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Distributed acoustic sensing (DAS) using coherent Rayleigh backscattering in an optical fiber has become a ubiquitous technique for
monitoring multiple dynamic events in real time. It has continued to constitute a steadily increasing share of the fiber-optic sensor
market, thanks to its interesting applications in many safety, security, and integrity monitoring systems. In this contribution, an
overview of the recent advances of research in DAS based on phase-sensitive optical time domain reflectometry (¢-OTDR) is
provided. Some advanced techniques used to enhance the performance of ¢-OTDR sensors for measuring backscattering
intensity changes through reduction of measurement noise are presented, in addition to methods used to increase the dynamic
measurement capacity of ¢-OTDR schemes beyond conventional limits set by the sensing distance. Recent ¢-OTDR
configurations which significantly enhance the measurement spatial resolution, including those which decouple it from the
probing pulse width, are also discussed. Finally, a review of recent advances in more precise quantitative measurement of an
external impact based on frequency shift and phase demodulation methods using simple direct detection ¢-OTDR schemes is given.

1. Introduction

Distributed fiber-optic sensors have become ubiquitous in
the measurement of changes in environmental parameters
induced by multiple events over long distances. They have
interesting applications in a number of safety and integrity
monitoring applications including, among others, transpor-
tation, oil and gas, and process control systems [1]. While
some monitoring scenarios involve measurement of slowly
changing parameters such as temperature or static strain, a
number of natural phenomena that need to be monitored
in many other scenarios involve fast changing parameters
such as dynamic strain or vibration which require fast and
accurate measurement systems operating in real time. Conse-
quently, advanced distributed fiber-optic sensing schemes for
such dynamic measurements have recently attracted signifi-
cant attention. One possible technique to implement such
systems is based on stimulated Brillouin scattering [2].
Although a number of investigations have been made in this
area to enhance the speed of the measurement over short
distances with high spatial resolution, measurement at long

distances is inherently slow [3]. On the other hand, distrib-
uted dynamic fiber-optic sensors based on coherent Rayleigh
scattering offer interesting alternatives for fast distributed
measurements over long distances. Recently, distributed
acoustic sensing (DAS), which is the use of an optical fiber
to measure vibrations over an extended region, has become
a ubiquitous technique [4]. Recent survey indicates that the
DAS market has been growing steadily in the past few years
and is expected to surpass $2 bn by the year 2025 [5]. It has
a number of interesting applications including monitoring
the safety of assets such as railway infrastructures and oil
and gas pipelines.

In this contribution, we provide an overview of some of
the recent advances of research in the area of DAS based on
phase-sensitive OTDR (¢-OTDR). The article is organized
as follows: Section 2 describes the basic operating principles
and physical mechanisms used in ¢-OTDR sensing. Section
3 is dedicated to the discussion of some of the recently pro-
posed advanced schemes used to enhance the accuracy of
the measurement in ¢-OTDR sensors. Then, enhanced con-
figurations which address the critical issue of improving the
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measurement spatial resolution in ¢-OTDR are presented in
Section 4. This is followed by a discussion of ¢-OTDR
sensors which extend the speed of measurement beyond the
conventional limit set by the round-trip time (RTT) of the
sensing fiber in Section 5. Finally, some ¢-OTDR configura-
tions to extract additional information for precise quantifica-
tion of external disturbances, including frequency shift-based
measurements and direct detection phase demodulation
schemes are discussed in Section 6, and a summary of the
review is given in Section 7.

2. Basic Principle of Distributed
Sensing in ¢-OTDR

The most commonly used scheme to implement DAS sys-
tems is ¢-OTDR, which is based on the observation of coher-
ent Rayleigh backscattering from a sensing fiber in time
domain. The operating principle of ¢-OTDR can be
explained by modeling the sensing fiber as a set of M random
scattering elements each with reflectivity r; <« 1, as shown in
Figure 1. When light from a coherent pulse reaches each ele-
ment, it will be backscattered, and since the field contribu-
tions from adjacent elements within the spatial length of the
pulse have similar phase relations owing to the coherence of
the light, the backscattering field from each one will interfere
at the receiver. When measured for a duration corresponding
to the entire length of the fiber, this backscattering field
results in a distributed coherent speckle pattern whose local
phase and intensity are sensitive to local disturbances.

The electric field at the receiver (z = 0) which is backscat-
tered from the coherent pulse propagating along the fiber is
the sum of the contributions of the fields from M random
scattering elements within z € [(tv, — w,)/2, tv,/2], v, being
the group velocity of light and w, is the spatial length corre-
sponding to the pulse duration, and is given by [6, 7]:

M
= Eye 2%/ Z rel, (1)
i=1

where a is the loss, z = 1/2[tv, — w,/2] is the position corre-
sponding to the center of the pulse, w is the angular fre-
quency of the incident light, and ¢, is the total phase
change of light at the ith scattering element including the
phase accumulated by the field in its round-trip travel to scat-
terer i and back. Note that all length scales shown for position
z are calculated by considering that t=2z/v, is the time
needed for light to make a round-trip travel over a length
of z. This results in the corresponding reverse conversion of
z=1/2tv,. When the field in (1) is observed for each location,
the change in intensity Al of the photodetected backscatter-
ing signal from a static condition with respect to the one cor-
responding to a perturbation at the Ith scattering element can
be expressed as follows [8]:

AL=Iy — Iy,

-

M
=2 z ruty [COS(¢M - (pv) — cos (¢u - ¢V B ep)]’

u=1 y=]

(2)
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where r,, is the reflectivity for positions u and v, ¢, , are

the corresponding phases, and 6, =0 for z<z, and 6, =¢,

for z>z,, where z,
the phase change due to perturbation. Hence, the local
intensity change of the backscattering field is dependent
on the phase change at the scattering element which can
be induced by any external impact such as vibration or
heating which alters either the refractive index or the opti-
cal path length at that particular location. A simple dis-
tributed measurement over a distance S using this
technique is shown in Figure 2(a). Pulses from a coherent
source are sent into the sensing fiber through a circulator,
which also taps the coherent Rayleigh backscattering signal
to a photodiode for subsequent digitization and fast real-
time acquisition. Note that this is a simplified schematic
as many ¢-OTDR configurations include additional com-
ponents such as modulators, amplifiers, optical filters,
and polarization controllers. The maximum repetition rate
of the measurement is limited by the round-trip time
given by RTT =2S/v,, where v, =c/n is the group velocity
of light, ¢ being the speed of light in free space and n the
refractive index of the fiber. Note that in many practical
scenarios, a number of traces N,, need to be acquired to
perform averages and reduce the noise in the raw traces.
Together with Nyquist’s sampling criterion, the maximum
measurable frequency of vibration becomes

(i) @

Hence, this scheme can be used to measure vibrations
at high repetition rate and is suitable for distributed
dynamic monitoring systems for multiple real-time
vibration measurements.

Note that, as will be discussed in Section 4, there are
also more recent configurations which sample an external
disturbance at faster sampling rates by sending multiple
“colored” pulses along the fiber. This can then be used
to obtain multiple sampling of each location within a sin-
gle RTT, thereby surpassing the theoretical limit given in
(3) by a factor of the number of frequencies used. In a
simple distributed measurement using this technique, a
number of raw traces are acquired, and their difference
with a reference trace is calculated for the entire length
of the fiber. The resulting differential trace set will have
nonzero values at points of disturbance while being near
zero at locations without disturbance, as shown in
Figure 2(b) [9]. The evolution of the change at a disturbed
location can then be monitored to extract information
such as frequency and amplitude of the external impact.
Schemes for the extraction of additional information which
cannot be obtained using simple intensity change measure-
ments alone exist, and they enable more precise quantitative
measurement of an external impact, as will also be discussed
in Section 6.

is the perturbation location and ¢, is
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4= =X 73 = —
Fan= 3 (23 x Nav> 4



Journal of Sensors 3
Incident light o Random reflectors 7 it "m
T T T T T T T T
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
| | | | | | | |
| | | | | | I |
I I I I I I I |
Rt o b
1 1 | | | 1 1 1
Start of o <’”"””"””"”TT””;”; Lo End of
fiber o Lo L Lo fiber
ro K======= r=T----- F-r=-==-—=--- T
1 1 1 1 1 1 1 1
| | | | | | | |

o
|

Coherent Rayleigh backscattering

FiGure 1: Coherent Rayleigh backscattering in a single-mode fiber modeled as a set of randomly distributed scattering elements.
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FIGURE 2: (a) Schematic of a simple ¢-OTDR configuration and (b) intensity change in backscattering traces at perturbation location [9].

3. ¢-OTDR Sensors for Measuring Change in
Backscattering Intensity

Early implementations of ¢-OTDR were focused on measur-
ing the change in intensity and the frequency of the backscat-
tering signal from each location along the sensing fiber to
obtain partial information on the disturbance, including its
precise location and frequency. The first such implementa-
tions involved simple direct detection techniques for measur-
ing intensity changes for intrusion detection systems [10, 11].
There are also techniques used to enhance the SNR of the
backscattered signal in ¢-OTDR using moving averaging
and moving differential [12]. Some advanced schemes to
enhance the SNR of the measurement were proposed and
demonstrated employing coherent detection by mixing the
backscattering signal with a local oscillator [13]. Since the
polarization of the coherent speckles along the sensing fiber
cannot be controlled, this scheme necessitates the use of
expensive polarization maintaining configurations. Another
advanced technique which enhances the SNR of ¢-OTDR
traces is based on the resolution of the backscattering in
wavelet domains [14]. Most of these schemes involve the
acquisition of a number of traces to perform accurate mea-
surements and hence can result in a significant reduction of
the dynamic performance of the sensor, besides the challenge

related to the inevitable accumulation of intermediate data
during continuous real-time monitoring.

More recently, proposed methods involve enhancement
of the SNR of the backscattered signal, resulting in high
visibility by using high extinction ratio (ER) pulses which
reduce the coherent noise [7]. In these schemes, the
authors analytically show that, for some coherence of the
seed laser used to generate the probing pulses, the SNR
of the coherent Rayleigh backscattering signals scales with
the square root of the extinction ratio of the pulses. This is
thanks to the reduction of the coherent noise, which
occurs due to the interference of the backscattering signal
from the probing pulse with the residual light at the “0”
level in the same band. Using this method, an experimen-
tal demonstration of the measurement of ultrasonic vibra-
tions with frequency up to 39.5kHz is reported at distance
of 1.25km with a spatial resolution of 5m. Other related
investigations are focused on the limiting factors involved
in ¢-OTDR measurement, including that of modulation
instability [15], which is introduced due to the use of
high-peak-power pulses.

Later studies of techniques to enhance the SNR of the
signal include the use of advanced signal processing with
optical pulse coding for fast denoising [16]. The method
involves sending multiple pulses in the sensing fiber



instead of a single one and obtaining the single pulse
equivalent via a decoding process. This method enables
enhanced measurement of the distributed vibration using
low-cost DFB lasers having linewidth in the order of few
MHz. This is made possible by introducing two coherence
conditions which determine the range of the linewidth of
the light source used and the bit time, which is the dura-
tion between adjacent pulses. These are the intrapulse
coherence condition, which requires existence of coherence
within the pulse width, and the interpulse incoherence condi-
tion, which necessitates that it must be such that there is no
coherence between signals in consecutive pulses to avoid
interference of the backscattering from adjacent pulses.

The design of the source modulation scheme, which is
schematically explained in Figure 3, is done in such a way
that both amplified spontaneous (ASE) and coherent
noises are reduced and pulses with high ER are generated.
Specifically, the CW signal is first used to generate a train
of N pulses in the “1” state with bit time of Ty, using a
Mach-Zhender modulator (MZM). A subsequent acousto-
optic modulator (AOM) is then used to apply coding by
turning the light on or off with bit duration T,,. Both
modulators are used to suppress the “0”-level ASE noise,
which is also further reduced in both the “0” and “1”
levels via filtering. Note that the delay At has been intro-
duced in the modulating RF signals in order to account
for the delay introduced by the different locations of the
MZM and AOM in the optical setup. Thanks to the high
ER of the AOM, the pulses will also introduce reduced
coherent noise when used to probe the fiber. The method
is used to demonstrate distributed measurement of vibra-
tion at a distance of 5km with spatial resolution of 5m.
The interesting advantage of this SNR enhancement tech-
nique is that no additional optical components are needed,
with the only difference from conventional means being
the modification of the modulation scheme used to gener-
ate the pulses. Note that similar SNR enhancement has
been demonstrated in other schemes including standalone
BOTDA and Raman distributed temperature sensor (RDTS)
and hybrid distributed optical fiber sensor systems in which
the fast denoising benefit of optical pulse coding is employed
in simultaneously enhancing both temperature and strain
measurements [17]. The same method based on pulse coding
is also used to demonstrate a cost-effective hybrid distributed
acoustic and temperature sensor (DATS) which combines
RDTS and ¢-OTDR schemes in one by using a shared
source, sensing fiber, and intermediate optical components
[18, 19]. The simultaneously obtained temperature resolu-
tion using this technique is 0.5°C at the same spatial reso-
lution of 5m.

There has also been investigation of generation of high
ER pulses for phase-OTDR using nonlinear Kerr effect [20].
Note that the visibility of OTDR traces for ¢-OTDR is depen-
dent on the extinction ratio as has been demonstrated in pre-
vious studies [7]. The method in [20] hinges on the
observation that a slight variation of the power of a sinusoi-
dally modulated optical signal input to a nonlinear Kerr
medium results in a large variation of the sidebands gener-
ated by self-phase modulation in the medium.
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The authors suggest the use of the schematic shown in
Figure 4 for generating the high ER pulses, where a CW sig-
nal from NP Photonics FLS-25-3-1550-12 laser is first
allowed to pass through an electro-optic modulator (EOM)
which generates an optical signal sinusoidally modulated
with 8.9 GHz RF signal. Then, a second EOM is used to
impose the 50 ns square pulse on the modulated signal, which
is then allowed to pass through a Kerr medium (KM) with
2km long dispersion-shifted fiber having a zero-dispersion
wavelength of 1552 nm and undergo self-phase modulation
which generates sidebands. When using this source in a
¢-OTDR, a couple of filters is employed to suppress the
signal carrier and the additional sidebands generated by
the EOM [20]. One of the sidebands at the nth order is fil-
tered using a narrow optical bandpass filter (BPF). The
extinction ratio enhancement in the output optical pulses is
higher for higher-order sidebands. The comparison between
the backscattering signals obtained from the resulting signif-
icantly high ER pulses and those obtained from directly mod-
ulated CW light is reported to yield an enhanced SNR while
measuring vibration of 1kHz at 500 m. However, no quanti-
tative evaluation of this enhancement is provided except the
qualitative comparison of the raw traces for different lengths
of the sensing fiber.

Real-time measurement of vibrations has also been done
using hardware implementations at the receiver. For
instance, a distributed fiber-optic microphone system is
implemented using a ¢-OTDR scheme with a sample and
hold circuit, as shown in Figure 5 [21]. The circuit can be
used to tune the sensing location so as to “listen” to a partic-
ular point in the fiber and recover the sound in real time.
Even though the method cannot be deemed fully distributed
as it enables a single real-time measurement at a time, the
technique is used to detect and reconstruct generic vibration
signals including human voice, with a spatial resolution
down to 60 cm over a distance of 300 m. In the same study,
the use of high numerical aperture fibers is also verified to
increase the intensity of the detected coherent Rayleigh
scattering at the receiver and enhance the SNR of the mea-
surement. Comparison of real and detected human voices
resulted in some discrepancy as the scheme, which uses sim-
ple direct detection with no phase demodulation, cannot be
used to determine the phase change of the optical signal
due to the disturbance.

Loranger et al. reported a method to enhance the Ray-
leigh backscattering signal for improved SNR measurement
in ¢-OTDR systems [22]. The system is based on a cost-
effective method with reduced fabrication complexity
based on exposing a single-mode fiber to UV light without
requiring critical alignment compare to the writing of
multiple FBGs. The method yields enhanced SNR due to
an order of magnitude higher increase in the detected
backscattering amplitude.

One of the issues concerning ¢-OTDR sensors is modu-
lation instability. Some techniques have been proposed to
address this issue including making the shape of the probing
pulse the main focus of the design [23]. According to the
investigation in this work, from among four different types
of pulse shapes for the same total pulse energy including
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FIGURE 3: Design of the modulation scheme for a high-performance ¢-OTDR sensor.
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FIGURE 4: Generation of high ER pulses for a high SNR ¢-OTDR using the nonlinear Kerr effect [20]: (a) schematic of the generation, (b) CW
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FIGURE 5: Sample and hold circuit used to retrieve vibration at a
particular point in the sensing fiber [21].

triangular, rectangular, Gaussian, and super Gaussian, using
triangular or Gaussian-like pulses reduces visibility fading
in received ¢-OTDR traces and results in longer sensing
range or higher sensitivity. Rectangular pulses are shown to
exhibit more significant degradation in visibility, especially
at long sensing distances. An SNR enhancement method
for a ¢-OTDR sensor based on empirical mode decompres-
sion (EMD) method has also been proposed and experimen-
tally demonstrated [24]. It is based on the decomposition of a
noisy signal into the sum of a number of intrinsic mode

functions (IMF) and a residual component. The calculation
of the IMF functions is performed using an algorithm called
sifting, and they are shown to exhibit unique characteristics
such that the frequency gradually decreases from the first to
the last IMF. The high frequency noise will be concentrated
on the first few IMFs, and this feature enables noise reduction
via either filtering or thresholding. In the proposed scheme,
the correlation between each IMF and the raw signal is deter-
mined using the Pearson correlation coeflicient (PCC). Using
the method together with EMD in a scheme called PCC-
EMD, for a sensing distance of 2km and spatial resolution
of 5m, the reported improvement on the SNR during mea-
surement of a vibration of 1.2kHz is a significant amount
of ~40dB. The combined EMD-PCC method is reported to
yield noise reduction significantly higher than both the one
without use of PCC and other methods such as wavelet
denoising [12]. Note that the sifting algorithm used in the
denoising, which is performed offline in the digitally acquired
signal, can incur significant processing overhead which may
limit the dynamic performance of the technique.

In [25], the use of distributed fiber-optic sensors for
future audio and acoustic applications is suggested, and a



method to detect acoustic signals in air, similar to the one
with a microphone, is proposed. In particular, attaching a
bare sensing fiber in a ¢-OTDR sensor to a polysterene sheet
is shown to improve the sensitivity of the fiber to acoustic sig-
nals applied through air. Experimental results show the
detection of low intensity acoustic vibrations applied using
a speaker placed at a distance of 30 cm away from the fiber.
The sound source and sensing fiber were placed in a rever-
beration chamber which generates a large sound pressure
level (SPL), and measurements of acoustic signals from 0.5-
1.75kHz are demonstrated with detection of sound signals
at naturally occurring ranges of 108-115dB SPL, with a
spatial resolution of 1 m. Note that the unit dB SPL =20 log
(p/p,)> where the measured sound pressure is p in Pascal
(Pa) and the standard reference pressure p, =107 Pa, is
employed in quantifying and comparing the pressure due
to different acoustic signals [26, 27].

4. DAS Sensitivity and Configurations for
High-Speed Vibration Measurements beyond
Conventional Limits Set by the
Sensing Distance

In DAS systems, the measurement of sensitivity is key to
the comparison of the performances of individual systems.
To this end, some investigations have been made including
[28], where the authors propose the definition of DAS
sensitivity as the minimum input signal which generates
an SNR>1, in which the induced dynamic phase change
is measured with a specific fraction p of the virtual micro-
phone. The sensitivity is defined using the following
relationship [28]:

z

P
ol . = , 4
=\ TR (1)
where o], is the standard deviation of the dynamic phase

signal which also determines the minimum measurable
amplitude, z, is a dimensionless parameter obtained from
the Rayleigh distribution, and SNR, is the static signal-to-
noise ratio obtained from a single measurement of backscat-
tering signal at the receiver. In other words, the sensitivity is
the minimum input signal for which the dynamic signal-to-
noise ratio SNRj is such that Prob{SNRy > 1} = p. Experi-
mental evaluations of this specification are made on a phase
measurement system employing a 90° hybrid and coherent
detection involving 1 km single-mode fiber and three probing
pulses with durations 25, 50, and 100 ns. Accordingly, for
increasing pulse width, the SNR, increases while, since p
increases, a higher fraction of the virtual microphones is
required for a better performance, which in turn degrades
the sensitivity.

Another venue in which investigation has been done is in
extending the measurable vibration frequency in a ¢-OTDR
beyond the conventional limit set by the round-trip time
(RTT) given by (3). To this end, a system which uses multiple
pulses having different frequencies within a single RTT has
been demonstrated [29]. The principle of operation is
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illustrated in Figure 6, where in the left side acquisitions of
backscattering traces from pulses having multiple “colored”
frequency components are used to probe the fiber, with the
element A;; representing the amplitude of the ith pulse at
the jth acquisition. The right side of Figure 6 shows the sam-
pling for a particular position along the fiber, which is equiv-
alent to taking multiple samples corresponding to each
colored pulse at every spatial point within one RTT.

If the number of multiple-frequency pulses is # within a
round-trip time of RTT, the sampling period which in con-
ventional sensors has a minimum value of RTT, becomes R
TT/n in this case, enabling a proportional increase in mea-
surement speed. At the receiver, short-time Fourier trans-
form (STFT) with a duration corresponding to the spatial
resolution is applied to the backscattering signal from pulses
of different frequencies.

This scheme is demonstrated with 16 frequency-encoded
pulses and coherent detection using a balanced photodiode
with the dummy-frequency component used between each
pulse being outside the detection bandwidth of the photodi-
ode. Along a sensing distance of 5km and with a spatial res-
olution of 20 m, the reported vibration frequency measured
using this technique is 80 kHz. This is beyond the theoretical
limit of the measurable vibration frequency in conventional
schemes using only a single frequency, which would be, con-
sidering a maximum repetition rate of 20kHz and the
Nyquist criterion, 10 kHz for a sensing distance of 5km.

Here, it is worth making a comparison of the above
method with a recently proposed technique which improves
the speed of the measurement using a novel configuration
based on frequency division multiplexing of pulses sent to
the sensing fiber within one RTT [30]. The schematic is
shown in Figure 7, which is also an enhancement of earlier
methods proposed in [31, 32]. The rate of measurement com-
pared to conventional single-frequency ¢-OTDR is increased
by the number of linearly frequency modulated (LFM) probe
pulses generated using an arbitrary waveform generator
(AWG) driving an AOM. The backscattering from different
frequency ranges is separately demodulated by a matched fil-
ter algorithm at the receiver. The method, which also uses a
coherent detection at the receiver to determine the phase
change, is used to demonstrate the measurement of vibra-
tions of up to 9 kHz at a spatial resolution of 10 m over a sens-
ing distance of 24.7 km. The enhanced method proposed here
also addresses the issue of necessity to use high bandwidth
receiver to detect the backscattering due to the chirped pulses
in the AOM in [31, 32] by using undersampling. Note that
this is a new configuration which has the attributes of both
conventional frequency and time domain configurations
due to the use of frequency-modulated probe pulses.

5. ¢-OTDR Configurations for Distributed
Dynamic Measurements with High
Spatial Resolution

Typically, the spatial resolution of $-OTDR sensors has been
in the order of a few meters, with most demonstrations thus
far being 5, 10, and even 20 m. Recently, dynamic distributed
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sensors based on ¢-OTDR for the measurement of strain at
high spatial resolution have been under investigation. A con-
figuration based on the concept of chirped pulse amplifica-
tion is used for SNR enhancement in a $-OTDR sensor as
reported in [33]. This scheme enables measurements at small
pulse width, resulting in SNR enhancement at spatial resolu-
tion values down to 1.8 cm. As shown in the experimental
setup used to demonstrate this technique shown in
Figure 8, an initial dispersive medium based on a linearly
chirped fiber Bragg grating (LC-FBG) with a given dispersion
coeflicient is used to stretch the pulse.

At the receiver, the backscattering signal is allowed to
pass through another LC-FBG, with the opposite dispersion
coeflicient. The net effect of this procedure is that, while the
SNR will be enhanced, the system will retain the spatial reso-
lution corresponding to the initial input pulse before it is
stretched due to the opposite dispersive operation which
takes place in the optical domain. The experimentally
reported sensing distance in this contribution is only 8 m
owing to the pulse repetition rate of the mode-locked laser
used to generate the narrow coherent pulses. The technique
requires a high bandwidth at the receiver, with components

used in the demodulation being a 35 GHz photodiode and a
digitizer with a sampling rate of 80 GS/s.

Most notably, an interesting technique to implement
¢-OTDR  with enhanced spatial resolution which is
decoupled from the probing pulse width has also been pro-
posed and demonstrated, using swept-frequency pulse [34].
The technique is based on the principle used in optical pulse
compression reflectometry (OPCR) which uses frequency-
modulated pulse compression. LEM optical pulses are used
with temporal width large enough to obtain higher SNR in
the backscattering signal, and a matched filter is used at the
receiver to obtain the desired low spatial resolution.

The method implemented for a ¢-OTDR system is
shown in Figure 9, where the signal from a narrow linewidth
RIO laser is first modulated using the EOM driven by a
voltage-controlled oscillator (VCO) to sweep the frequency.
The LEM optical signal is then injection locked with a dis-
tributed feedback laser diode (DFB-LD) in order to enhance
the sideband suppression ratio and the output power. The
signal is then modulated using an AOM, and the resulting
frequency modulated pulses are amplified and sent into
the FUT.
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At the receiver, a double-balanced photodiode (DBP) is
then used to detect the coherent mixing of the backscattering
with the local oscillator which is split from the seed CW laser.
The signal is digitized and acquired using the data acquisition
(DAQ) system before it is allowed to pass through a matched
filter. The difference between two adjacent locations is used
to retrieve the perturbation signal in this scheme. It is worth
mentioning that the authors use only the moving differential
technique to determine the phase change. However, this can
only be used to determine the change in amplitude of the
backscattering due to a disturbance, unless a technique simi-
lar to the one given in [35] is used. Nonetheless, theoretical
analysis shows that measurement using a matched filter is
as though the original LFM pulse is compressed as a narrow
sinc-like pulse. In this technique, the spatial resolution R
(defined as FWHM of the processed signal in this particular
demonstration) is given as follows [34]:

R=_°, (5)

where c is the speed of light in free space, n is the refractive
index, and B= KT, where K is the slope of the LFM and T
is the duration of the frequency sweeping range, effectively
decoupling the spatial resolution of the measurement from
the pulse width. An experimental demonstration with a mea-
surement of a 200 Hz disturbance at 19.8km single-mode
fiber is reported with a high spatial resolution of 30 cm and
an SNR of 10 dB, while a large pulse width of 2 us is used to
probe the fiber.

Another interesting feature of this method is that it
clearly addresses the issues of dynamic range when using
narrow pulses, and more importantly, it tackles issues arising
from nonlinearity during measurements at long distances
when higher peak power levels are used to increase the
energy of narrow pulses. The required bandwidth for this
particular demonstration is 800 MHz for the photodiode
and 2 GS/s for the DAQ. The spatial resolution performance
limit of the proposed sensor is coupled with the frequency
sweeping range which also determines receiver bandwidth
where as expected, more spatially resolved measurements
require higher receiver bandwidth.
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FIGURE 10: (a) Cross-correlation of backscattering intensity traces at different spatial points in scanned pulse ¢-OTDR showing peaks
corresponding to compensating frequency shifts and (b) measurement of distributed temperature change [36].

6. ¢-OTDR Sensors for Precise Impact
Extraction Using Frequency Shift and Phase
Demodulation Techniques and Addressing
Polarization Fading

¢-OTDR sensors involving measurement of intensity
changes offer information on the location, frequency, and
amplitude of the backscattering signal. However, a more pre-
cise quantitative measurement of an external disturbance
requires additional information on the change in signal
behavior induced by strain or temperature changes. To this
end, techniques which are based on frequency shift measure-
ments [36-39] and others using direct demodulation of the
phase change [35, 40-44] have been proposed.

The frequency shift method for external impact extrac-
tion using ¢-OTDR is based on the observation that the fre-
quency of the probing pulses can be matched with a
corresponding change in temperature or strain with some
proportionality constant. For a source frequency shift of Av,
a strain change of Ae and a temperature change of AT are
calculated as follows [36]:

A
2 6.92%107°AT,
VO

(6)
Av
=7 = _0.78Ae,
VO
where v, is the nominal frequency of the probing light. Mea-
surement of external impact using this method involves an
initial acquisition of multiple sets of traces (including averag-
ing) while scanning the frequency of the probing pulses. This
is followed by performing cross correlation R, of the traces
acquired at multiple-intensity traces X, with a reference trace
X, as shown in Figure 10(a). For points in which there are no
disturbances, the calculated correlation has a peak only at the
reference frequency while heating/cooling the fiber results in

the peak occurring at another frequency. The offset of the fre-
quency of the peak with that of the reference trace is used in
(4) to calculate the temperature or strain, as shown in
Figure 10(b) for temperature change measurement. This
method has been used to demonstrate temperature sensing
with a resolution down to 0.01 K. However, the method,
which uses slow frequency scanning, is quasi-static and can-
not be used for measurement of dynamic perturbations.

To address this issue, another configuration which
employs the same principle has been proposed, this time
based on sending the equivalent of multiple-frequency pulses
on a single shot through chirping [37, 38]. In this method, the
duality of the temperature and strain changes with respect to
the source frequency change is utilized to measure both
dynamic strain and temperature. As shown in the experi-
mental setup depicted in Figure 11, the chirp in the single-
shot ¢-OTDR is generated using a laser diode (LD) whose
frequency is varied by applying ramp control input voltage
from the signal generator in synchronism with the pulses
which drive the semiconductor optical amplifier (SOA)
as a modulator.

A distributed measurement using this technique involves
calculation of the cross-correlation of traces to determine
their longitudinal shift. The measured shift is directly pro-
portional to the amount of temperature or strain, and the
slope of the linearity is inversely proportional to the chirp
slope, which is a feature enabling the tuning of the sensitivity
of the sensor by merely acting on the chirp slope. The traces
at the perturbed position are shifted longitudinally with
respect to the static condition as shown in Figure 12.

The method has also been used to measure dynamic
strain using the relation for strain change given in (4). Using
this technique, measurement of temperature with resolution
in the order of mK and that of strain with 4 ne resolution
are reported at a spatial resolution of 10 m [38]. It is worth
noting that, in this scheme, the dynamic range of the mea-
surement which is determined by the total frequency change,
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FIGURE 12: Traces at a segment of the sensing fiber showing: (a) static conditions and (b) longitudinal shift with temperature change at

different instances due to heating [38].

is linked to the pulse width and hence to the spatial resolu-
tion. In addition, the receiver uses a photodiode with a high
bandwidth of 13GHz and an ADC with a sampling rate
of 40 GS/s for the reported spatial resolution of 10 m. Note
that, owing to its fast measurement capability, the single-
shot method has also been used to demonstrate the mea-
surement of high frequency vibrations close to limits set
by the sensing distance.

More recently, a dual-frequency ¢-OTDR system for
measurement of the relative change of physical quantities
has been proposed and experimentally demonstrated [39].
In this scheme, a narrowband DFB laser is used as a seed laser
to generate consecutive pulses with known frequency shift
for each individual measurement. The principle is based on
the correlation of the backscattering signals from the two sets
of traces for any spatial location. The relative time shift of the
backscattering signals, which is obtained by first calculating
the peaks of the correlation of the backscattered trace with
its shifted version, is then used to determine the local distur-
bance. In the particular experiment, the change in tempera-
ture due to heating of a short segment of fiber at the end of
1km has been measured at a spatial resolution of 1 m. Even
though dynamic strain measurements are not reported in

this particular contribution, monotonic and sign-changing
gradient of temperature changes are demonstrated to yield
results which are consistent with a commercial temperature
measurement device. The proposed system also avoids the
coupling of the spatial resolution and dynamic range of
the measurement. Besides, shifting of the frequency does
not require additional optical components as a simple
modulation of the frequency of the DFB laser suffices,
and the receiver is based on a simple pin photodiode with
125 MHz bandwidth.

One of the first schemes for direct demodulation of dis-
tributed phase change involves digital coherent detection to
extract the phase of the coherent Rayleigh traces in the digital
domain [45]. Another notable technique for phase demodu-
lation for dynamic strain measurement in a ¢-OTDR is based
on a 3x3 coupler demodulation scheme [40]. There is a
delayed interferometric system which is kept in thermal iso-
lation at the input of the 3 x 3 coupler and three photodiodes
in synchronous operation at the three outputs of the coupler.
The introduction of a perturbation at any point on the
fiber introduces a phase change which will be observed
at the input of the interferometer at a resolution deter-
mined by the relative delay between the two arms and
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location with external impact traversed by a pulse pair [42].

detected after manipulation of the three signals at the out-
put after photodetection. The technique is used to demon-
strate dynamic measurement of strain varying at 5kHz
over a 1km distance with a minimum detectable strain
range of 80 ne [40].

This scheme has recently been improved in terms of the
performance in both the spatial and frequency resolutions
[41]. The later configuration involves the use of a single
FBG to filter the ASE noise both in the propagating pulses
and the backscattering signal. This scheme is shown to be
more efficient than the use of two separate FBGs, as the single
FBG can be made to be narrow without facing issues of
matching the central wavelength. The method is used to
make measurements of dynamic perturbations of up to
3 kHz at a distance of 5 km with a frequency resolution which
can be reduced to 5 Hz. Note that a fringe counting algorithm
is used in this scheme for phase unwrapping which inevitably
incurs additional postprocessing overhead, which will
become multidimensional in a distributed scenario involving
a number of points. In addition, the need for thermal isola-
tion of the interferometer and use of three independent pho-
todiodes which must be operated in synchronism render
the receiver of this scheme relatively more complex than
other alternatives.

A ¢-OTDR sensor, which emulates the 3 x 3 coupler used
in [40, 41] and resolves the receiver multiplicity and synchro-
nization issues by making alternate use of a single photodi-
ode and addressing drawbacks of interferometric stability
with the use of a double-pulse scheme, has also been pro-
posed [42]. The modulation of the pulses and the operating
principle of the configuration is depicted in Figure 13. Each
of the three pulse pairs is such that the relative phase-shift
8 is 0, 271/3 or —2m/3 as shown in Figure 13(a). Any distur-
bance which happens at a particular location of the fiber
introduces a phase change in the backscattering field E; com-
ing from leading pulse from the pair and not in E, coming
from the trailing one as shown in Figure 13(b). At the
receiver, the fields from each pulse in one pair will interfere
with each other, and the resulting fields from the three inter-
ferences will be used to extract the phase change, the same
way as in the passive 3 x 3 coupler.

Note that, due to the required waiting time for three
pulses for a single measurement, the measurable frequency
of vibration is reduced by a third. Another method which is
not limited by this reduction in measurement bandwidth
has been implemented using only a single dual-pulse pair in
which a relative frequency shift is introduced between the
pulses. An electrical I/Q mixer with a local oscillator with fre-
quency corresponding to the offset is then used to extract the

two orthogonal components of the phase, together with
unwrapping for phase values outside the range of the arctan
function [43]. Both techniques are shown to accurately
demodulate the phase change induced by a dynamic vibra-
tion with modulated amplitude.

Another more recent phase demodulation technique
which does not require coherent detection has also been pro-
posed utilizing the sum and difference of the intensity of
backscattering signals from two adjacent points [35]. This
technique has been demonstrated both for the case of single-
and double-pulse probes. When a certain disturbance occurs
at a particular location in the fiber, two backscattering inten-
sity signals are taken and used to retrieve the phase. The
authors show that the envelope fitting of the sum, Sum’ ()
and that of the difference, Diff'(t) of the two signals for both
single- and double-pulse cases are proportional, respectively,
to the cosine and sine of the phase, such that

Sum'(t) = cos(G(t) + M),
; )
Diff'(£) = sin (6(1) + @)
where 0(t) is the time changing phase and y,(t),i=1,2 is
the relative phase drift at the two adjacent positions 1 and
2. The 6(t) due to a particular perturbation is obtained
merely as the arctan of the ratio of the sum and difference
signals. In this particular demonstration, the technique is
used to measure dynamic phase changes with speeds of
up to 200 Hz at distance of 182 m with a spatial resolution
of 20 m.

Another phase extraction method employs coherent
homodyne detection using a 90° hybrid and a local oscillator
to extract the phase [44]. The basic schematic is shown in
Figures 14(a) and 14(b), where the backscattering signal is
fed to the input of the 90° hybrid together with the local oscil-
lator to obtain the two orthogonal components. The reported
demonstration using this method yields the demodulation of
up to 600 Hz signal at a distance of 12.56 km with resolution
of 10 m.

It is worth noting that, as has been mentioned above,
most conventional techniques for phase demodulation
including the use of 90" hybrid involve phase unwrapping
for values of the phase beyond the range of the arctan func-
tion. Phase unwrapping, especially in the presence of fast
and abrupt changes of phase, is a computationally costly pro-
cess, and in the case of distributed sensing, it involves multi-
dimensional computations the same as the ones necessary in
image processing [46-48]. Note also that the dynamic range
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of temperature measurement using the ¢-OTDR configura-
tion for precise impact extraction using frequency shift
method demonstrated in [36] is limited. This is due to the
fact that the temperature dependence of the property of
Rayleigh scattering traces, while allowing for a high tem-
perature resolution down to mK range, is valid only for
small temperature ranges, as the refractive index is also
affected at larger ones.

On the other hand, distributed temperature sensing using
the BOTDA scheme allows measurement over a large tem-
perature range while temperature resolution is compromised,
typically being limited to orders of a few Kelvin at long dis-
tances. There is a recently proposed configuration which
addresses this issue by using a multicore fiber (MCF) as the
transducer in a hybrid configuration combining ¢-OTDR
and BOTDA [49], which is shown in Figure 15. The two
schemes are implemented in two (central and outer) cores
of the MCF with a shared pump for both the Rayleigh and
Brillouin sensors and fan-out systems to couple the signal
to and from the single-core fibers in the components and
the MCF transducer. The frequency scanning of the BOTDA
is done in the probe while that of the ¢-OTDR is performed
in the pump, as shown in the experimental setup.

This configuration harnesses the important features of
the two sensing systems in a single one as shown in the
experimental results depicted in Figure 16. The two sec-
tions A and B of the sensing fiber are heated, respectively,
with small and large temperature changes. The temperature
profile using BOTDA given in Figure 16(a) cannot resolve
the small changes in section A while the large ones in section

B are clearly visible. In contrast, the profile made using the
¢-OTDR measurement shown in Figure 16(b) is able to
resolve the small changes in section A, while for section
B the different measurements are indistinguishable from
each other thanks to reduced resolution due to the effect
of large temperature changes on the refractive index. Note
that this configuration can potentially be used to imple-
ment a DATS system for simultaneous, cospatial tempera-
ture and vibration measurements.

Other studies have also been made to handle polarization
fading in ¢-OTDR. This issue is introduced in measurements
due to the fact that the state of polarization (SoP) of coherent
Rayleigh backscattering signal is randomly distributed along
the fiber owing to the random birefringence of the constitut-
ing material. This poses an issue in coherent detection
schemes as the polarization of the local oscillator cannot be
in alignment with that of the backscattered light. Resolving
the problem with polarization maintaining fibers poses chal-
lenges due to the high loss and cost of such fibers. Recently,
there has been theoretical investigation of this issue, and a
method based on polarization diversity has been proposed
and demonstrated [50]. It hinges on separating the backscat-
tering signal into two orthogonal SoPs and a subsequent
combination making sure that the detected signal is insensi-
tive to the SoP along the fiber.

The experimental setup used to prove this scheme is
depicted in Figure 17. As shown, first light from the external
cavity laser (ECL) is divided in an 80:20 percentage ratio
using an optical coupler. The 80% fraction is then fed to the
AOM, which shifts the frequency by 200MHz, and
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FiGURE 17: Experimental setup of using polarization diversity to address polarization fading in ¢-OTDR [50].

modulated with the EOM to generate pulses which are fur-
ther amplified with the EDFA and filtered before being sent
into the sensing fiber through the circulator. The backscatter-
ing from the fiber is then coupled with the 20% fraction of the
source before being split with the polarization beam splitter
(PBS) into two orthogonal SoPs. The postprocessing used
involves summing the amplitudes of the squared signals from
the two balanced photodetectors, to obtain a signal which is
independent of the input SoP [50]. Using this technique,
the SNR in measuring vibrations of 500Hz has been
improved by up to 10.9 dB.

Finally, it is worth noting that, even though the scope of
this review is limited to DAS techniques based on time
domain, there are also implementations of DAS based on fre-
quency domain techniques. These schemes use frequency
modulated signals to probe the fiber, followed by the trans-
formation of the response to its time domain equivalent to

retrieve the spatial response. Since these techniques do not
require the use of pulses, a typical OFDR offers spatially
resolved measurements with high probing energy suitable
for measurements in the presence of noise [51, 52]. Note
also that there have recently been time-domain techniques
which seek to address this long-standing issue of spatially
resolved measurements, by decoupling the spatial resolu-
tion from the pulse width and demonstrating reduced
measurement resolution down to few centimeters, albeit
at a lower performance than frequency domain ones, as
discussed in Section 5 [34].

Recent research on DAS based on OFDR has been
focused, among others issues, on addressing the need for
computationally-intensive algorithms for postprocessing of
the acquired raw backscattering signal from the fiber to con-
vert it to a suitable representation for extraction of sensing
parameters, as it poses a challenge for real-time applications.
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Recently, one such study has sought to resolve this issue for a
sinusoidal OFDR enabling the reduction of the complexity of
the processing algorithm from O(N?) to O(N log N) to
enable faster scan rates of 400 Hz at long distances [53].
Note also that additional schemes or signal processing
methods such as phase demodulation techniques or others,
which are discussed for DAS using time domain in Section
6, have recently been studied in the frequency domain as well.
They are required in order to perform more precise quantifi-
cation of external parameters such as dynamic strain. Such
implementations have been done in OFDR in [54] demon-
strating spatially resolved measurements at 30 m with a sam-
pling rate of 50 Hz. More recently, a technique has been
proposed to implement a phase demodulation scheme in
OFDR for dynamic strain measurement which has already
been demonstrated in ¢-OTDR [40]. The scheme is based
on the use of a 3 x 3 optical coupler and enables quantitative
measurement of a 100 Hz dynamic strain at 200 m [55].

7. Summary

To summarize, a review of the recent advances in DAS
systems using ¢-OTDR has been presented. First, the
operating principle and underlying physical mechanism
used in ¢-OTDR for fast distributed measurements have
been described. Then, some of the recent advances in per-
formance enhancement in ¢-OTDR sensors for measuring
backscattering intensity changes have been discussed.
These include use of high ER pulses to reduce coherence
noise, fast denoising in the optical domain using optical
pulse coding technique, generation of high ER pulses using
nonlinear Kerr effect, and the identification of pulse
shapes robust against modulation instability. A technique
to increase the intensity and SNR of the backscattering
in a single-mode fiber using a cost-effective method not
necessitating precise alignment required in writing FBGs,
the use of a sample-and-hold analogue circuit which is
capable of tuning vibration measurement to a particular
point in the fiber, and a method which can be used to
reconstruct sound signals applied on fiber through air in
a similar manner to a microphone have also been pre-
sented. A parameter for the evaluation and comparison
of the sensitivity performance of DAS systems has also
been described. The treatment also includes that of new
DAS configurations which advance the speed of measure-
ment in ¢-OTDR beyond the previously established theo-
retical limit set by the sensing distance. These schemes
are mainly based on the use of “colored” probe pulses or
linear frequency multiplexing, which enable multiple sam-
pling of perturbations at any spatial location at rates sur-
passing conventional limits set by the sensing distance.
In addition, an overview of some of the recent advances
in improving the spatial resolution of ¢-OTDR sensors has
been provided, including one based on tweaking of the con-
ventional setup to reduce the optical noise when using short
pulses with chirped pulse amplification techniques. Another
notable technique performs decoupling of the width of the
probing pulse from the spatial resolution by using linear fre-
quency modulation at the source and a matched filter at the
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receiver, whose bandwidth determines the spatial resolution.
Measurements with spatial resolution values down to few
centimeters are reported using such advanced methods.
Other recent schemes discussed in the review include those
aimed at more precise quantitative measurement of an exter-
nal impact using ¢-OTDR based on frequency shift measure-
ments and direct phase demodulation methods. Frequency
shift techniques include quasi-static frequency scanning of
the probing pulse, chirping of a pulse for a single-shot mea-
surement, and alternative frequency dual-pulse scheme
involving correlation of the backscattering from the consecu-
tive pulses in the pair. Phase demodulation techniques con-
sist of digital coherent detection, a delayed interferometric
scheme with a passive 3 x 3 coupler, a triplet of double pulses
with relative phase shift emulating the 3x3 coupler, a
double-pulse pair with relative frequency shift followed
by I/Q mixing, and coherent homodyne detection with a
90° hybrid. Finally, a sample hybrid technique which com-
bines the complementary benefits of ¢-OTDR and Bril-
louin sensing, respectively, for a high resolution and high
dynamic range measurement with a multicore fiber, and
use of polarization diversity to address polarization fading
in ¢-OTDR have been discussed. Overall, this contribution
provides an overview of the recent advances and some
areas of focus of research in ¢-OTDR configurations for
DAS, which is a technology constituting a steadily increas-
ing share of the fiber-optic sensor market, thanks to its
many interesting applications in safety, security, and integ-
rity monitoring systems.
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