system performance. In DFOS, codes with good
autocorrelation property approximating a delta function
allow increased energy to be launched into a fiber cable
while keeping peak power below nonlinear limits and

preserving spatial resolution. Simplex codes and Golay
codes have been used in Rayleigh-based DFOS [68], [69],
while chirped pulses were demonstrated in [70], [71],
[72], [73], [74], [75], and [76]. DFOS systems based
on Brillouin and Raman backscatters are sensitive to only
the amplitude of the incident signal, and Simplex codes
[77], [78], [79], cyclic codes [80], [81], complementary
Golay codes [82], [83], [84], genetically optimized ape-
riodic codes [85], and color codes [86], [87] have been
considered.

Spatial and frequency diversities are other communica-
tions’ tools that can be used by DFOS to improve sensing
performance. Not only doesN -fold diversity increases SNR
by a factor of N , it can also mitigate fading, as backscatter
is a statistical process where the reflected light at any fiber
position may have low amplitude, leading to dead zones
with poor performance. Scattering in different frequency
bands, different fiber cores, or different modes of the same
fiber is statistically independent. For given performance
requirement, diversity can reduce the “outage probability”
at any given fiber location [88], [89], [90], [91], [92].
SDM and FDM schemes with time-interleaving can be used
to increase the vibration sampling rate above the limit
imposed by the round-trip propagation delay of the fiber
[93], [94].

DFOS systems based on backscatter ultimately have lim-
itations such as weak return power or compatibility issues
if the sensing system needs to operate on amplified links
where isolators are present. Recently, an alternative class
of methods based on forward transmission was proposed.
In one such method, a low PN c.w. laser is launched at one
end of a fiber cable and coherently detected at the far end
using another low PN c.w. laser as LO [95], [96]. If this
c.w. transmission is duplicated in the opposite direction,
and a vibration event of interest is well modeled as a point
source, then, due to the difference in propagation delay
between the disturbance and the two receivers located at
opposite ends of the cable, the vibration’s position can
be estimated by correlating the phases measured at each
receiver. It was recently shown that the optical phase
can also be retrieved from coherent telecom transponders,
allowing the same method to be used on data-modulated
telecom signals [58], [97], [98]. The realizable spatial
resolution is dependent on the bandwidth of the vibration
source and can be on order of kilometers, which is much
worse than the spatial resolution achievable using DAS
based on backscatter. However, even a spatial resolution of
kilometers may be sufficient for estimating the epicenter
of earthquakes using submarine cables. In [99] and [100],
it was demonstrated that SOP recovered from a coherent
receiver can also be used to detect earthquakes. However,
the localization ability of this scheme has not yet been
demonstrated.

The structure of this article is given as follows.
In Section II, we review the theory and architecture
of commonly used DFOS methods based on Rayleigh,
Brillouin, and Raman backscatters, as well as recently
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Fig. 2. Canonical model of a DFOS system based on measurement

of backscatter from the FUT.

developed methods based on forward transmission.
Sections III–VII cover DFOS applications. In Section III,
geohazard monitoring of soil erosion, landslides, and sub-
sidence is reviewed. This is followed by traffic monitor-
ing and cable health monitoring in Sections IV and V. In
Sections VI and VII, we review ocean wave monitoring and
seismic monitoring, demonstrating the richness of spa-
tiotemporal data that are obtainable using DFOS, and the
array of phenomena that can be characterized in the f-k
domains. Finally, practical implementation issues associ-
ated with deploying DFOS systems over installed telecom
fibers are discussed in Section VIII.

II. T H E O R Y
A. Distributed Fiber Optic Sensing Model

The principle of DFOS systems based on the measure-
ment of backscatter is to obtain an OTDR signal from the
FUT [101]. A canonical model of such a DFOS system is
shown in Fig. 2. The sensing transponder consists of a
transmitter that generates the sensing (probe) signal and a
receiver that detects the backscatter from the fiber. Signals
are launched and received from the FUT via a circulator.
The transmitter’s seed laser can be provided as a reference
to the receiver if the method requires phase comparison.

An OTDR can be generated by launching pulses into
the FUT. One way to generate sensing pulses with a
high extinction ratio is to use an AOM. Let p(t) =

(P )1/2rect(t/T ) be a rectangular pulse with peak power
P and pulse duration T . Its Fourier transform is P (f) =

(P )1/2T · sinc(fT ), which has a one-sided bandwidth of
B = 1/T measured to the first null of the sinc(·) function.

B. DFOS Based on Time-Domain Measurement
of Rayleigh Backscatter

Due to the Rayleigh backscatter, the segment of the FUT
from z −Δz/2 to z + Δz/2 will generate an electric field
of

yz (t) = e−2αz−j2kzs (z) p (t− τ )Δz (1)

where α is the attenuation coefficient of the fiber and
k = 2πνneff/c is the propagation constant, with ν being
the optical frequency of the probe signal and neff being the
effective index of the fiber. Each polarization component

of s(z) is a circular Gaussian random variable [102] whose
mean-square amplitude E[|s(z)|2] is a property of the
fiber and is typically on the order of −70 to −75 dB/m.
τ = (2neff/c)z is the round-trip propagation delay. The
Rayleigh backscatter generated by the whole FUT is the
integration of (1) over its entire length L. It can be shown
that the Rayleigh backscatter can be characterized as an
impulse response where delay t maps to fiber position z

h (t) =

� L

0

s (z)e−2αz−j2kzδ

�
t− 2neff

c
z

�
dz. (2)

Neglecting laser PN, the received signal is the convolution
between the sensing signal with h(t)

y (t) = p (t)⊗ h (t)+n (t) (3)

where n(t) is the total noise added by the system, includ-
ing amplified spontaneous emission (ASE) of any inline
amplifiers along the FUT, as well as shot noise and
thermal noise of the receiver. The resolvable time scale
of y(t) determines the spatial resolution of the OTDR.
Taking the Fourier transform of (3), we have Y(f) =

P (f)H(f)+N(f). The Rayleigh frequency response H(f)

is typically wideband with bandwidth scaling inversely
proportionally to the size of the microscopic refractive
index inhomogeneities. The bandwidth of Y(f) is, thus,
usually determined by the probe signal P (f). Hence, the
spatial resolution of the OTDR is given by

zr =
c

2neffB
. (4)

An important parameter is Nz = �L/zr�, which is the
number of independent sensing points in the FUT, also
sometimes referred to as the number of “sensing channels.”

In the presence of an environmental disturbance arising
from longitudinal stress σ along the fiber axis or a change
in temperature ΔTe, the round-trip phase between two
scatters separated by Δz is [103]

δφ = δφ0 (1 + k�	+ kΔTeΔTe) (5)

where δφ0 = 4πνneffΔz/c is the round-trip phase in
ambient conditions and 	 = σ/E is the induced strain with
E being Young’s modulus of glass. In the standard single-
mode fiber, k� is typically around 0.78 and takes into the
strain-optic effect 104], while kΔTe has been estimated to
be around 6.92 × 10−6 [103] and accounts for the thermo-
optic effect and thermal expansion of glass.

At short time scales, temperature change can be
neglected, and time variations in h(t) can be assumed to
arise from strain only. Two standard detection methods
are direct detection and differential phase detection. In
both methods, p(t) is transmitted periodically at a rate
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Fig. 3. Illustrating the parallelization of the received backscatter

into frames when a periodic signal is launched into the FUT.

of Rp = 1/Tp, where the repetition (frame) period Tp

should be longer than the round-trip propagation delay
T2L = (2neff/c)L of the FUT. Accounting for PN of the
transmitter’s seed laser φTx(t), the periodic sensing sig-
nal is

x (t) = ejφTx(t)
�
m

p (t−mTp). (6)

and the received signal y(t) = x(t) ⊗ h(t)+n(t) can be
parallelized into frames, as shown in Fig. 3. Assuming that
the continuous-time signal is then sampled at an interval
Ts, the parallelized output is

y [n,m] =

�
y (nTs +mTp) , 0 ≤ nTs < Tp

0, else
(7)

where n is the distance index as fiber position maps to
delay and m is the vibration sampling time index. The
pulse repetition rate Rp is the vibration sampling rate,
allowing vibrations up to the Nyquist frequency of Rp/2
to be recovered without aliasing. As the length of the
FUT determines the maximum Rp, if a higher sampling
rate is required to sense fast vibrations, a time-interleaving
scheme via FDM or SDM can be used [93], [94].

1) DVS Using Direct Detection of Rayleigh Backscatter:
Vibration detection using direct detection of the Rayleigh
backscatter measures change in |y[n,m]|2 over time index
m and is sometimes referred to as DVS. This method is
possible because the spatial resolution zr is much larger
than the length scale of refractive index inhomogeneities.
As per (5), time-varying longitudinal strain causes the
round-trip phase delay between the scatterers to change,
so their coherent sum sometimes adds constructively
and at other times destructively, resulting in amplitude
fluctuation around the neighborhood of the vibration
[see Fig. 3 (right)].

The transponder architecture for DD-OTDR is shown
in Fig. 4. The advantage of this method is a simple
receiver design, comprising only a noise-rejection OBPF
of bandwidth Bo, followed by a photodetector and an
ELPF of bandwidth Be. The disadvantage is that amplitude
change is not a linear function of strain; thus, the vibra-
tion waveform cannot be reconstructed from |y[n,m]|2.

Fig. 4. Architecture for DD-OTDR. MOD: optical modulator. OBPF:

optical bandpass filter. PD: photodiode. ELPF: electrical low-pass

filter. ADC: analog-to-digital converter.

Furthermore, practical OBPFs have much larger band-
widths than the sensing signal, resulting in reduced SNR
compared with using a coherent receiver.

2) DAS Using Differential-Detection of Rayleigh Backscat-
ter: An improved vibration detection method uses phase-
OTDR (φ-OTDR), which recovers δφ in (5) using
differential detection [105], [106]. This method is some-
times referred to as DAS. As δφ ∝ σ, recovery of δφ
allows linear reconstruction of the vibration waveform.
Differential detection can be accomplished using a coher-
ent receiver front end, as shown in Fig. 5, where the
transmitter laser serves as the LO for downconverting the
Rayleigh backscatter to the electrical baseband. Coherent
detection recovers the full information of the received
electric field in all the DOFs of the fiber. A comprehensive
review of coherent detection in the context of telecommu-
nications can be found in [62] and [63]. Two commonly
used configurations are homodyne detection and hetero-
dyne detection (see Fig. 6). In homodyne detection, the
center frequency of the signal (νtx) and the frequency
of the LO (νrx) are the same. As their beat product is
centered at zero frequency, the baseband electrical signal
will be complex-valued. The optical hybrid must provide
two outputs (in-phase and quadrature) per polarization. In
heterodyne detection, the frequency difference |νrx − νtx|
is deliberately set larger than the one-sided bandwidth B

of the signal so that their beat product occupies only
one side of the frequency axis. This enables the baseband
signal to be reconstructed by detecting only one of the two

Fig. 5. Architecture for coherent-detection Rayleigh OTDR. BPD:

balanced photodetector. The frequency shifter in the dotted box is

optional and allows this architecture to be used for B-OTDR.
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Fig. 6. Homodyne versus heterodyne detection.

quadratures. Heterodyne detection saves one PD per polar-
ization but at the expense of requiring wider bandwidth
components, which is typically not a problem in sensing.

Since the laser that generates the probe signal in Fig. 5
also serves as LO, if the MOD does not produce a frequency
shift (e.g., a Mach–Zehnder MOD), the architecture shown
would be homodyne detection. However, AOMs are also
commonly used in sensing transponders due to their high
extinction ratio. An AOM produces a frequency shift faom
typically on the order of tens of MHz. If the bandwidth of
the probe signal is narrower than faom, the architecture
would be heterodyne detection (e.g., [105]). An optional
frequency shifter can be included in the LO path, as shown
by the dotted box in Fig. 5. This enables the same architec-
ture to be used to detect Brillouin backscatter at reasonable
baseband bandwidth, as discussed in Section II-D.

The purpose of the coherent receiver is to recover the
baseband electric field

y (t) = ejφTx(t) [x (t)⊗ h (t)] + n (t) . (8)

This signal is typically sampled and digitized at a synchro-
nous rate of 1/Ts = M/T , where M is the oversampling
ratio relative to the pulse bandwidth. As per (7), the
signal can be parallelized into frames to obtain y[n,m] �
y(nTs + mTp), which is a 2 × 1 complex-valued vector of
the backscatter’s electric field at distance index n and time
index m. Differential products between pairs of polariza-
tions i and j can then be computed at the delay Δg, which
emulates a differential gauge length of zg = Δg(c/2neff )Ts

ζij [n,m] = yi [n,m] y∗j [n−Δg,m] , i, j ∈ {1, 2} . (9)

In principle, taking the unwrapped phase of any ∠ζij [n,m]

yields an estimate of fiber strain 	[n,m] at that position
and time. However, as each ζij [n,m] is the product of two
circularly Gaussian random variables, the reconstructed
phase will be noisy at faded positions. A more rigorous
approach is to combine them using a rotated-vector-sum
method (e.g., [72])

ζ [n,m] =
�
ij

e−jφij,nζij [n,m] (10)

where the optimum angles φij,n can be found by taking the
correlation between ζij [n,m] over a certain time window.
The unwrapped phase θ[n,m] = ∠ζ[n,m] is an estimate of
the strain 	[n,m] at fiber distance (n − Δg/2)(c/2neff)Ts

and time mTp.
Robustness against fading can be further improved by

using a polarization diversity scheme described in [91],
which recovers the full Jones matrix associated with each
fiber position. This can be accomplished, for example, by
sending alternate pulses in orthogonal polarizations. The
terms h(t), n(t), and y(t) in (8) then become 2 × 2
matrices, where each column is associated with the signals
received from launching a pulse in that polarization. The
round-trip phase of th scatterer at position index n can be
determined using [91]

ψ [n,m] =
1

2
∠det (y [n,m]) (11)

and from which the differential phase at the delay Δg can
be computed as θ[n,m] = unwrap(ψ[n,m]−ψ[n−Δg ,m]).

We can write θ[n,m] as

θ [n,m] = δφ [n,m] + φPN [n,m] + φAWGN [n,m] (12)

where φPN[n,m] and φAWGN[n,m] are noise terms arising
from laser PN and AWGN, both of which corrupt our esti-
mate of δφ[n,m]. Since φPN[n,m] arises from differential
detection between two spatial points separated by gauge
time τg = ΔgTs, if the laser has one-sided frequency noise
spectrum of Sνν(f), the one-sided spectrum of φPN[n,m]

will be

SφPNφPN (f) = (2π)2 |1− e−j2πfτg |2Sνν (f) . (13)

The spectrum of φAWGN[n,m] term depends on ηN , which
is the SNR of y[n,m] and is subject to Rayleigh fading.
Since half of the power of AWGN is in the azimuthal
direction, and phase is sampled at a rate Rp, while dif-
ferential detection doubles the PN power per sample,
we have

SφAWGNφAWGN (f) =
2

ηNRp
. (14)

The schematic inFig. 7 illustrates the spectrum of θ[n,m].
Note that the vibration term includes both the event of
interest and ambient environmental noise (e.g., wind, tem-
perature fluctuations, and equipment noise) For a vibra-
tion event to be detectable, there must exist frequencies
over which δφ[n,m] is larger than all the other terms.
The noise power spectral density (PSD) of φ-OTDR is
SφPNφPN (f) + SφAWGNφAWGN(f) in units of rad2/Hz. The
measurand resolution of DAS is the smallest strain 	 that
can be resolved. By inverting (5) (assuming strain only)
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Fig. 7. Illustrating the requirement for vibration detection. The

PSD of an event of interest must be greater than the sum of laser

PN, AWGN, and ambient environmental noise over some part of the

phase spectrum.

and setting Δz to the gauge length zg, we have

	min =
λ

4π (0.78) neffzg

�
SφPNφPN (f)+SφAWGNφAWGN (f)

(15)

in units of 	/(Hz)1/2. Note that (15) is frequency-
dependent due to coloring by SφPNφPN(f). Of particular
interest is laser PN at low frequencies. This technical noise
arising from thermal expansion or mechanical vibration
of the laser cavity will typically result in Sνν(f) rising
above the high-frequency limit of Δν/π imposed by the
laser’s native Lorentzian linewidth Δν [107]. Vibration
detection at low frequencies is challenging, as it requires
lasers to be stable down to 0.1 to 20 Hz for seismic
detection [95]. System performance (measurand resolu-
tion and low-frequency performance) versus laser cost is
an important tradeoff. Laser PN also makes φ-OTDR more
suitable for measuring dynamic strains than static strains.
From Fig. 7, a vibration event of interest can be detected by
passing θ[n,m] (with m being the time variable) through
a digital bandpass filter, followed by thresholding or an
appropriate ML algorithm for vibration detection and event
classification.

If the FUT is unamplified, he received optical power
will be lowest at the far end of the FUT, i.e.,
Pmin = Pe−2αL|s(L)|2zr. The minimum SNR is, thus,
given by

ηmin =
Pe−2αL|s (L) |2zr

N0
(16)

where N0 = 2hν(F − 1)B is the variance of optical
noise over the bandwidth of the sensing signal assuming
matched filtering and is set by the receiver’s preamplifier,
where ν is the optical frequency of the sensing signal and
F is the noise figure of the preamplifier. As the amplitude
of each polarization component |si(L)| is Rayleigh distrib-
uted, ηmin is statistical. For a given SNR sensitivity level,
there exists an outage probability.

3) Coded-DAS Using Rayleigh Backscatter: Although SNR
can be improved by increasing the peak power P of

the pulses, in practice, Kerr nonlinearity and Brillouin
scattering restrict the usable P , which limits ηmin and,
thus, the sensing range Lmax at a given minimum SNR
requirement. One method to improve SNR is to replace p(t)
with a coded sequence c(t) whose autocorrelation function
Rcc(t) = c(t) ∗ c(t) approximates a delta function

Rcc (t) =

� +∞

−∞
c
�
t�
�
c
�
t� + t

�
dt� ≈ N · δ (t) . (17)

Neglecting laser PN, it is observed that

c (t) ∗ y (t) = c (t) ∗ [c (t)⊗ h (t) + n (t)]

≈ N · h (t) + c (t) ∗ n (t)

= N · ĥ (t) . (18)

Thus, the Rayleigh impulse response can be estimated by
performing correlation detection on the received signal
y(t). It is important that Rcc(t) is negligible outside of a
narrow time window. Otherwise, ĥ(t) = (1/N)Rcc(t)⊗h(t)

will have “spatial leakage,” i.e., ĥ(t) will have contributions
from h(t − u) for certain values of u. This means that
vibration at the fiber position with delay t − u will appear
at the fiber position with delay t. Examples of “good”
codes that have been proposed for coded φ-OTDR include
simplex codes [68], Golay codes [69], and chirped pulses
[72]. Golay codes comprise a pair of bipolar sequences
a[l] and b[l] of length N = 2M , with the special property
that the sum of their autocorrelation functions is a delta
function

a [l] ∗ a [l] + b [l] ∗ b [l] = 2N · δ [l] . (19)

In Golay-coded φ-OTDR, the transmitter sends
a(t) =

	
n a[l]p(t− lT ) during odd frames, and

b(t) =
	

n b[l]p(t− lT ) during even frames. p(t) is
the pulse shape and can be a rectangular pulse of duration
T defined earlier. Let ya(t) and yb(t) be the Rayleigh
backscatter received due to launching a(t) and b(t) into
the FUT. The receiver performs correlation detection. In
the absence of AWGN or PN, the autocorrelation property
of Golay codes gives

a (t) ∗ ya (t) + b (t)∗yb (t) = 2N · Rpp (t)⊗ h (t) (20)

where Rpp(t) is the autocorrelation of p(t). This is the same
result as passing the received signal for the uncoded case
in (3) through a matched filter, and the extra factor of 2N
is the coding gain. Since two frames are needed to produce
one estimate of h(t), the SNR gain is N . A disadvantage of
using Golay codes is that, if the channel changes between
frames, there will be a loss of performance due to spatial
leakage not canceling when summing the correlation out-
puts of two consecutive frames.
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An alternative approach is to use chirped pulses as
the “coded” sequence. In this case, the transmitter sends
[108], [109]

p (t) =
√
P exp

�
j2πγ

t2

2

�
rect

�
t

Tc

�
(21)

where Tc is the chirp duration and γ is the chirp rate
since the instantaneous frequency of (21) is f(t) = γt.
One way to generate chirped pulses is to use digital-DACs
driving a Mach–Zehnder I/Q MOD. The signal in (21) has
a bandwidth of B = γTc, and its autocorrelation is

Rpp (t) = (Tc − |t|) sinc (γt (Tc − |t|)) . (22)

For long chirp duration Tc � T , the width of the sinc(·)’s
main lobe is T = 1/γTc = 1/B, which is the same spatial
resolution as using a rectangular pulse of duration T in
uncoded φ-OTDR. The effective “code length” of a chirped
pulse is N = Tc/T . Hence, φ-CP-OTDR also increases SNR
by the coding gain N . φ-CP-OTDR has also been referred
to as time-gated domain OFDR (TGD-OFDR) [72]. The use
of φ-CP-OTDR recently yielded a single-span DAS reach
of 171 km [75], while a frequency-diversity implementa-
tion using all-Raman amplification yielded a DAS reach
of 1007 km [76].

C. DFOS Based on Frequency-Domain
Measurement of Rayleigh Backscatter

An alternative approach to Rayleigh-based sensing
comes from recognizing that the round-trip phase δφ

between scatterers in (5) comprises two components:
the ambient component δφ0 = 4πνneffΔz/c, which is
proportional to optical frequency, and the perturbation
components, which changes with 	 and ΔTe. Suppose that
strain and temperature change slowly enough that it is
possible to scan the center frequency ν of the probe signal
until a frequency offset Δν is found, which restores δφ
to the original value. This can be observed by the speckle
pattern y[n,m] (at center frequency ν + Δν) returning to
the original shape y[n,m0] measured at a previous time
index m0 (at center frequency ν) in the neighborhood of
position index n. Let the distance-dependent frequency
shift be Δν[n]. Inverting (5), we have [103]

Δν

ν
= −k�	− kΔTeΔTe. (23)

At a typical telecom frequency of ν = 193.4 THz, the
sensitivity of Δν to strain and temperature are around
151 MHz/με and 1.34 GHz/K, respectively. This is the basis
for DTSS using Rayleigh backscatter.

1) DTSS Using Direction Detection of Chirped-Pulse OTDR:
A property of chirped pulses introduced in (21) for CP-
OTDR is that instantaneous frequency is proportional to

Fig. 8. Three DD-CP-OTDR frames measured when a region of the

FUT around 979 m was heated to three different temperatures [71].

time and, thus, frequency shift maps to temporal delay.
This property is exploited in DD-CP-OTDR that was devel-
oped in [74]. The probe pulse is the same as in (21), but
the chirp, in this case, is not intended to increase code
length but to increase optical bandwidth. The chirp rate is
given by γ = Δf/Tc, where B = Δf is the chirp-induced
bandwidth of p(t). Provided Δf � 1/Tc, i.e., the chirp-
induced bandwidth is much larger than the transform-
limited pulse bandwidth, localized displacement due to
strain or temperature change will manifest as delay of the
received amplitude speckle pattern [74]. The DD-CP-OTDR
architecture is the same as in Fig. 4 with the output of
the MOD being a chirped pulse. Fig. 8 shows examples
of three amplitude profiles |y[n,m]|2 measured in a DD-
CP-OTDR experiment when a fiber section around 979 m
was heated. The spatial shift of the amplitude profile due
to temperature change can be observed [71]. The receiver
records an initial amplitude profile at calibration. During
measurement, the instantaneous amplitude profile is cor-
related with the reference over a predetermined window
around a fiber position of interest, from which strain or
temperature change is inferred from the estimated delay.
This method achieves a spatial resolution of

zr =
cTc

2neff
(24)

as the timescale of the smallest resolvable feature in
|y[n,m]|2 is governed by the pulsewidth Tc.

The use of spatial correlation makes DD-CP-OTDR less
sensitive to SNR fluctuations arising from Rayleigh fading
than φ-OTDR. This is irrespective of whether coded or
uncoded pulses are used for coherent φ-OTDR, as corre-
lation detection ultimately recovers h(t) with only a linear
coding gain, which is prone to Rayleigh fading. Suppose
that the amplitude at a particular fiber position was faded.
Since the amplitude of neighboring points is unlikely to
also be faded, the spatial correlation should still produce a
valid temporal delay. Fig. 9 shows the pdf of strain noise
obtained with φ-OTDR and DD-CP-OTDR over long-term
measurement, which allows averaging of a large number
of Rayleigh fading realizations [110], [111]. As the pdf
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Fig. 9. PDF of strain noise using φ-OTDR and DD-CP-OTDR [110].

of DD-CP-OTDR has a much smaller standard deviation,
this method achieves near-equal performance for all spatial
points [110]. This was found to be true even when mea-
suring sub-Hz vibrations at low vibration sampling rates
Rp [20]. DD-CP-OTDR is suitable for seismic sensing as the
direct detector output can be analyzed without denoising
or smoothing to compensate for strain measurement errors
at faded positions [21]. The disadvantage is increased
detector bandwidth, which must accommodate the chirp-
induced bandwidth Δf .

In DD-CP-OTDR, laser PN will also cause the return
signal to be delayed, as the derivative of PN is frequency
noise. However, the delay caused by laser PN will be
constant for all spatial positions n in each frame |y[n,m]|2,
permitting a PN compensation method proposed in [73],
where an unperturbed fiber serves as a reference at the
transponder. DD-CP-OTDR with laser PN compensation
can achieve high strain measurand resolution on the
order of p	/(Hz)1/2 even when using lasers with MHz
linewidths [112].

2) DTSS Using OFDR: By increasing the chirp duration
Tc in (21) to the frame period Tp, we obtain OFDR [113].
A more conventional architecture for OFDR is shown in
Fig. 10. The frequency-swept light source can be generated
with DACs driving an optical MOD as in CP-OTDR. Alter-
natively, a wavelength-tunable laser driven by a sawtooth
signal can be used. The second approach has the advantage
that much larger chirp bandwidths Δf can be produced.

Fig. 10. Architecture for Rayleigh OFDR (OFDR). The delay fiber

sets the reference point in the FUT for the measurement of the

Rayleigh frequency response.

Fig. 11. Instantaneous frequency versus time for the LO light in

OFDR (with and without delay fiber) and for the Rayleigh

backscatter reflected at fiber position z.

The spatial resolution achieved is [114]

zr =
c

2neffΔf
. (25)

A tunable laser sweeping across the C-band (∼5 THz)
can yield a spatial resolution of ∼20 μm and allows the
interrogation of fine structures inside optical devices for
characterization and fault diagnosis [115].

As with φ-OTDR, the received backscatter can be
detected using a coherent receiver, with the difference
that the LO is now the frequency-swept source. Fig. 11
shows instantaneous frequency versus time for the LO
and the backscattered light reflected at fiber position z,
which has a round-trip delay τ . It is observed that their
beat product has a constant frequency difference of −γτ .
Hence, fiber position maps to beat the frequency of the
received signal. If the complex-valued dual-polarization
outputs of the coherent receiver are passed through EBPF
with bandwidth Be centered around −Δf = −γτ , the
output at time t will be an estimate of the Rayleigh
frequency response H(z, f(t − (2neffz/c))), where z =

(c/2neff )(Δf/γ) is the fiber position measured and f(t) is
the instantaneous frequency of the frequency-swept light
source at t. Note that the Rayleigh impulse response (such
as recovered by y[n,m] in φ-OTDR) and the Rayleigh
frequency response are related by a 1-D Fourier transform

pair h(z, t)
F←→ H(z, f). The EBPF output in time is a read-

out of the spectrum of the Rayleigh backscattered light at z.
In addition, an EBPF with bandwidth Be has an integration
time of∼1/Be. The measured Rayleigh frequency response
is, thus, for a fiber section of length ze = (c/2neff )(Be/γ)

centered at z, which can be interpreted as a “fiber Bragg
grating,” where, in the presence of strain or temperature
change, the spectrum of the backscattered light will expe-
rience a frequency shift. Measuring H(z, f) over successive
time frames (with frame period Tp) and correlating them
allow estimation of the spatiotemporal temperature-strain
profile of the FUT.

The drawbacks of OFDR as described are: 1) the
beat frequency is proportional to the distance from the
transponder, potentially requiring large receiver band-
widths and 2) more importantly, the measurement range is
limited by the coherence length of the light source [116],
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i.e., when the phase of the LO becomes uncorrelated with
the phase of the backscatter generated by the same laser at
time τ earlier, frequency of the beat signal will no longer
map simply to fiber position. Tunable lasers typically have
coherent lengths of only a few tens of meters, which is
insufficient for measuring large-scale structures, such as
an optical fiber network. It is possible to overcome the
coherence length limit by adding a delay fiber of length 2z,
as shown by the dotted box in Fig. 10 [117]. The delay
fiber will match the PN of the signal reflected at z with that
of the delayed LO while also shifting the beat frequency
to dc. The delay fiber, thus, changes the reference position
from the circulator output to z. Laser coherence length will
determine the relative distance from the reference over
which measurement results are not distorted by PN. The
delay fiber should be housed in an enclosure more mechan-
ically and thermally stable than the FUT to prevent its
environmental noise from impacting measurement results.

In general, using an external MOD to generate the
frequency-swept signal will achieve a longer coherence
length than using a tunable laser, as a low phase-noise seed
laser can be used at the MOD input [118]. Furthermore,
the sweep profile of a tunable laser will not be perfectly
linear. An additional delay interferometer arm is often used
to track the sweep profile and calibrate the OFDR measure-
ment [119]. This requires additional optical and electrical
hardware. The external modulation configuration may also
allow a higher repetition (frame) rate Rp, allowing faster
vibrations to be measured.

As per (23) Δν is a function of both 	 and ΔTe. If one of
these variables is static, the other variable can be deter-
mined. However, a real fiber cable usually experiences
both temperature and strain variations together. Some
approaches to temperature-strain discrimination include
the following.

1) Using a hybrid Brillouin/Rayleigh system (Brillouin-
based DFOS is discussed in Section II-D) [120], [121].
The frequency shifts Δν/ν and ΔfB obtained using
the Rayleigh and Brillouin systems give rise to a
matrix equation



Δν

ΔfB

�
=



−νk� −νkΔTe

c� cΔTe

�

	

ΔTe

�

which can be inverted to estimate 	 and ΔTe.
2) Using a PM fiber, where birefringent-dependent fre-

quency shift provides an extra parameter Δνbire,
which results in an invertible matrix equation for 	
and ΔTe [122].

D. DFOS Based on Brillouin Scattering

In distributed strain and/or temperature sensing using
Brillouin scattering, the return signal is at a frequency
shift of ±fB relative to the input signal. SpBS originates
from the interaction between the propagating light with
thermally excited acoustic phonons propagating in guided

acoustic modes of the fiber. The BGS typically has a
linewidth of ΔνB ≈ 30 MHz, while its center frequency, or
the BFS fB , is around 10.7 GHz. Both BGS and BFS depend
on the doping characteristics of the fiber and the changes
in temperature or applied strain. In the presence of strain 	
or temperature change ΔT at a given fiber position, the
BFS at that position will be shifted by [123]

ΔfB = c�	+ cΔTeΔTe (26)

where c� and cΔTe are the strain and temperature coef-
ficients, with typical values around 0.048 MHz/με and
1.1 MHz/K, respectively [22], [124]. Note that these shifts
are around three orders of magnitude smaller than using
Rayleigh in (23).

Just like in Rayleigh OTDR, an uncoded B-OTDR trans-
mitter launches rectangular pulses into the FUT. The coher-
ent receiver, as shown in Fig. 5, can be reused, and ΔfB

is estimated at every position in the B-OTDR. To reduce
the sampling rate requirement, the transmitter’s seed laser
can be frequency shifted by the mean value of fB in
ambient conditions. The shifted laser then serves as the
LO. In this case, the ADCs only need to sample at a rate of
Rs ≥ 2|ΔfB,max|+ΔνB , where |ΔfB,max| is the maximum
BFS excursion that can occur at any fiber position at its
maximum operating range. This will ensure the sampled
signal captures the entire BGS without aliasing. As before,
let the sampling rate be Rs = M/Ts, where M is the over-
sampling ratio relative to the pulse bandwidth. The ADC
output is parallelized as per (7), and we denote the present
signal due to Brillouin backscatter as yB [n,m], with n

being the delay (position) index and m the time (frame)
index. The samples in each frame can be grouped into
blocks of lengthNb, with the samples in the lth block being
yB,l[n

�,m] = yB [lNb + n�,m] for 0 ≤ n� < Nb. The BGS
can be calculated as the square amplitude of the FFT of
yB,l[n

�,m]

YB [k, l,m] =

�����
Nb−1�
n′=0

yB,l


n�, m

�
e−j2πn′k/Nb

�����
2

(27)

where k is the frequency index that corresponds to analog
frequency kRs/Nb, l is the position index, andm is the time
(frame) index. Although BGS is computed at a distance
spacing of (c/2neff )(Nb/Rs), the spatial resolution is the
same as in Rayleigh OTDR given by (4).

Brillouin scattering is typically 15–20 dB weaker than
Rayleigh scattering [125]. To estimate BFS accurately, it is
often necessary to first average YB[k, l,m] overMB consec-
utive frames before estimating ΔfB . Temporal averaging
will reduce the sampling rate of strain and temperature to
Rp/MB . B-OTDR is more suitable for measuring static or
slowly varying strain and temperature.

One method to improve SNR is to use the B-OTDA
configuration [22], [23], [24]. In the architecture shown
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Fig. 12. Architecture of Brillouin OTDA (B-OTDA). An SBS

generated in the top path by a frequency shifter is launched in a

counterpropagating direction to the pulsed or coded “pump”

generated in the bottom path. BGS is measured by sweeping fB.

in Fig. 12, part of the seed laser is frequency downshifted
by fB in the vicinity of the BFS to generate a Stokes
probe signal (SBS) that is launched into the remote end
of the FUT. The input signal, either as pulses or as a
coded sequence [84], becomes a “pump” that provides
stimulated gain to the SBS. The gain experienced by the
probe depends on fB via the BGS and is governed by
standard intensity rate equations [126]. By stepping fB

through an appropriate range, the BGS profile of the FUT
can be measured. The receiver comprises of an optical filter
that selects the Stokes signal followed by direct detection.
The advantage of B-OTDA is increased sensing range due
to higher received power. A potential drawback is that this
method requires access to both ends of the FUT, which is
not always feasible in downhole applications but is not a
limiting factor in transportation infrastructures.

As with Rayleigh-based sensing, coding can be employed
in B-OTDR and B-OTDA to improve SNR. Since Brillouin is
based on power measurement, applicable codes can only
take nonnegative values. Complementary Golay codes are
an example of such a code that was proposed in [83]. This
scheme was later used in [84] to demonstrate B-OTDR at
1-cm resolution. Recall the Golay sequences a[l] and b[l]

introduced earlier in Section II-B. Four unipolar sequences
can be generated as follows:

a1 [l] =
1

2
(1 + a [l]) (28a)

a2 [l] =
1

2
(1− a [l]) (28b)

b1 [l] =
1

2
(1 + b [l]) (28c)

b2 [l] =
1

2
(1− b [l]) . (28d)

From the autocorrelation property of Golay sequences
in (19), we have

a [l] ∗ (a1 [l]−a2 [l])+b [l] ∗ (b1 [l]−b2 [l])=2N · δ [l] . (29)

The transmitter generates four continuous-time
sequences by modulating ai[l] and bi[l] with an appropriate

pulse shape, such as rectangular pulses with duration T .
The four continuous-time signals are then successively
launched into the FUT. Let yB,a1(t), yB,a2(t), yB,b1(t), and
yB,b2(t) be the Brillouin backscatters received from the
transmission of a1(t), a2(t), b1(t), and b2(t), respectively.
Suppose that these signals are sampled and digitized
at a rate Rs = M/Ts as before, and (27) is invoked by
setting Nb = M so that the square amplitude of the FFT is
computed at a spatial spacing equal to the baud interval
T of the coded sequences. Let YB,a1[k, l,m] be the square
amplitude of the FFT for the mth frame of a1(t) and so on.
From (29), the BGS can be obtained by computing

YB [k, l,m] = a [l] ∗ (YB,a1 [k, l,m]−YB,a2 [k, l,m])+b [l]

∗ (YB,b1 [k, l,m]−YB,b2 [k, l,m]) (30)

for all frequency indices k, spatial indices l, and frame
indices m. For a code of length N , it has been shown
that SNR will be improved by a coding gain of (N +

1/(2N)1/2) [84]. The square-root proportionality is due to
intensity detection.

Simplex codes [78] and cyclic codes [80] are other types
of codes that have been demonstrated for Brillouin sensing.
These achieved SNR coding gains of (N+1/2(N)1/2) [79].
Improvement in BFS accuracy has also been demonstrated,
although not in the same proportion as with SNR. Recently,
the pros and cons for unipolar Simplex and Golay codes,
as well as optimization rules, were reported in [81],
ultimately demonstrating that: 1) simplex codes are pre-
ferrable over Golay codes for long-range sensing due to
their robustness against pulse power nonuniformity and
2) high-order nonlocal effects limit the optimum code
length to 2/gmax, where gmax is the maximized single-pulse
Brillouin gain.

Genetically optimized aperiodic codes have also been
studied [85]. Unlike Simplex and Golay codes that require
sending different sequences, aperiodic codes use only
one unique predefined sequence. One advantage of this
approach is that there is no need for individual pulses
within the sequence to have the same intensity as in
Simplex and Golay, so the transient response of EDFAs is
not detrimental to performance.

Ultimately, Simplex, Golay, genetically optimized, and
cyclic codes use time as the coding domain. As Brillouin
sensing is a frequency analysis, there exist color codes
that use not only the time domain but also the frequency
domain for coding. A matrix defines the code both in the
time and frequency domains; in other words, a different
frequency is attributed to any individual pump pulses [86].
To balance energy transfer, the proposed scheme used a
dual pump configuration (two pump frequencies at + and
– Brillouin shift from the central laser frequency) with a
frequency shifted probe to recover the Brillouin changes
induced by temperature or strain.

Finally, a combination cyclic color code was also pro-
posed [87]. In this case, there is a running pulse pattern
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that fills the fiber entirely. As one pulse exits, another
one enters the fiber, as in an endless ribbon, while each
individual pump pulse has a different frequency. Colored
cyclic codes have a (2)1/2 gain improvement compared
with noncyclic codes.

BFS can be obtained from the BGS measured with
B-OTDR (coded or uncoded) or B-OTDA in several ways,
such as by interpolating YB[k, l,m] with quadratic least-
squares fit to find the fractional value k, where the BGS
has a maximum value [127]. It is also possible to correlate
YB[k, l,m] with the known BGS shape of the fiber and then
find the position of the correlation peak [128], and the
detection of temperature or strain anomalies smaller than
the spatial resolution has been reported using curve fitting
based on spectral analysis and deconvolution [129], [130].
ML methods have also been proposed [131], [132].

As per (26), the BFS ΔfB obtained via B-OTDR
or B-OTDA is a function of both 	 and ΔTe. Some
temperature-strain discrimination approaches that have
been described in the literature include the following.

1) Using a hybrid Raman/Brillouin system. As the
Raman system (covered in Section II-E) is sensitive
to temperature changes only, its contribution to ΔfB

can be removed [124], [133].
2) A related approach uses the “Landau–Placzek ratio”

between the Brillouin scattering intensity and the
Rayleigh scattering intensity to infer temperature
independently of strain [134], from which tempera-
ture’s contribution to ΔfB is removed.

3) Special cable design, such as incorporating tightly
strain-coupled fiber with loose tube fiber in the same
cable. It is assumed that strain on the loose tube fiber
is zero; thus, its BFS is sensitive to temperature only,
which allows the strain to be determined from the BFS
of the strain-coupled fiber [135].

4) Using diversity, such as two (or more) different
cores of a heterogeneous multicore fiber [136]
or two (or more) modes of a multimode fiber
[137], [138]. Equation (26) then becomes a matrix
equation

ΔfB = c



	

ΔTe

�
.

Provided that c has rank two, 	 and ΔTe can be
determined from c−1ΔfB , where c−1 is the either
inverse or Penrose pseudoinverse.

5) Exploiting birefringence in a polarization-maintaining
(PM) fiber; the dynamic grating created by Bril-
louin scattering induces different Doppler shifts on
x- and y-polarized signals, providing a second vari-
able, Δfyx, with a different dependence on tempera-
ture and strain [139].

6) Large-effective area fibers (LEAFs) have multiple Bril-
louin scattering peaks due to using different dopant
compositions or different doping concentrations in

Fig. 13. Architecture of Raman OTDR (R-OTDR). APD: avalanche

photodiode. ELPF: electrical low-pass filter. WDM:

wavelength-division multiplexer. Options (1) and (2) use the powers

at the Raman Stokes and Rayleigh frequencies, respectively, to

normalize the power measured at the Raman anti-Stokes

frequency.

the radial layers to achieve the desired refractive
index profile. Similar to 4), this results in an invertible
matrix equation for ΔfB [140].

7) In addition to BFS, the shape of the BGS also changes
slightly depending on whether the perturbation is
caused by temperature or strain. This was exploited
in [141] where an artificial neural network (ANN)
enabled simultaneous determination of 	 and ΔTe

from the BGS.

E. DFOS Based on Raman Scattering

The third backscattering mechanism commonly used
in DFOS is SpRS, which is an inelastic scatter-
ing process where the incident light interacts with
phonons associated with thermally influenced molecular
vibrations [126].

The architecture for DTS using SpRS is shown in
Fig. 13. Just like Rayleigh OTDR, the uncoded R-OTDR
transmitter launches rectangular pulses of duration T

into the FUT through an optional circulator (if Rayleigh
backscatter is used for power normalization) followed by
a WDM. Backscattered photons at the Raman anti-Stokes
and Stokes frequencies are received on the other two ports
of the WDM. Due to low received power, APD is used for
photodetection of Raman backscattered photons, followed
by electrical amplification, electrical low-pass filtering, and
sampling by ADCs. R-OTDR has the same spatial resolution
as (4) for Rayleigh-based OTDR.

SpRS can be analyzed as a three-level system [142].
Let the peak power of the probe pulse evolve as Pp(z) =

Pp0g(z), where Pp0 is the pulse peak power at launch, and
g(z) = exp(− � z

0 α(z�)dz�) is the loss experienced by the
probe pulse duration forward propagation, with α(z) being
the fiber’s attenuation at the probe wavelength. If αs(z)

and αas(z) are the fiber’s attenuations at the Stokes and
anti-Stokes frequencies, the fiber segment at position z at
the temperature Te(z) will generate Raman backscattered
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light with powers of [143]

Ps (z) = Ks
Pp0

1− exp
�
− hfR

kBTe(z)

�g (z) gs (z) (31a)

Pas (z) = Kas

Pp0exp
�
− hfR

kBTe(z)

�
1− exp

�
− hfR

kBTe(z)

�g (z) gas (z) (31b)

where h is Planck’s constant, fR is the Raman frequency
shift, kB is Boltzmann’s constant, Ks and Kas are fitting
constants, and gs(z) = exp(− � z

0 αs(z
�)dz�) and gas(z) =

exp(− � z

0 αas(z
�)dz�) account for the loss experienced by

the backscatter on the return trip to the sensing receiver.
Note Pas(z) alone is temperature-dependent and can

serve as a temperature sensor. However, measuring Pas(z)

in isolation is susceptible to power fluctuations of in Pp0.
Moreover, the exact loss profiles α(z), αs(z), and αas(z)

may be unknown due to losses from splices, connec-
tors, and fiber bends. To improve accuracy, it is common
to normalize the anti-Stokes power measurement with
either the power of the Raman stokes backscatter [41]
or the Rayleigh backscatter Pr(z), which is temperature-
independent [42], [144]

Pr (z) = KrPp0g
2 (z) . (32)

Let the output of the receiver circuit in Fig. 13 be
Is(z) = ηsPs(z), Ias(z) = ηasPas(z), and Ir(z) = ηrPr(z),
where ηs, ηas, and ηr are the detector efficiencies at the
Raman Stokes, Raman anti-Stokes, and Rayleigh frequen-
cies, respectively. When Is(z) is used to normalize Ias(z),
the ratio between (31a) and (31b) can be inverted to
yield [145]

Te (z)=
C1

ln
�

Is(z)
Ias(z)

�
+ C2+

� z

0
(αs (z�)−αas (z�)) dz�

(33)

where C1 = hfR/kB and C2 = ln(ηasKas/ηsKs) are
fitting constants that can be obtained during calibration.
Alternatively, if Ir(z) is used to normalize Ias(z)

Te (z)=
C1

ln
�
1 + Ir(z)

Ias(z)
exp

�
C3+

� z

0
(α (z�)−αas (z�)) dz�

��
(34)

where C3 = ln(ηasKas/ηrKr). Lumped losses along the
fiber cable arising from splices, connectors, and bends
are typically wavelength-independent and are canceled
in (33) and (34). However, accurate temperature mea-
surement still requires correct compensation of WDL of
the fiber. WDL may vary over time due to fiber degrada-
tion (e.g., hydrogen ingress [146]) or change in external
conditions, requiring periodic calibration and compensa-
tion of WDL over long periods of operation. Alternative

Fig. 14. Vibration detection using a Sagnac interferometer.

approaches, such as using a double-end configuration
[147], a double-ended configuration with anti-Stokes
power measurement only [148], and a multiwavelength
configuration [149], have been proposed to improve
robustness against time-varying WDL.

SpRS is the weakest of the three scattering processes.
The powers at the Stokes and anti-Stokes frequencies are
typically 20 and 30 dB weaker than Rayleigh scattering,
respectively [126]. Just as with B-OTDR, temporal aver-
aging is required to realize good temperature estimation
accuracy. The intensity coding methods used in B-OTDR
and B-OTDA can also be applied to R-OTDR to increase
SNR by the coding gain. Examples using Simplex and cyclic
codes can be found in [77], [144], and [150].

F. DFOS Based on Forward Transmission

The DFOS methods introduced in Sections II-B–II-E
were based on the measurement of backscatter, which
has the advantage of good spatial resolution, but the
disadvantage is that backscatter is weak. An alternative
class of DFOS methods is based on forward transmission.
The higher received power enables higher optical SNR and
potentially longer sensing range. Forward transmission-
based sensing was first proposed in the context of a Sagnac
interferometer shown in Fig. 14 [151].

Suppose that a point source vibration induces an optical
phase of δφ(t) at a location on the Sagnac interferometer
where the CW and CCW propagation delays are τCW and
τCCW, respectively. The photodetector output is approxi-
mately proportional to the phase difference between the
CW and CCW signals, which is

Δθ (t) = δφ (t− τCW) + δφ (t− τCCW)

≈ (τCCW − τCW)
dδφ

dt
. (35)

If δφ(t) can be measured independently, say by inter-
fering one of the outputs of the interferometer with a
reference source, the delay difference τCCW − τCW can
be inferred, from which the position of the vibration can
also be estimated. This method was further refined in
[152] and [153].

1) Forward Transmission Method Based on Measurement
of Optical Phase: Recently, the optical phase measurement
method based on forward transmission was revisited in
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Fig. 15. Vibration detection using the bidirectional forward

transmission. When a point source vibration event occurs, each

receiver will measure an interferometric phase above the ambient

noise level. Correlating the phases measured by each receiver

enables the estimation of the vibration’s position.

the context of a bidirectional link shown in Fig. 15 [95],
[96], [97]. Inside the cable are two fibers. In one of the
fibers, the East (E) transponder transmits an unmodulated
c.w. laser. At the other end of the cable, the signal is
coherently detected by the West (W) transponder using
its laser as LO. In the other fiber, this is replicated with
the West transponder sending c.w. to the East transponder.
Suppose that the signals transmitted by the East and
West transponders are xE(t) = (PE)1/2ej(2πfEt+φE(t))

and xW (t) = (PW )1/2ej(2πfW t+φW (t)), where fE/W and
φE/W (t) are their respective optical frequencies and PNs,
and PE/W are their respective launch powers. Let the one-
way propagation delay of the FUT be TL = L/(c/neff ). If a
vibration event is well-modeled as a point source, and zE

and zW are the respective distances from each transponder
to the point in the FUT closest to the vibration source,
then τE = zE/(c/neff ) and τW = zW /(c/neff ) are the
respective delays. The interferometric signals obtained at
each receiver will have phases of

θE (t) = 2π (fW − fE) t+ (φW (t− TL)− φE (t))

+ δφ (t− τE) + φAWGN,E (t) (36a)

θW (t) = 2π (fE − fW ) t+ (φE (t− TL)− φW (t))

+ δφ (t− τW ) + φAWGN,W (t) (36b)

where δφ(t) is the vibration-induced phase of interest, and
φAWGN,E/W (t) are the PNs at each receiver due to all
the AWGN sources in the link, including ASE of inline
amplifiers and receiver noise. Equations (36a) and (36b)
have the same form as (12) for φ-OTDR, except that δφ(t)

is now the accumulated vibration-induced phase along the
whole link, the PN term is the phase difference between
E and W lasers, and there is an additional term in case
of a frequency offset between the lasers. The condition for
vibration detection can once again be analyzed as in Fig. 7.
Due to heterodyning, the PSD of PN is

SφPNφPN(f) = [Sνν,E(f) + Sνν,W (f)]
Æ
f2 (37)

where Sνν,E(f) and Sνν,W (f) are the frequency noise
spectra of the E and W lasers, respectively.

As with φ-OTDR, the interferometric phases in (36a)
and (36b) are typically passed through an optimized band-
pass filter, followed by thresholding, or more sophisticated
ML methods can be used to detect and classify vibration
events. After bandpass-filtering θ(t) BPF−→ θ�(t), the position
of the vibration can be estimated by taking the correlation
between θ�E(t) ∼ δφ�(t − τE) and θ�W (t) ∼ δφ�(t − τW ),
which will have a peak at Δτ = τE − τW . Since zE + zW =

L, the position of the vibration can be deduced as zE =

(1/2)(L + (c/neff )Δτ ) and zW = (1/2)(L − (c/neff )Δτ ),
respectively.

2) Forward Transmission Method Based on Measurement
of SOP: Another forward-transmission method that has
been proposed is based on the measurement of the SOP. It
has long been known that lightning strikes can cause fast
SOP rotation, which can result in the adaptive equalizers
in coherent transponders becoming unlocked, resulting in
burst errors [154]. A study conducted in [155] was able
to correlate fast polarization events with known lightning
strikes and found that lightning can induce angular veloc-
ities up to 5 Mrad/s on the Poincaré sphere in OPGW
aerial cables. Such large bandwidth potentially enables
accurate localization of lightning events using a time-of-
flight difference method similar to that described above
for optical phase detection, except here, the start time
of the event is defined as the onset of fast polarization
changes. Recently, this method has also been used for
seismic detection [99].

In contrast to the optical phase method, which measures
the change in polarization-averaged pathlength induced by
the environment, SOP is a measure of the relative phase
between signal polarizations arising from birefringence
and is insensitive to laser PN. One way to obtain the SOP
vector S[m] = [S1[m] S2[m] S3[m]]T as a function of the
time index m is to transmit a c.w. signal and measure the
Jones vector of the received signal

y [m] =



y1[m]

y2[m]

�
.

The three components of SOP can be calculated using

S1 [m] = |y1 [m] |2 − |y2 [m] |2 (38a)

S2 [m] = 2Re {y1 [m] y∗2 [m]} (38b)

S3 [m] = 2Im {y1 [m] y∗2 [m]} . (38c)

Alternatively, a data-modulated signal can be trans-
mitted, and SOP is extracted from the weights of the
time-domain equalizer (TDE) in the coherent transponder.
Suppose that the TDE at the mth time index is

w(m) =



w(m)

11,n w(m)
12,n

w(m)
21,n w(m)

22,n

�
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where each w(m)
ij,n is a vector of length Neq which is the

memory length of the equalizer. Since the TDE rotates
the signal back to the reference transmitted polarizations,
taking the time-average of the weights yields its dc value,
which is the inverse of the channel’s Jones matrix:

W(m) =

�
���
�

n

w(m)
11,n

�
n

w(m)
12,n

�
n

w(m)
21,n

�
n

w(m)
22,n

�
��� .

Either column of W(m) is equivalent to y[m], from which
SOP can be calculated.

SOP fluctuations induced by the environment are a
random walk on the surface of the Poincaré sphere. It was
shown in [100] that every fiber segment contributes an
isotropically distributed random vector Δsz, and the vari-
ance of its length is proportional to the product between
the variance of PMD in that segment, �τ 2(z)�, and the
square of the local strain 	(z) in that segment. End-to-end
SOP change is then given by the integral

�Δs2� = π

4

�
2πc

λ

�2 � z

0

�τ 2 (z)�	2 �z�� dz�. (39)

The square dependence on local strain inside the inte-
gral means that positive and negative strains excited by
a pressure wave at different locations of the fiber do not
average out to zero, as might be the case with optical phase
measurement. It was, thus, argued that SOP measurement
can serve as a complementary tool to optical phase mea-
surement [100].

III. M O N I T O R I N G G E O H A Z A R D S W I T H
D I S T R I B U T E D S E N S I N G
Optical fiber cables are commonly deployed along trans-
portation infrastructures as part of the owner/operator
backbone. Fibers of the communication cable can be made
available to improve the protection of the infrastructure
against natural hazards by implementing a GTMS [31].
The GTMS makes use of the available fibers, comprises
DFOS (DAS, DSS, and/or DTS) interrogators and a data
analysis software layer, and aims to detect and locate the
preliminary signs of all natural events that can threaten
civilian infrastructure. In some cases, dedicated strain
sensing cables can be laid in parallel to the telecom cable
along the whole length of the infrastructure [158] or in
specific sections where the geohazard risk is higher, and
risk mitigation requires higher sensitivity [157]. In the lat-
ter case, the telecom cable is used to monitor temperature
everywhere, detect large ground movements, and route the
sensing signal to the dedicated strain sensing cables.

In this section, we show the detection and localization of
three types of ground movement, which cover most of the
cases encountered in practice, namely, erosion, landslide,
and subsidence. Each of these ground movements produces

Table 1 Geohazards and Sensing Methods

unique spatiotemporal signatures in temperature and/or
strain that can be measured using the DTS, DAS, and DSS
methods covered in Section II [156]. Table I summarizes
the three natural hazards of interest and with which com-
bination of DFOS techniques they can be apprehended.
The DAS system used in this section is based on CP-OTDR,
while both DTS and DSS are based on B-OTDA. B-OTDA
is preferred for the applications described here as it can
handle sensing lengths over 50 km while keeping the
spatial resolution below 4 m [31]. B-OTDA also has better
tolerance against an increase in fiber loss due to acceler-
ated fiber aging resulting from natural hazards [157].

A. Soil Erosion Measurement Using DTS

Erosion is the removal of soil or rock under the action of
waterflow, wind or glaciers, which transports the removed
material to another location. This ground movement is best
monitored using DTS, as cover material provides thermal
insulation to the duct or pipeline carrying the optical cable.
When surface material is removed in the vicinity of the
fiber optic cable, the cable may become directly exposed
to surface water or ambient temperature changes. Even
if the cable is within an enclosure, water infiltration from
flooding, and change in soil condition between frozen and
thawed states will impact local soil temperature.

An example is shown in Fig. 16 for an erosion event that
occurred on an optical cable buried along the ROW of a
natural gas pipeline in Peru [158], [159], [160]. The route
of this cable climbs the oriental slopes of the Andes. Fig. 17
shows a photograph of the ground condition around the
temperature anomaly that was pinpointed by the GTMS,
which was subsequently confirmed by visual inspection.
A tension crack had developed in the ROW at this location,
resulting in water infiltration following sudden rainfall.
This water infiltration provoked a fast and significant
temperature drop over a short segment of cable. Fig. 16(a)
shows the time evolution of temperature for two fiber
positions at the pothole (25, 265 m), and at 18 m
away (25, 247 m). Following a sharp initial drop, the
temperature is observed to increase exponentially back
to its normal value as the surrounding soil dried out.
Fig. 16(b) shows the spatial temperature profile mea-
sured on three different days. The water infiltration event
impacted around 20 m of cable and is observed on
May 16, 2016. These two figures show typical spatial and
temporal signatures for erosion events over flat land that
was also encountered along other pipelines.
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Fig. 16. (a) Temporal and (b) spatial evolutions of temperature

due to a water infiltration event caused by soil erosion [160].

Shallow water flowlines in Arctic conditions also suffer
from erosion due to the pipeline acting as a heat source,
which affects local soil characteristics. This can lead to
the melting of the permafrost. The pipeline trench is then
more prone to erosion or scouring by sea current or water
streams flowing from shore. Cold water can then ingress
into the naturally excavated trench and induce a cold spot
that can be detected by the GTMS [161], [162], [163].

These erosion-associated temperature events are not iso-
lated cases but are commonplace in most of the pipelines
monitored so far using DTS. Similar behaviors have also

Fig. 17. Photograph of the eroded surface which caused the water

infiltration event in Fig. 16 [160].

Fig. 18. (a) Temperature variation measured with DTS compared

with local meteorological data for Event 1. (b) Temperature profiles

showing three temperature anomaly events caused by erosion

[164], [165].

been reported in power cables, where temperature sensing
can help assess soil coverage around the structure [163].

Another example where DTS assisted in the identifica-
tion and characterization of eolian erosion was provided
in [164] and [165]. The coastal section of the ROW of
the Peruvian LNG pipeline does not suffer from geohazards
caused by rainfall or flooding but is exposed to sand dune
migration and eolian erosion. Fig. 18 shows examples
of temporal and spatial temperature variations created
by eolian erosion. Two features can be observed. First,
temperature change has a periodicity of 24 h, but the
temperature excursion measured by DTS for the buried
cable is less than the temperature excursion of the ambient
air measured at a nearby weather station. Second, the
temporal profile of temperature variation at three points
around Event 1 is delayed from the temperature varia-
tion of the ambient air due to the thermal insulation of
the sand cover. A thermal model proposed in [164] and
[165] allows the DoC to be estimated given the time lag
Δt between the ambient temperature waveform and the
temperature waveform measured by the DTS. The results
are summarized in Table II, where Δt is taken as the
time difference between the maximum of the ambient
temperature waveform and the maximum measured by
DTS at each fiber position. The estimated DoC ranges from
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Table 2 Analysis of Eolian Erosion Event Measured With DTS

14 to 34 cm for Events 1–3. The spatial extension of each
eroded zone is also reported.

The two experimental examples above show the
strength of combining DTS with thermal modeling. If the
soil cover is more than 50 cm, the only detectable thermal
changes are those caused by seasonal changes and water
infiltration. In the latter case, the measured temperature
returns slowly to that of the ambient soil after the soil dries
out. If the soil cover is less than 50 cm, the measured tem-
perature tracks diurnal changes, and DoC can be inferred
from the observed time lag.

B. Measurement of Landslide Using DAS and DSS

Landslides are downward sloping movements of rock,
soil, or both, occurring in the rupture of a surface, in which
most of the material moves as a coherent or semicoherent
mass, with small internal deformation [166]. Landslides
can be in translation or rotation of soil material and
include rock falls and mudflows. This type of ground
movement can cause not only damage to buildings, or
obstruct roads and railways, but can also induce perma-
nent stress to the ground, deforming subterranean utilities,
such as cables and pipes. The occurrence of rock fall can be
detected using DAS, while longer term consequences can
only be assessed by DSS measurements.

Fig. 19 shows a DAS measurement conducted at an
avalanche test site in Switzerland in November 2020. A
fiber optic cable was buried on a slope where avalanches
are common. To simulate the short, intense strain pro-
duced by rockfalls, explosives were used, and the impact
on the cable was monitored using DAS. Fifteen explosions
with 230 g of explosive charge each were carried out
at different positions left and right of the cable and at
distances ranging from a few meters to 30 m from the
cable. The DAS waterfall plot in Fig. 19(a) captures one
such explosion. The strain pattern is observed twice as
the slope was bisected by two fiber cables connected in
a loop. Fig. 19(b) shows the strain waveform measured at
490 m. The event has a short time duration of around 1 s.
After the initial vibration subsides, the DAS is unable to
assess the permanent effects on the surrounding soil.

Permanent surface deformation can be assessed using
DSS. An example is shown in Fig 20(a), where an event
on October 22, 2010, caused a sudden increase in strain,
and this elevated strain subsequently became permanent.
The position and spatial extent of the event are clearly
localized by DSS, as shown in Fig. 20(b). It was confirmed
by site inspection that this event was caused by a rock fall
on the ROW of the trans-Andean pipeline [158], [159],
[167] (see Fig. 21).

Fig. 19. (a) DAS waterfall plot showing the impact of an explosion

which is highlighted by the yellow arrows. The event is observed at

two positions as the fiber layout is a loop. (b) Time series for strain

measured at fiber position 490 m [158], [159], [167].

Fig. 20. (a) Time evolution of strain for a rock fall event that

provoked soil settlement and induced a permanent surface

deformation. (b) Spatial profile of strain associated before and after

the rock fall event [158], [159], [167].
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Other types of landslides, such as slope failure, can also
be detected using the DSS component of GTMS. Unlike
rock fall events, which are characterized by a sudden jump
in strain, slope failure events happen over a longer time
scale, with strain building up gradually with time, making
it difficult to detect with a DAS. Fig. 22 shows an example
of an event that was recorded using DSS, and which was
confirmed by site inspection (Fig. 23). The progressive
development of a slope failure occurred between fiber posi-
tions 4500 and 4530 m, and the preliminary stage of this
event was observed as a gradually increasing strain over a
two-month period. Such time scales are incompatible with
DAS methods. Fig. 22(b) shows that the cable segment
impacted was around 30 m long. Measurement stopped
on March 23, 2011, to allow remedial work to stabilize the
ground. Similar events as shown have also been detected at
other points along the same cable, and the spatiotemporal
patterns recorded consistently showed strain gradually
building up until slope rupture or remediation works were
conducted [158], [159], [167]. In other pipeline projects
crossing mountainous regions, slope failure events present-
ing similar features were observed and monitored.

C. Measurement of Soil Subsidence Using DSS

Ground subsidence consists of a terrain surface moving
downward relative to the surrounding soils. This can be
caused by the depletion of ground water reservoirs or by
underground mining, limestone dissolution, and natural
gas extraction.

We illustrate soil subsidence monitoring through the
example of the settlement effect commonly seen in flat
lands covered by swamps or at the bottom of valleys
previously occupied by glaciers or lakes. By the mechanism
of volume reduction or consolidation, the soil settles when
a load is applied. The water content is moved away by
the applied load pressure, and the phenomenon can be
quantified by a vertical displacement.

Fig. 21. Photograph confirming the rock fall event detected at

fiber position of 2490 m in Fig. 20(b) on a Peruvian LNG pipeline

[158], [159], [167].

Fig. 22. Detection of a slope failure at an early stage using DSS on

the Peruvian LNG pipeline. (a) Time evolution of strain at two

locations showing a gradual increase in strain over a two-month

period. (b) Spatial strain profile measured on different dates during

the observation period [158], [159], [167].

The test setup was in the bed of former Lake Texcoco
near Mexico City. The measurement was conducted during
the summer of 2016, and the objective was to evaluate the
use of the GTMS to monitor vertical displacement caused
by buildings and construction in sites frequently exposed
to consolidation. The SMC was laid at a depth of 50 cm.
A TMC running in parallel allowed compensation for tem-
perature effects. The length of the complete sensor was
90 m. To complement the fiber optic sensors, settlement
plates were laid on the side of the trench at the level of
the trench bottom. The movement of the plate is measured
using a digital height measurement sensor. A section of the
cable between 65 and 85 m was loaded with material to
induce soil consolidation. The load consisted of layers of
clay and tezontle, and generated a pressure of 2300 N/m2.
Fig. 24 shows the strain profiles measured before and
after the application of the load. The strain profile that
resulted from the load is not uniform but has tensile and
compressive segments that were qualitatively confirmed by
the simulation of Boussinesq’s solution [168].

IV. T R A F F I C M O N I T O R I N G A N D C A B L E
T H R E AT P R E V E N T I O N
While DFOS methods can recover the spatiotemporal pro-
files of strain and temperature in an optical cable, ML
is needed for higher level tasks, such as traffic counting,
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Fig. 23. Photograph of the slope rupture confirmed by site

inspection, which was detected by DSS on a Peruvian LNG pipeline

[158], [159], [167].

vibration source classification, and cable threat identifi-
cation. ML can be applied to data collected using any of
the methods discussed in Section II and can be considered
a back-end postprocessing operation independent of the
DFOS method. The role of the DFOS front end is to collect
large volumes of data to train the ML model. Although it is
possible for a DFOS transponder to send the collected data
to a central controller for processing and analysis, there is
an advantage in having on-premise AI built into the DFOS
transponder, as this minimizes the need to transfer and
store data, and enhances data privacy.

A. Real-Time Simultaneous Multipurpose Sensing

An example of ML applied to simultaneous traffic moni-
toring and cable threat prevention was recently reported
in [169]. Two AI modules, Fiber-VTMS and Fiber-CS3,
were hosted on an edge AI platform. Fig. 25 shows a
flowchart of the two-in-one system. Information is shared

Fig. 24. Strain profiles measured before (orange curve) and after

(blue curve) the application of the load. Strain structure presents

tension and compression components over the loaded section.

Fig. 25. Flowchart of the Fiber-VTMA/Fiber-CS3 AI platform for

simultaneous multipurpose sensing.

between the Fiber-VTMS and Fiber-CS3 modules so that
events detected by each system can be cross-referenced
with events detected by the other before an alarm is
triggered. This can reduce the probability of false alarms.
For example, traffic jams detected by the Fiber-VTMS may
be correlated with road construction detected using Fiber-
CS3. Similarly, when a cable damage event occurs, it will
be detected by Fiber-CS3, while Fiber-VTMS can provide
information about who may be the responsible party. The
GPS coordinates of the detected events can be pinpointed
using a cable localization module described in [170].

1) Fiber-VTMS: Fiber-VTMS is based on TrafficNets,
which adopts the U-Net architecture for precise segmenta-
tion of traffic traces from the fiber sensing image data and
uses efficient graphics processing unit (GPU) computation.
Details of this system can be found in [171]. Fig. 26(a)
shows a typical traffic monitoring waterfall plot obtained
with a DAS over a 4-min interval [18]. The brightness
of a pixel corresponds to the vibration intensity at the
fiber position and time indicated by the horizontal and
vertical axes. Each bright line is a moving vehicle whose
speed and direction can be determined by the inverse
of its slope. Other information of interest, which may be
extracted from a waterfall plot, includes traffic flow rate,
traffic density, vehicle separation distance, and even the
weight of individual vehicles. For example, the blue box
in Fig. 26(a) shows an abnormally slow-moving vehicle,
while the green box and the red box show regions of low
and high traffic densities. Fiber-VTMS classifies the pixels
on the waterfall image into two groups—traffic-related and
nontraffic-related—for further analysis. Fig. 26(b) shows
waterfall plots taken at the same location in regular traffic
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Fig. 26. (a) Examples of traffic monitoring waterfall images

recovered from DAS based on DD-OTDR. (b) Examples of regular and

heavy traffic conditions [18].

and during rush hour, showing distinct patterns that can
be recognized by the AI.

2) Fiber-CS3: Fiber-CS3 takes traffic information from
Fiber-VTMS and establishes location-specific thresholds for
detecting nontraffic-related anomalies. Strong vibration
points are first identified using a saliency detector, which
is based on an adaptive threshold derived from whole
route data. The points that cannot be attributed to vehi-
cles by Fiber-VTMS are fed into Fiber-CS3. The dense
spatiotemporal DAS data are, thus, reduced to a sparse
format, so further identification of abnormal conditions
can be conducted with low latency. The threat level of each
detected abnormal event is further assessed using time–
frequency representations [172]. A high-level summary
of events identified is stored in an event log for future
analysis.

B. Field Trial Over an Existing Telecom Cable

A field trial using the Fiber-VTMS/Fiber-CS3 platform
was conducted over a carrier 5G network in Long Beach
Island (LBI) in New Jersey, USA. The monitored cable
was 21 km long, consisting of aerial sections between
0 and 2 km, and 19 and 21 km [see Fig. 27(a)], while the
remainder of the cable from 2 to 19 km is buried below
ground at a depth of between 1 and 1.5 m. Vibration
data were collected with a real-time DAS module based
on DD-OTDR, which continuously monitored the cable

over a seven-month period from October 2020 to May
2021. The DAS had a spatial resolution of 1.6 m and a
vibration sampling period of 120 ms. Fig. 27(a) shows
an example of a traffic pattern measured over a 10-min
window. The Fiber-VTMS AI extracted north- and south-
bound vehicle trajectories from the waterfall image and
colored their pixels red and white, respectively. Vehicle
counts and estimated vehicle speeds are also provided
by the system output [173]. Fig. 27(b) and (c) shows a
summary of the monitored south-bound traffic entering the
island. Vehicles per hour are shown as radial-polar plots

Fig. 27. (a) Example of a traffic monitoring waterfall image after

vehicles were identified by Fiber-VTMS and the pixel of their

trajectories are colored. (b) Hourly (Monday innermost ring, Sunday

outermost ring) and (c) daily vehicle counts reported by Fiber-VTMS

[169].
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where each angular slice represents an hour during the
day, and each radial slice represents a day of the week
(Monday is innermost and Sunday outermost). During
the four-week period, there was a consistent rush hour
period centered around 12 P.M. It is observed that the
rush hour duration lengthened over the course of the
monitoring period, as warming weather resulted in more
people visiting the beach after 7 P.M. Fig. 27(c) shows daily
vehicle count from March to May, with higher numbers
observed in Fridays and Saturdays during late spring.

Long-term field monitoring results using Fiber-CS3 are
shown in Fig. 28. The AI assigned “abnormality scores”
to nontraffic-related vibration events of interest. Higher
scores indicate a higher risk to the cable. The Fiber-CS3
assesses events on both aerial and buried cables. Fig. 28(a)
shows the detected events on an “evidence map.” Events
associated with road construction, aerial cable anomalies,
and field experiments are shown as blue, red, and green
ovals, respectively. The abnormality score of each event is
indicated by the size and brightness of the oval, with larger,
darker ovals corresponding to higher risk.

It was shown in [172] that the cable threat level can
be assessed using a frequency-attenuation discriminator,
and the method is validated here against construction
work depicted as Events b and c. In the vibration spectra
measured for these events shown in Fig. 28(b) and (c),
it is observed that Event b has amplitude peaks at higher
frequencies (55, 80, and 110 Hz and so on) than the
amplitude peaks of Event c. Moreover, three impulses indi-
cated by bright horizontal lines are observed at 12:59:32,
13:09:37, and 14:32:15 for Event b. The threat assess-
ment module assigned a higher abnormality score to this
event. It was verified by visual inspection that this was
caused by an excavator situated less than 3 m from the
buried cable [see Fig. 28(b)–(i)], while, in Event c, the
excavator was 100 m from the cable. Fig. 28(d) shows
another Event d where a construction accident resulted
in a utility pole falling on the monitored aerial cable (at
14:30:21 on May 4). The abnormality score shown in
Fig. 28(a) assigned a high risk to this event, as it may
lead to a cable cut. With DFOS and real-time AI, such
events can be identified and reported to the carrier. Rapid
risk assessment and fault identification may help avoid
cable damage and reduce network downtime. Other low-
risk events were also detected by the AI, such as Events
g and h. These were caused by asphalt paving machines
8 m away from the cable moving parallel with the cable.
External information, such as work hours and roadwork
locations, can also be provided to the AI to improve its
accuracy of risk assessment.

A pilot study was also conducted to estimate the dis-
tance between a vibration source and the cable. This field
experiment is depicted as Event e in Fig. 28(a). A jackham-
mer was used in the vicinity of the buried cable, and the
distance between the jackhammer and the cable was swept
from 1.8 to 11 m at a 0.9-m interval. The field experimental
setup is shown in Fig. 28(e)–(i). A model based on the joint

Fig. 28. (a) Evidence map produced by Fiber-CS3 that reports

nontraffic-related events. (b) and (c) Time–frequency plot of strain

measured by the DAS for Events b and c. (d) Excess strain measured

due to a fallen utility pole on an aerial cable. (e) Vibration intensity

versus distance measured in a pilot study where a jackhammer was

used in the vicinity of the buried cable [169].

probability distribution between distance and vibration
intensity was developed. Fig. 28(e) shows the performance

22 PROCEEDINGS OF THE IEEE

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Univ de Alcala. Downloaded on September 11,2022 at 16:22:56 UTC from IEEE Xplore.  Restrictions apply. 



Ip et al.: Using Global Existing Fiber Networks for Environmental Sensing

Fig. 29. Setup of the field experiment monitoring the deployment

condition of an aerial cable. Distances between utility poles are

shown [117].

of the model at predicting distances. The root mean square
prediction error across the full range of distances tested
was 0.54 m.

V. D I S T R I B U T E D A C O U S T I C S E N S I N G
B A S E D O N O F D R
In this section, we review the use of OFDR for monitoring
static strain in aerial fiber optic cables. The spatiotemporal
strain data can be used to infer the condition of the cable
and pinpoint abnormal events without time-consuming
manual inspection of the whole fiber cable, thereby facili-
tating network maintenance.

Fig. 29 shows the field experimental setup for interro-
gating a deployed cable, which comprises of a 1.35-km
underground section, followed by a 266.1-m aerial cable
suspended on 11 utility poles. The aerial cable con-
tains 12 fiber pairs (24 fibers in total). These fibers are
spliced end-to-end to create 12 roundtrips through the sus-
pended cable. Fusion splices are housed in fiber enclosures
mounted on poles 1 and 11. Including the fiber drops at
each end, the aerial section is approximately 24 × 273 =

6552 m long. Two aerial spans between utility poles 6 and
8 were sagging compared with the other spans. The sag-
to-span-length ratio was ∼1.0 × 10−1 for the two sagging
spans and <1.0 × 10−2 for all other spans. At the OFDR
transponder, a 10-km delay fiber allowed the interrogation
of a fiber section centered at 5 km from the transponder.
The wind speed at the time of measurement was 2.7 m/s.
The OFDR module operated with a chirp width of 111 MHz
(spatial resolution of 93 cm) and a chirp repetition rate of
200 Hz (vibration sampling period of 5 ms). The receiver
bandwidth was 350 MHz.

Fig. 30 shows optical frequency shift versus time for the
fiber section between 500 and 2500 m (measured without
the delay fiber at the OFDR transponder). Comparing the
excursion in optical frequency shift between underground
and aerial sections, it is observed that there is less fre-
quency shift in the underground section. This is due to
optical frequency shift being sensitive not only to strain but
also to temperature. The slowly varying frequency shift in
the aerial section is caused by a change in temperature.
This is expected as temperature should be more stable in a
buried cable than in an aerial cable exposed to sunlight
and the ambient environment. To remove temperature

fluctuation’s contribution to frequency shift, a high-pass
filter with a cutoff frequency of 1.3 Hz was applied to the
data. The relationship between optical frequency shift ν
with strain ε and temperature ΔTe is given by (Δν/ν) =

− 0.78ε − 6.92 × 10−6ΔTe in (23) [103], where ν =

193.5 THz is the center frequency of the frequency-swept
sensing signal. The conversion efficiency was 151 MHz/με
in this experiment. Fig. 31 shows the inferred dynamic
strain distribution on the aerial cable. Lines of symmetry
can be observed at distances of 4632, 4905, and 5178 m.
This is due to the aerial cable being 273 m long; thus, the
multiple passes of the chirped signal all interrogate the
same environment surrounding the cable. The excellent
symmetry, with a correlation of 88% between the strains
measured by different passes, shows that vibration induces
a similar strain to every fiber in the optical cable. The
diagonal lines show the dynamic strain propagating along
the cable. As the cable is fixed to utility poles, each
segment between two poles sways independently of the
other segments. The propagation speed of the vibration in
each segment can be used to assess the cable condition in
that segment.

It is observed that, around the lines of symmetry at
4632, 4905, and 5178 m, there is a stable region around
6–8 m long with no diagonal lines. These correspond to
excess fiber inside fiber enclosures protecting the splice
points at poles 1 and 11, and these fibers are isolated from
the ambient environment.

After identifying the beginning and end of each cable
segment in Fig. 31 (pole numbers are marked), a 2-D
Fourier transform of the spatiotemporal strain profile was
calculated for each segment to assess the dispersion char-
acteristics of the vibration in that segment. As vibration
propagation speed is related to cable tension, this will infer
whether that cable segment is tight or sagging. Fig. 32
shows frequency versus wavenumber (f-k) spectra for:
1) a sagging span between poles 6 and 7 and 2) a normal
nonsagging span between poles 8 and 9. Both spectra
exhibit mirror symmetry. The dispersion characteristic is
highlighted by the dotted white line. The dispersion char-
acteristics with positive and negative slopes correspond
to vibration propagating forward and backward along the
cable, respectively, while the slope infers the propagation
speed, which was estimated to be 19.1 and 41.2 m/s
for sagging and nonsagging spans, respectively. The large
difference in propagation speed and its dependence on the
degree of sagging can be exploited by a cable monitoring
tool. These results demonstrate that DVS based on OFDR
is an attractive alternative to on-field visual inspection by
human workers. The remote strain monitoring capability
can potentially also allow the detection of ice accumu-
lation, falling branches, and other abnormal conditions
deemed hazardous to cable health. ML can classify abnor-
mal events and trigger a warning to the network oper-
ator when a dangerous condition is encountered, while
location information can also be provided to assist field
maintenance.
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Fig. 30. Optical frequency shift distribution along the deployed optical fiber. Optical frequency shift caused by temperature fluctuation is

dominant over that caused by strain fluctuation, while the temperature is more stable in the buried section (before 1300 m) than in the

aerial section [103].

Fig. 31. Dynamic strain distribution measured for the aerial optical cable. The numbers above the graph are the locations of the utility

poles in Fig. 29. The color scale is intentionally saturated to better illustrate vibration behavior [103].

VI. M O N I T O R I N G O C E A N W A V E S A N D
S E I S M I C W A V E S U S I N G D D - C P - O T D R
I N S U B M A R I N E C A B L E S
DD-CP-OTDR has attracted much interest in submarine
seismology, as submarine cables on the ocean floor allow
seismic measurement at locations where it is difficult to
place conventional seismometers. DD-CP-OTDR can collect

Fig. 32. f-k spectra for (a) sagging and (b) nonsagging cable

spans [117].

vibration measurements from a large number of sensing
points. As these sensing points are also uniformly spaced
at a fine spatial resolution, the Fourier analysis can dis-
criminate different types of vibration by their propagation
characteristics in the f-k domain. Such detailed analysis is
often difficult using conventional point sensor arrays due
to the large spatial granularity of the data, which results in
spatial frequency aliasing, thus masking the dispersion sig-
natures of certain waves of interest. Table III shows typical
performance parameters achievable using DD-CP-OTDR.
These numbers are well matched to typical requirements in
seismology. A DD-CP-OTDR system with a 100-km range,

Table 3 Typical Performance Parameters in DD-CP-OTDR
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Fig. 33. Map showing the location of the Belgium DAS Array

(BDASA) submarine cable in the North Sea [20].

10-m spatial resolution, and good measurand resolution
from 10−6 Hz to 1 kHz can characterize a vast range of
wave motions of interest, allowing the determination of
their direction, wavelength, frequency, velocity of propa-
gation, and dispersion characteristics.

As an optical cable is a 1-D sensor, all propagation
characteristics measured will be relative to the axis of the
cable. The apparent velocity of a wave measured with
DAS will differ from the true velocity by the cosine of
the angle between the direction of the wave and the
direction of the cable. Conducting DAS simultaneously
over multiple cables at different orientations relative to the
earth’s surface can allow the direction and 2-D propagation
characteristic of detected waves to be inferred. Another
possibility is to use a zig-zagging cable with sections that
are at different orientations.

A seismic experiment conducted using DD-CP-OTDR on
a 41.92-km submarine cable offshore from Belgium is
shown in Fig. 33. The DD-CP-OTDR module measured spa-
tiotemporal strain variations 	(z, t) at a spatial resolution
of 10 m (4192 sensing points) and at a vibration sam-
pling rate of Rp = 1 kHz, which was then downsampled
to 10 Hz to reduce dataset size for further processing.
Copropagating Raman amplification was used to reduce
power fluctuations of the received backscatter to less than
3 dB over the 42-km cable.

Upon taking the 2-D Fourier transform of 	(z, t), the
f-k plot shown in Fig. 34 was obtained [20]. Two well-
separated bands corresponding to the dispersion char-
acteristics of ocean waves and seismic Scholte waves
can be observed in Fig. 34(b), which replots the upper
right quadrant of Fig. 34(a) in logarithmic scale. Ocean
waves have frequencies ranging from 0.01 to 0.18 Hz,
while seismic Scholte waves have frequencies ranging
from 0.36 to 4 Hz. Their group velocities can be inferred
by the inverse slope of their dispersion characteristics.
Ocean waves propagate at up to ∼20 m/s, while seismic

Scholte waves propagate at much higher velocities of up to
∼1.5 km/s, which is nearly two orders of magnitude faster
than ocean waves. This large difference between their
apparent velocities demonstrates that they are of different
physical origins, with one wave propagating through water
and the other wave through the seafloor interface. The
results in Fig. 34 also provided the first evidence of in situ
microseism generation where a seismic “Scholte” wave
is excited at the seafloor by a depth-invariant pressure
term generated by opposing groups of ocean waves at
double their frequency—a phenomenon described by the
Longuet-Higgins theory of microseism generation [174].
This present study was able to show the phenomenon
of microseism generation in greater detail than previous
studies using conventional ocean-bottom point sensors, as
point sensors are difficult to install in large numbers and
costly to extract data from without optical fiber. Small
network size means microseism direction, and intensity
was previously measured at only a few points over rela-
tively short distances, which led to poor spatial frequency

Fig. 34. f-k spectrum based on 1 h of strain data measured on the

42-km BDASA cable. (a) Spectrum in linear scale showing the

propagation of various landward and seaward waves. (b) Upper right

quadrant of (a) in the logarithmic scale showing well-separated

bands corresponding to the dispersion characteristics of ocean

waves and seismic Scholte waves. The white lines indicate phase

velocity contours (c � f/k) [20].
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Fig. 35. f-k spectrum based on 10 min of strain data recovered

from the fiber section between 30 and 40 km on the BDASA cable.

(a) Spectrum in linear scale showing asymmetry between the

dispersion curves for landward and seaward waves. Theoretical

dispersion curves are plotted with (red) and without (black) the

effects of an ocean current. The theoretical dispersion relation of

ocean waves (angular frequency χ and angular wavenumber k)

propagating in an ocean current of apparent velocity U is described

by (χ −Uk)2 � gktanh(kH), where g is gravitational acceleration and

H is water depth. (b) and (c) Close-up views of the dispersion curves

for landward and seaward waves, showing the best fit theoretical

curve (red) corresponding to a landward current (therefore, faster

apparent velocities for the landward waves) [20].

resolution, rendering it difficult to discriminate different
wave phenomena as clearly as in Fig. 34.

Another phenomenon revealed by the experiment is the
difference in energy between landward and seaward ocean
waves. This can be observed inside the box in Fig. 34(a)
(an enlarged version is shown in Fig. 35), where the wave
with a positive slope has a larger amplitude than the wave
with a negative slope. Furthermore, f-k plots taken for
different fiber sections (e.g., 20−30 versus 30−40 km)
showed that the relative energy between seaward and
landward ocean waves increases with distance from shore.
This indicates that some of the seaward waves are reflec-
tions from a bathymetric ridge [20].

A closer examination of the seaward and landward
ocean waves also reveals asymmetry in their dispersion
characteristics. Fig. 35 reproduces the ocean waves in
Fig. 34(a) at a higher resolution, where it is observed
that landward-propagating waves have higher apparent
velocities than seaward-propagating waves. Comparison
between the measured f-k results with theoretical mod-
eling allowed the determination that this asymmetry was
caused by ocean currents with apparent velocities in
the landward direction, which increased gradually from
0.1 to 0.5 m/s during the 1-h monitoring period. Note that
an ocean current denotes continuous water flow without
“wave-like” properties and is not directly observable by
DAS if it does not generate pressure/strain gradients that
propagate along the fiber cable.

An important feature in DD-CP-OTDR, which allows f-k
processing, is its uniform measurand resolution along the
entire fiber length [110]. This allows the raw amplitude

data to be processed without the need for denoising or
smoothing to compensate for the signal at faded loca-
tions [21].

With the same datasets, ambient noise interferometry
was performed on passive ocean-bottom DD-CP-OTDR
recordings, which was shown to be a powerful tool for sub-
surface structural investigation [175]. The methodology is
shown in Fig. 36 and is based on calculating the time-
domain cross correlation R��(zj , t)= corr[	(zi, t), 	(zj , t)]

between the strain measured at fiber position zi (32 km
in this case) with strain measured at neighboring fiber
positions zj (30–34 km in this case). When a wave originat-
ing from infinitely far away propagates past the cable, the
strain times series 	(zi, t) and 	(zj , t) will have a correlation
peak at the delay (zj − zi)/vw , where vw is the wave’s
apparent velocity. This will be observed as a straight line
passing through the center of the 2-D intensity plot of
R��(zj , t) versus zj and t. However, if a wave originated
from a point source closest to the cable at the position zo, at
a perpendicular distance of d at this position, peak correla-
tion will appear as a hyperbola at ±(d2 +(zj−zo)

2)1/2/vw .
In the example shown in Fig. 36, there is a point source at
31 km, which generated secondary waves, indicating the
presence of a scatterer. The shape of the hyperbola can be
used to estimate both the position zo closest to the source
and its perpendicular distance d.

Another example of ocean floor vibration monitoring
using DD-CP-OTDR was conducted on the CANALINK
submarine cable in the Canary Islands and was reported
in [176]. As shown in Fig. 37, the cable connected the
islands of Tenerife (TF) and Gran Canaria (GC), reaching
a maximum depth of 3570 m. Two DD-CP-OTDR modules
were located at TF and GC, and each monitored ∼60 km
of the cable from shore. Spatiotemporal strain variations
	(z, t) were measured at a spatial resolution of 10 m

Fig. 36. Cross correlation R��(zj, t) between the strain time series

measured at zi � 32 km with the time series of neighboring

positions from 30 to 34 km along the BDASA cable. A hyperbola

centered at 31 km is observed, indicating obliquely incident Scholte

waves generated by a strong secondary source or scatterer [175].
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Fig. 37. (a) Map of the 176-km long CANALINK

telecommunications cable connecting TF and GC. The first ∼60 km

from each side (red lines) were monitored with two DD-CP-OTDR

from July to September 2020. (b) Bathymetric profile of the cable,

which reaches a maximum depth of 3570 m. Dashed vertical lines

separate sections of lightweight (LW), lightweight-protected (LWP),

single-armored (SA), and double-armored (DA) cables [176].

(5984 sensing points) and a vibration sampling rate of
Rp = 1 kHz. After downsampling to 50 Hz, a bandpass
filter between 0.05 and 24 Hz was applied to the data to
isolate the acoustic band of interest.

Hydroacoustic Tertiary (T) waves were observed for the
first time using a DAS in this experiment. T-waves are
generated by oceanic earthquakes. They propagate in the
SOFAR channel, which is a horizontal layer of water in
the ocean where guided acoustic waves at low frequencies
propagate with low transmission loss. SOFAR has been
the subject of several studies, including seismic ocean
thermometry [177]. When a T-wave reaches the shore, it
may transform into a seismic wave that occurs after the
primary (P) and secondary (S) waves.

Fig. 38 shows the vibration amplitude time series mea-
sured by the DD-CP-OTDR at TF. Several waves resulted
from an Mw 6.9 earthquake in the Mid-Atlantic Ridge that
occurred on September 18, 2020, at a distance of around
3000 km from the cable. The reference position of 0 km is
where the cable enters the water at TF, and negative values
correspond to the terrestrial section of the cable.

Fig. 39(a) and (b) shows the radial and transversal
vibration amplitude time series measured with a conven-
tional land-based seismometer. Vibrations due to seismic
P- and S-waves are labeled. In addition, there exists a
hydrostatic T-wave with higher frequencies and lower
amplitude, which is revealed in Fig. 39(c) by passing
Fig. 39(a) through a high-pass filter with a cutoff frequency
of 1 Hz. Fig. 39(d) shows the vibration measured at fiber

Fig. 38. Strain amplitude measured by DD-CP-OTDR at TF on

September 18, 2020, showing the propagation of P-, S-, and T-waves

due to an Mw 6.9 Mid-Atlantic Ridge earthquake that occurred

around 3000 km away [176].

position 45 km using DD-CP-OTDR after bandpass filtering.
Good agreement is observed with Fig. 39(c).

Hydroacoustic T-waves are more effectively recorded
using ocean-bottom seismometers and hydrophone arrays
than using coastal and island-based seismic stations. How-
ever, ocean-bottom seismometers and hydrophones have
higher maintenance costs. This study demonstrates that
DD-CP-OTDR over submarine telecommunications cables

Fig. 39. Recordings of P-, S-, and T-waves following an Mw

6.9 Mid-Atlantic Ridge earthquake on September 18, 2020. (a) Radial

and (b) transversal vibration amplitude measured using a

seismometer at the MACI seismic station. (c) T-wave is revealed by

passing (a) through a 1-Hz high-pass filter. (d) Strain time series

measured using DD-CP-OTDR at 45 km from TF on the CANALINK

cable [176].
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Fig. 40. Maps of two seismic detection experiments conducted

using the accumulated optical phase measurement method for (a)

terrestrial cable in the U.K. and (b) submarine cable in Italy.

Reproduced from [95].

is a cheap and effective tool for the study of hydroacoustic
energy propagation in remote oceanic regions [176].

A. Future Directions

Most DAS-based submarine seismic research to date has
focused on the 0.01–100-Hz region. There has been a trend
toward using DAS to study events at even lower frequen-
cies associated with infragravity waves and tidal motion
[178]. DAS experiments over month-long monitoring peri-
ods investigating long-term environmental fluctuations on
this timescale have been demonstrated for chemical [179]
and temperature monitoring [180]. It is expected that
high-sensitivity seismic monitoring at similar timescales
will be conducted in the future.

VII. D F O S B A S E D O N F O R W A R D
T R A N S M I S S I O N
A. Optical Phase Measurement Using c.w. Signals

DFOS methods based on backscatter measurement have
the disadvantage of round-trip propagation loss, as well
as the inability to pass through inline amplifiers with
circulators at their outputs. Methods such as DD-OTDR
or φ-OTDR will require network architecture modifications
to allow the backscatter to propagate back to the sens-
ing transponder. The longest reach reported to date for
Rayleigh-based DAS using chirped pulses on an unampli-
fied span is only 171 km [75]. Recently, a new class of
methods based on forward transmission was proposed.
This work was inspired by long-distance atomic clock
frequency transfer over optical fiber networks, where the
cumulative effect of mechanical vibration-induced strain
on the cable is a noise source detrimental to clock com-
parisons. A system that is sensitive enough to detect such
phase perturbations can also be used as a sensor.

The accumulated optical phase measurement method
was first demonstrated on terrestrial and submarine
cables (Fig. 40) [95]. Results from two experiments
demonstrating the efficacy of this method are shown in
Figs. 41 and 42. In both experiments, a transponder
injected a c.w. signal at one end of a fiber pair, which was

Fig. 41. Comparison between the optical phase measured on the

79-km terrestrial UK-L1 cable using the accumulated optical phase

measurement method with the displacement measured using a

seismometer in Swindon (GB.SWN1) for an Mw 6.5 earthquake in

central Italy on October 30, 2016. Results are reproduced from [95].

looped back at the far end, allowing delayed self-coherent
detection by the receiver.

In the first experiment, an MW 6.5 earthquake in Cen-
tral Italy was detected on October 30, 2016, on a 79-km
long UK-L1 fiber link connecting National Physical Labo-
ratory (NPL) with a data center in Reading [Fig. 40(a)].
Fig. 41 shows a comparison between the accumulated
optical phase measured using the interferometry method
with the displacement measured using a conventional
seismometer (GB.SWN1) located in Swindon less than
100 km away from NPL. Excellent correlation is observed
between the two waveforms. The main sources of noise
in the interferometry method are laser PN and ambient
vibration induced by the environment integrated over the
length of the cable. This is in contrast to DAS based on
backscatter measurement, where ambient vibrations are
only integrated over the gauge length. As UK-L1 is a

Fig. 42. Comparison between the optical phase measured on the

96-km submarine IT-L2 cable using the accumulated optical phase

measurement method with the displacement measured using

conventional seismometers (MN.WDD and IV.HPAC) for an ML

3.4 earthquake in the Malta Sea on September 2, 2017. A 1.5-Hz

high-pass filter was applied to the optical signal to suppress strong

environmental noise at 1 Hz. Results are reproduced from [95].
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terrestrial cable, noise was primarily due to man-made
sources and was in the same frequency range as earth-
quake signals. The laser in this measurement was phase
locked to a hydrogen maser-referenced optical frequency
comb and had frequency stability on the order of 10−13 at
1-s averaging time.

Another experiment with improved seismic sensitivity
was conducted over an environmentally quieter 96.4-km
long submarine cable (IT-L2) [Fig. 40(b)], using a laser
locked to an ultralow expansion (ULE) glass Fabry–Perot
cavity with frequency stability on the order of 10−15 at a
few seconds of averaging time. Fig. 42 shows the detec-
tion of an ML 3.4 earthquake on September 2, 2017,
whose epicenter was 89 km from the cable in the Malta
Sea. The seismic wave produced an optical phase excur-
sion of only ∼40-rad peak-to-peak but was still detectable
owing to the low ambient noise of the sea floor. The wave-
forms measured using conventional seismometers near
each end of the cable are also shown. The difference in the
arrival times of the P-wave measured with each method is
consistent with a wave propagation speed of ∼5 km/s.

These results demonstrate the potential for seismic sens-
ing using submarine cables. The ocean bottom is expected
to be even quieter than the coastal IT-L2 cable, which
experiences noise from shipping and wave motion. In
addition, environmental noise is expected to accumulate
noncoherently over long fiber cables, thus scaling as (L)1/2

[181]. Even a 5000-km cable with the same environmental
noise level as IT-L2 is expected to be only seven times
noisier.

B. Optical Phase Measurement Using
Data-Modulated Signals

Recently, it was recognized that there is no need to
transmit dedicated c.w. signals over the fiber to measure
optical phase, as optical phase is already tracked in digital
coherent transponders by a combination of adaptive DSP
operations, such as FOC, adaptive TDE, and CPR [62],
[63], [97], [98]. Only a small overhead is required to
provide the optical phase for sensing purposes, as the baud
rate of telecom signal is tens of GHz, whereas the optical
phase only needs to be sampled at hundreds of kHz to
record even the fastest acoustic phenomenon realistically
encountered in the real world. This opens the potential for
telecom transponders to perform sensing as an auxiliary
function, provided that appropriate changes are made,
such as using more stable lasers and time synchronization
through a common reference, such as GPS.

A field experiment was conducted using this method
in [58] and [97]. Several real-world vibration events
were detected and localized. These include hammer strikes
against utility poles, and emulated intrusion, tampering,
and construction scenarios. The 378.8-km link shown in
Fig. 43 comprised of terrestrial cables, around 25% of
which were aerial cables suspended on utility poles that
were exposed to wind and air temperature changes, while

Fig. 43. Schematic map of a bidirectional vibration sensing and

localization field trial, where optical phase was extracted from 200G

DP-16QAM coherent receivers. The two DFOS-compatible

transponders were colocated at LBI. The map shows the position of

various emulated vibration events [58], [97].

the rest of the cable was buried next to major roadways.
Two coherent transponders were colocated at LBI. They
each transmitted 200-Gb/s DP-16QAM in the CW and
CCW directions, respectively, and the signals were coher-
ently detected by the receiver of the other transponder.
Fig. 44(a) shows the phase spectra measured for the vibra-
tion events together with the ambient noise level. As per
Section II-B, a vibration event is detectable if there exist
spectral components where the event is above ambient
noise. Furthermore, for events well modeled as a point
source, its location can be estimated by correlating the
optical phase waveforms recovered at each transponder,
and the localization accuracy is a function of the band-
width above ambient noise and the phase SNR.

Fig. 44(b) shows a localization example where two
utility poles A and B spaced 276.8 km apart, as shown in
Fig. 43, were struck simultaneously with hammers. Two
correlation peaks are observed. The positions of these
correlation peaks match the expected positions. This result
shows that it is possible to discriminate multiple vibration
events on the same cable using the present method, pro-
vided that the events are separated by a distance greater
than (c/neff (Bvib,1 + Bvib,2)), where Bvib,1 and Bvib,2 are
the bandwidths of each vibration event. In addition, as
phase SNR is high, the position of the sinc-like correlation
peaks varies much less than its full-width at half-maximum
(FWHM) [58], [97]. In the hammer strike example, the

Fig. 44. (a) Phase spectra measured for various real-world

vibration events alongside ambient noise. (b) Correlation between

the optical phases measured for the CW and CCW directions due to

utility poles A and B being struck separately with hammers and

when both poles were struck simultaneously [58], [97].
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standard deviation in the estimated position was a few
kilometers, whereas, for tampering, due to its higher band-
width of >30 kHz, the standard deviation in the estimated
position was as small as 25 m.

C. SOP Measurement Using
Data-Modulated Signals

The SOP measurement method was originally inspired
by the observation that lightning strikes cause fast polar-
ization fluctuations in aerial cables. This potentially
enables aerial cables to serve as sensors for monitoring
lightning strikes [155].

Recently, this method has also been adopted to detect
seismic waves in submarine cables [99]. In contrast to
aerial cables, the submarine environment is orders of
magnitude quieter except for short sections near landing
stations or in shallow water. The ocean bottom is a unique
environment at a near constant temperature of around
4 ◦C, with minimal mechanical or electromagnetic pertur-
bations. Nevertheless, submarine cables remain sensitive
to the movement of the seafloor caused by seismic waves
or changes in hydrostatic pressure arising from ocean swell
propagating downward from the surface to the seafloor.
The experiment described in [99] was conducted over a
10 000-km-long Curie cable connecting Los Angeles, USA,
with Valparaiso, Chile. The route of this cable traverses
a seismically active region near the eastern edge of the
Pacific Plate, where 50 large earthquakes greater than
MW 7.5 have been observed since 1900. As described
in Section II-E, the Stokes vector of SOP was obtained
from the adaptive equalizer taps of a commercial coherent
transponder’s application-specific integrated circuit (ASIC)
at a sampling interval of 56 ms [100].

To extract the vibration signal of interest arising from
seismic waves and ocean waves, it was necessary to remove
slowly varying polarization drift, which was attributed to
temperature drift and mechanical vibration near landing
stations. Slowly varying polarization drift was obtained by
taking a moving average of the Stokes parameters over
a 200-s time window. This allowed the determination of
rotation matrices, which rotates the moving average to
the north pole of the Poincaré sphere S = [0, 0, 1] and
is equivalent to performing a high-pass filtering operation
with a cutoff frequency of 5 mHz. The residual SOP fluc-
tuations after rotation are due to the vibration phenomena
of interest and are mostly confined to S1 and S2.

Fig. 45(a) shows the fluctuation of Stokes para-
meters due to an MW 7.4 earthquake near Oaxaca,
Mexico, on June 23, 2020. The PSD revealed in
Fig. 45(b) and (c) shows that earthquake energy is con-
centrated between 0.01 and 1 Hz, with a pronounced peak
from 0.15 to 0.35 Hz. Despite using telecom grade lasers
with linewidth on the order of tens of kHz, with much
higher PN at low frequencies than metrology grade lasers
like that in [95], the PSD of SOP fluctuation is flat down
to 0.01 Hz. Insensitivity to laser PN is an advantage of the

Fig. 45. (a) SOP anomaly measured in the presence of an Mw

7.4 earthquake. SOP was extracted from the equalizer of a

commercial coherent transponder. (b) Spectrogram of the SOP

anomaly. (c) Comparison between the PSD measured in the presence

of the earthquake with ambient noise. Results are reproduced

from [99].

SOP method. However, owing to the small bandwidth of
seismic signals, the ability to localize earthquakes may be
limited.

The experimental examples presented in this
section show the feasibility of DFOS based on forward
transmission, either by launching a c.w. signal with
sufficiently low power to avoid inducing excessive
nonlinear penalty on any copropagating telecom signals;
alternatively, the telecom signal itself may serve as
the probe signal. Compared with methods based on
backscatter measurement, forward transmission can
potentially achieve greater reach due to better optical
SNR but likely at the price of poorer spatial resolution.
In backscatter measurement methods, spatial resolution
can be controlled by the sensing transponder via the
bandwidth of the probe signal. In bidirectional forward
transmission, the spatial resolution depends only on the
spectral characteristics of the vibration source and is not
controllable by the sensing transponder.

VIII. D I S C U S S I O N
Practical deployment of DFOS systems must take into
account numerous factors and constraints. One example
is network architecture constraints. Deployed networks
typically have inline EDFAs with isolators at their outputs
that prevent backscatter from propagating back to the
sensing transponder. Then, there are also optical cross-
connects such as reconfigurable optical add/drop mul-
tiplexers (ROADMs) with significant insertion loss and,
depending on their design, may also not allow backscatter
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to pass through. In order for DFOS to have a range greater
than one fiber span, it may be necessary to redesign net-
work elements to provide a return path for the backscatter.
Some proposed solutions in the literature include using
bidirectional EDFAs [182] or all-Raman amplifiers without
isolators [76]. However, these solutions used in lab exper-
iments are not currently deployed. In submarine cables,
a return path connecting the outputs of repeater amplifiers
in opposite directions is already provided to assist fault
localization using coherent OTDR [183], [184]. However,
the high loss of the loopback circuit and low power level of
the backscatter before amplification make DFOS difficult.

Deployed terrestrial cables are also prone to repeated
fiber cuts and resplicing, resulting in large lumped losses
due to bad splices, fiber bends, and connectors. Increased
return loss will reduce the optical SNR of the backscatter.
The presence of flat connectors at patch panels will also
create Fresnel reflections, which manifests as spikes in a
coherent OTDR. Depending on how the signal is amplified
before detection, spikes in the OTDR may even cause
optical damage to the receiver though the use of coded
probe signals will help reduce the peak-to-average power
ratio (PAPR) arising from point source reflections. High
PAPR will also result when interrogating fiber spans of even
moderate length (e.g., a fiber span with 20-dB span loss
has a return loss difference of 40 dB between start and
end points). Rayleigh fading will further increase PAPR.
When the OTDR signal is digitized, quantization noise
may be an issue at weak signal points. This may require
preprocessing the OTDR signal to reduce its PAPR before
digitization, or the sensing system may only interrogate a
shorter section of fiber at a time to reduce signal amplitude
difference from beginning to end.

The sensing signals describe in Section II are typically
pulsed. Just as legacy ON–OFF keying (OOK) can incur a
large XPM penalty on coherent telecom signals based on
dual-polarization quadrature amplitude modulation (DP-
QAM) [185], sensing signals will likewise induce nonlinear
penalties. To ascertain compatibility between DFOS and
data transmission, the launched power of the sensing
signal needs to be carefully controlled, and the copropa-
gating telecom channels must be verified to be error-free.
Investigation into the coexistence between DFOS and data
transmission has been conducted in, e.g., [18] and [59].
It is also possible to shape the amplitude profile of the
sensing signal to lengthen the duration of the probe signal’s
rise and fall times to reduce the XPM penalty [76]. An
advantage of forward transmission schemes using data-
modulated signals presented in Section VII is that they
circumvent the coexistence issue.

DFOS systems can generate very large datasets owing to
the ratio between the bandwidth of the sensing signal and
the frequency of the slowest environmental disturbance
that needs to be measured. For example, a conventional
DAS with 10-m resolution requires using pulses of 100-ns
duration. Even if the pulses are Nyquist-shaped, the optical
signal needs to be sampled at >10 MSa/s. If vibration

frequencies down to 0.01 Hz are required for studying
seismic signals, a naïve real implementation will need to
store 109 samples for processing. Memory requirement
can be reduced if the vibration source has minimal high-
frequency content, and the length of fiber being moni-
tored has a round-trip propagation time much less than
the required vibration sampling rate Tp. However, the
use diversity or chirping in the case of DD-CP-OTDR will
increase memory requirements. DFOS transponders can
be expected to perform front-end DSP operations to at
least recover the strain or temperature time series at an
appropriate sampling rate. Even if these raw data are to
be transmitted to a central server for further processing,
the data rate requirement will be low (e.g., a few tens
of kHz). Realistically, the AI function will be performed
by onboard DSP at the DFOS transponder, as described
in Section IV. The DFOS transponder will then only need
to store and report anomalies to the central office, thus
drastically reducing memory requirements.

IX. C O N C L U S I O N
DFOS is an evolving field that has gained increasing
attention from telecom operators for whom DFOS offers
new opportunities for new applications using the existing
global fiber infrastructure, with the potential to facili-
tate scientific research, enhance public safety, and build
smarter cities. Most DFOS systems in research and devel-
opment today are based on backscatter measurement via
an OTDR, where events at different distances along a
cable are discriminated by different round-trip propagation
delays. The scattering mechanisms in glass are sensitive
to strain and temperature. With innovative cable design,
it is possible to transduce other environmental changes
into these variables that are measurable using existing
DFOS methods. Rayleigh scattering is widely used in DAS
and DVS, and Brillouin scattering is used in DTS and
DSS, while Raman scattering is used in DTS. The key
performance parameters in a DFOS system include spatial
resolution, sensing distance, measurand resolution, and
sensing bandwidth. For a given application, the sensing
transponder can choose appropriate parameters, such as
the bandwidth and repetition rate of the sensing signal,
to allow the best tradeoff between desirable performance
characteristics.

DFOS can benefit from advances in other fields, such
as radar and telecommunications. Indeed, the optical fiber
can be viewed as a 1-D radar. Due to advances in telecom,
coherent receivers, ADCs, and digital-DACs capable of
multi-GHz bandwidths are now widely available compo-
nents at a reasonable cost. They enable the recovery of
the electric field of the received backscatter without loss
of information and allow arbitrary manipulation of the
transmitted and received signals via powerful DSP algo-
rithms. Coding, frequency diversity, and spatial diversity
are tools that can increase optical SNR, sensing bandwidth,
and sensing range. Similarly, chirped radar has inspired the
development of chirped-pulse OTDR and OFDR.
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We reviewed a variety of DFOS applications in
Geohazard monitoring, seismic monitoring, traffic mon-
itoring, and infrastructure health monitoring. Events of
interest often have unique spatiotemporal characteristics
that can be exploited for their detection and localization.
For example, when soil erosion exposes a part of the cable
to the ambient environment, it can create a localized tem-
perature abnormality with a unique settling time or unique
delay relative to fluctuations in the ambient air tempera-
ture. Rockfalls and landslides result in a localized increase
in ground pressure, which can be detected using DSS.
Buried terrestrial cables situated along major roadways can
be used for traffic monitoring. Passing vehicles then appear
as lines on a DAS “waterfall” plot, and ML algorithms can
be used to identify vehicles and estimate their speed and
density. Spatiotemporal profiles of temperature and strain
can also be transformed into the f-k domain, which is a
powerful tool for analyzing the propagation characteris-
tics of a variety of ocean waves and seismic waves that
propagate in water or along the water–seafloor interface.
The use of chirped-pulse DAS, with its uniform measurand
resolution and excellent low-frequency performance, has
led to the detection of seismic Scholte waves, which was
previously difficult to study.

Recently, DFOS methods based on forward trans-
mission were also revisited. Although much work

remains to be conducted, this method has already
been demonstrated for earthquake detection and
infrastructure monitoring in terrestrial and submarine
cables.

Future research in the DFOS system can focus on several
areas. AI and ML methods, such as deep neural networks
(DNNs) and convolutional neural networks (CNNs), can
help improve the accuracy of event detection, classifica-
tion, and localization. Improvements in laser technology
can extend the frequency range over which phenomena
of interest can be monitored. Future network design can
take DFOS into consideration by providing pathways for
backscattered light to return to the sensing transponder,
thus facilitating the coexistence between telecommunica-
tion and environmental sensing. �
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