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ABSTRACT

In this paper, we discuss the operation principles, sensing mechanism, challenges and application areas of FBG-
assisted phase-sensitive optical time-domain reflectometry. A special emphasis is given to the interrogation of
fiber Bragg grating arrays for vibration sensing application. Results obtained by different research groups are
compared in terms of performance characteristics and future perspectives. Recent progress obtained through our
research collaboration are also presented. In particular, the detrimental spectral shadowing effect and multiple
reflection crosstalk are analysed and mitigation techniques are proposed.
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1. INTRODUCTION

Distributed optical fiber sensing (DOFS) was developed more than 20 years ago as a powerful group of
alternative technologies to the conventional sensors and since then, many successful applications have been
realised across multiple sectors such as oil & gas (i.e. well and pipeline monitoring), manufacturing, energy,
transportation, aerospace, security, and the medical sector [1]. These sensors make use of the intrinsic scattering
mechanisms (i.e. Raman, Brillouin, and Rayleigh) in single mode fiber (SMF), hence benefit from all the
advantages of optical fiber technology (low-weight, small dimensions and immunity to electromagnetic
interference).

The Rayleigh backscattering signal (RBS), the primary source of attenuation in optical fiber, has been
advantageously exploited for the realization of various distributed sensing systems [2]. Among them, distributed
acoustic sensing (DAS) or distributed vibration sensing (DVS), has become the dominant application area that
has been experiencing the fastest transition into commercialization. This sensor family relies on the fact that the
intensity and phase of the Rayleigh backscattered light vary in response to external perturbations (through strain-
optic effect). Most of the interrogation units implemented for DAS/DVS are based on the use of Phase-sensitive
Optical Time Domain Reflectometry (¢-OTDR), sometimes referred to as Coherent OTDR, in which coherent
optical pulses (from a narrow linewidth laser) are launched into the sensing fiber to perform spatially-resolved
measurements of RBS.

0-OTDR schemes can be divided into two main categories according to the detection method employed;
namely, direct detection and coherent detection ¢-OTDR. The former approach relies on the measurement of
RBS power over time, limited to the fact that the strain transfer function between the magnitude of the vibration
and the backscattering signal power is not linear, whereas the latter adopts the coherent detection scheme to
extract the phase component of the RBS. The knowledge of the phase is particularly important for the
quantification purpose as it can be used to deduce not only the frequency but also the magnitude of external
vibrations (i.e. the output of the phase-extracted DAS is linear to the vibration magnitude and is therefore
preferred in many industrial applications).

Despite its low SNR, the relatively simple direct detection 9-OTDR found a straightforward place in intrusion
detection applications [3]. On the coherent 9-OTDR side, many schemes (using heterodyne detection [4], digital
coherent detection [5,6], self-mixing demodulation [7], dual-heterodyne detection [8], imbalanced Mach-
Zehnder interferometer (IMZI) and 3%3 coupler [9], dual-pulse heterodyne system [10], and two-wavelength
probe [11]) have been investigated, providing phase demodulation and also featuring an improved SNR.

Even though DAS systems have been successfully demonstrated in many fields, there is still need for further
sensitivity improvement due to three factors. Firstly, RBS process has inherently weak signal levels (optical
amplification of RBS is limited by nonlinear threshold values of standard telecom-grade fiber). Secondly,
polarization and interference fading severely degrade the performance of ¢-OTDR. Thirdly, the variety of
applications of different nature may require different, application-specific ways of enhancing the signal in order
to extract the desired information with an acceptable SNR. In that sense, a suitable denoising and signal
processing method may be borrowed and adapted to an envisaged application having a set of particular
requirements (e.g. a particular vibration frequency range, or a special kind of background noise).
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The methods proposed in the literature include (but are not limited to); separate and moving averaging method
[4], wavelet de-noising method [12], Sobel operators [13], use of dual-pulse phase modulated probe [14], Fourier
transform method [15], Hilbert-Huang transform method [16], adaptive filtering [17], phase-shifted double pulse
method [18], use of chirped-pulse [19], spectrum extraction and remix (SERM) method [20], and least mean
square error (LMSE) adaptive filter algorithm [21]. All these efforts, each with their different complexity, cost,
and computational load, can be categorized as enhancement methods at the interrogator side.

Recently, an alternative approach brought about a new paradigm for the sensitivity improvement in DAS.
It proposes modifying the sensing fiber itself to obtain a better SNR, rather than enhancing the interrogator and
its signal processing stages. Fiber modification can be realized in either a distributed [22-27] or a quasi-
distributed manner [28-45]. Figure 1 summarizes two trends in creating a more sensitive fiber that have been
published in the scientific literature. The remaining of this paper handles the specific group that is based on the
weak fiber Bragg gratings of this classification.

Sensitivity improvement methods

by sensing fiber modification
Distributed: continuously enhanced backscattering Quasi-distributed: reflections implemented at
signal all along the fiber dicrete locations in the fiber
* UV exposure of hydrogen loaded SMF. Ten-fold * Backscatter enhanced points (dots) by
increase in RBS [22] localized laser exposure [28-31]
* Femtosecond laser micro-machined random I + Use of weak FBGs [32-45] I

grating along the fibre. High physical strength
* without phase mask fabrication [23]

* Femtosecond ultrafast laser irradiation to
produce Rayleigh scattering defects. 40 dB
enhancement of RBS [24]

* Reel to reel continuous UV grating inscription
(uniform of chirped using phase mask). 10 dB
enhancement of RBS [25]

* Nitrogen doped SMF [26]

* Use of optimum combination of different fiber
types (ultra low loss fiber, enhanced RBS fiber,
SSMF) [27]

Figure 1. Summary of recent trends in sensitivity improvement methods applied on the sensing fiber.

2. IMPROVED ®-OTDR SENSING SYSTEMS BASED ON FIBER BRAGG GRATING ARRAY

Signal-to-noise-ratio (SNR) improvement and elimination of fading noise are of critical importance to provide
high-precision dynamic strain measurement capability. The use of fiber Bragg grating (FBG) arrays to improve
the SNR in Rayleigh-based OTDR system has been demonstrated by several research groups [32-45] during the
last five years.

The key advantage of using FBGs as artificial scattering centers is the ability to control their reflectivity and
position. The reflectivity values used in these systems are very low (typically around -40 dB) but still
significantly higher than the Rayleigh intensity level in a typical single mode fiber (SMF). The positions of the
FBGs are generally equally spaced over the sensing fiber, where the distance between two successive FBGs
limits the spatial resolution of the sensor system.

From practical point of view, it can be foreseen that the implementation of FBG-based approaches in field
applications may be promoted by fast and affordable on-line writing capabilities of weak fiber Bragg grating
arrays into ordinary SMF during drawing [46].

2.1 Operation Principles

Each method proposed in the literature has got its own particularity, especially in terms of the optical phase
demodulation scheme. Table 1 summarizes the different schemes of FBG-based DAS systems interrogated by
optical time domain reflectometry.

Trying to cover most of these ¢-OTDR variants, Fig. 2 represents a generic set-up. It basically consists of
a light source followed by pulse modulation stage which outputs narrow optical pulses (or pulse pairs in some
schemes). After amplification and filtering (elimination of noise from the optical amplifier), pulses are launched
into the sensing fiber where the FBG array is inscribed. Prior to the photo-detection and data acquisition, an
optical demodulation scheme handles the signal reflected from the sensing fiber. Here, the signal is put in an
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appropriate form to extract the phase information contained in the reflected optical power upon detection and
signal processing steps.

The signals involved for the situation where only two FBGs are considered in an array are schematically
presented in Fig. 2. If the rectangular pulse injected into the FUT has a width W greater than twice the separation
L between FBGy and FBGy:1), the signals reflected from both FBGs overlap in a zone of length W/2-L of the
¢-OTDR trace [42]. If a laser source of narrow linewidth is used (there are a couple of exceptions in the
literature where low/medium coherence sources are implemented, cf. Table 1), interference occurs between
reflected signals. Let us focus on one of these interference sections, IFygy+ created by the superposition of the
electric fields Ey and Ey,; (i.e. optical signals reflected from FBGy and FBGys;). The complex reflection
coefficient, ry, and the complex transmission coefficient ty for FBGy are determined as a function of known
parameters, namely grating length, grating pitch, and average refractive index modulation [47].

The power level corresponding to IF g+ region can be calculated as

Pyavery = (En + Ey1)(Ey + Eyyq)” = |Ey|® + |Enya|* + Pac cos(Ap(t) +0(t)) (D

where 0(t) = arg (ry41(t)/ry(t)), 2¢@® is twice the phase difference between FBGy and FBGyy;, and
Pyc = 2|Ey| |Eyy4| The phase component (A9 (£)), indeed carries useful information as it will be modulated when
a perturbation is applied on the fiber section between two FBGs [48].
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Figure 2. Scheme of a generic interrogator set-up based on ¢-OTDR and theoretical analysis of reflected signals
from a single FBG pair, including power levels of the corresponding ¢-OTDR signature. E;,: complex electric
field at the Fiber Under Test (FUT) input.

2.2 Multi-reflection and spectral shadowing crosstalk

In spite of the critical importance of SNR improvement, there are some complications that accompany by the use
of equidistant cascaded FBGs. These issues, namely multi reflection crosstalk (MRC) and spectral shadowing
crosstalk (SSC) should be taken into account to be able to determine the realistic overall performance parameters
of the system.

In addition to the Phase-OTDR signature comprising the signal components given in (1), many possible paths
of the interrogating pulse can be found which, after having been subject to multiple reflections (3 reflections,
5 reflections, ...), arrive at the same time as the useful signal. The total number of such paths contributing to
multi-reflection crosstalk signal can be calculated for 3-reflection and 5-reflection cases, by equations (2) and
(3), respectively:

My(N) = Z(l -1

lNz 3N-1-k k (2)
Ms(N) = Z Z (kl+2(j—2))
k=1 im2 i=1 3

The MRC effect has been studied in terms of SNR analysis to calculate the longest achievable distance [37].

Spectral shadowing crosstalk effect is another limiting factor cascaded sensor interrogation systems.
The interrogating light needs to pass all upstream FBGs (hence carrying the spectral features of all the previous
ones) to reach a specific FBG. de Miguel Soto et al. proposed and experimentally demonstrated a method to
compensate SSC by using a sensor fiber containing four identical FBGs [42]. The compensation can be made
since the power terms of the three sections in equation (1) all include the same factor, namely the product of the
transmission coefficients of the preceding FBGs in which the spectral properties of these FBGs are hidden [42].
The phase component is then reduced to an expression only depending on the three power levels (represented as
Py, Pac, and Py, in Fig. 2) which can be read out from the ¢-OTDR trace.

Recently, we have shown by the way of simulations that these two phenomena (SSC and MRC) being
interrelated, the combined effects of SSC and MRC should be analyzed together for the cascaded FBGs, rather
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than treating only the signal power in MRC analysis [49]. This is because, in addition to the primary shadowing
components due to the interrogating optical pulse passing through all upstream FBGs before reaching a specific
FBG, the multi-reflection signals also carry supplementary frequency components (secondary spectral
shadowing frequencies) impinged on the actual signal to be measured. Simulations on various test scenarios
showed that appearance of ¢-OTDR trace is drastically influenced by the secondary SSC components making the
determination of real frequency content at a particular position a highly challenging task [49].

2.3 Application areas and perspectives

Many market analysis reports agree on similar expectations about the global DAS market size, pronouncing
a market value of between § 700 million to $ 2bn by 2025 [50]. This is largely due to new emerging application
fields such as formation of massive acoustic imaging [51], monitoring of transportation infrastructure/railways
[52], cracks detection [53], electrical discharge localisation [54], and seismic acquisition (e.g. earthquake
identification and localisation [55, 56], crustal structural features detection imaging [55], monitoring of
groundwater level [56]).

3. CONCLUSIONS

Fiber-optic distributed acoustic sensing techniques embrace two approaches. Transforming currently installed
fiber-optic networks into distributed acoustic sensing arrays has been the main idea behind most of the
aforementioned field demonstrations [51- 56]. As an alternative to this approach based on the measurement of
Rayleigh backscattering signal, the efforts to modify/improve the sensing fiber has also been attracting a great
attention [22-45]. We provide a review of the existing solutions based on FBG array to provide improved
sensitivity [32-45]. We emphasize that the multi reflection crosstalk and spectral shadowing crosstalk should be
carefully taken into account when designing such systems, making otherwise the interpretation of the

measurement results a challenging task [42, 48, 49].

Table 1. Comparison of different schemes of FBG-based DAS interrogated by phase sensitive OTDR.
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. SR/
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measurement Optical source Comment Year Ref.
parameters scheme range range parameters
Optical filter (0.1 nm Egs&iband A reference channel
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-~ . NLL Phase noise
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5 FBGs, polarisation diversity 10m /20 km K I K . f 2018|[39]
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L=3m. coupler. ax. error 3.4 ne. |1 g e ser.
Direct detection. Spectral shadowin,
R =~0.02%, [No phase info 2kHz  |Spectral Ultra-NLL e ion athed
4 FBGs, (vibration Sm/2.5km |(theory up to|shadowing Linewidth: rgposed and 2019([42]
L=5m. quantification is not 10 kHz) |compensated. 0.1 kHz prop
. implemented.
provided).
18 dB SNR
improvement Very low frequency
R=-40dB, [Double-pulse and compared to measurement.
88 FBGs, heterodyne coherent 50m/ 4.5 km 0.2Hz |RBS. NLL Both sinusoidal and 2018([43]
L =50m. detection. The influence of triangular signals
laser frequency demodulated.
drift reduced.
SNR =34.5dB
R=-43 dB, Z;ﬂzgﬁ;?;ioi?;e Capability of Tunable laser, Phase unwrapping is
200 FBGs, |betony con) 5m/ 1 km 2.5kHz |measuring slow |Linewidth: o o pping 2019[44]
L=5m. . drifts and fast 200 kHz '
algorithm. oo
vibration.
Self-heterodyne
R=-40dB, |detection. S o
S1FBGs, |Two pulses used 11.7m/42 km |8 Hz- 1 kHz 11\/1;;‘ error g‘;livgj‘h' 51?1“11?? ?;Str;&“tf: o [2019]45]
L=10m. |(frequency shifts of =< e ' pllymng employed.
150 and 80 MHz).

; PGCD-CM: Phase-Generated Carrier Differentiate and Cross-Multiply.
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