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Abstract

Unlike traditional sensing schemes which rely on discrete point sensors that perform mea-
surements at predetermined positions, distributed optical fiber sensing is a general technique
that enables to continuously gather information (typically temperature and/or strain) along
the entire length of an optical fiber. This remarkable feature fulfills today’s high demand for
multi-points monitoring and detection in complex industrial facilities, e.g. gas/oil delivery sys-
tems and civil infrastructures. As one of the most recently investigated distributed optical fiber
sensors, frequency-scanned phase-sensitive optical time-domain reflectometry (¢p-OTDR)
can provide quantitative measurements with high sensitivity by frequency shift estimation
using the local Rayleigh backscattering spectra, showing the potential of long-distance and
high-spatial resolution sensing. In this thesis, particular attention has been paid to this tech-
nique to achieve more reliable measurements and explore diverse applications rather than
conventional temperature and strain sensing.

After a general introduction on distributed optical fiber sensing, including the main scat-
tering phenomena occurring in optical fibers and the most common interrogation methods,
the working principle and numerical model, as well as the phase demodulation schemes of
¢-OTDR, are reviewed. An emphasis is placed on frequency-scanned ¢-OTDR, especially in
terms of temperature, strain and pressure sensitivity when using standard single mode fibers
and some other sensing performance criteria.

A thorough study on the issue of large-errors when using cross correlation for the frequency
shift estimation is given analytically and experimentally. The results yielding an explanation
to the problem and providing with an estimation of the large error probability. In a disruptive
approach, a least mean square algorithm is proposed to reduce these errors, enabling to ex-
perimentally demonstrate temperature sensing with long distance and high spatial resolution.
Distributed pressure sensing, distributed and dynamic strain sensing, as well as distributed
hydrogen sensing, are finally presented and demonstrated using different fibers, based on
frequency-scanned ¢p-OTDR with high spatial resolution (5 cm/20 cm). The sensing principles,
experimental setups, and results are presented in full detail. The study demonstrates the
capability of frequency-scanned ¢-OTDR for different applications going beyond temperature
and static strain sensing, in particular, when combined with fibers based on dedicated designs.

Key words: fiber optics, Rayleigh scattering, distributed optical fiber sensor

iii






Résumé

Contrairement aux systémes de mesures traditionnels qui reposent sur I'utilisation de cap-
teurs discrets mesurant divers parameétres physiques a des positions bien déterminées, la
détection répartie par fibre optique permet de recueillir des informations (généralement
liées a la température et/ou la déformation) sur I'intégralité de la fibre. Cette particularité
rend les capteurs a fibre optique aptes a répondre a la forte demande actuelle en termes de
surveillance et de détection sur de multiples points dans certaines installations industrielles
complexes, tels que les systemes de distribution de gaz/pétrole et les infrastructures de génie
civil. Etant 'un des capteurs répartis a fibre optique les plus étudiés actuellement, la réflecto-
métrie optique a balayage de fréquence et a sensibilité de phase dans le domaine temporel est
capable de fournir des mesures quantitatives de grande sensibilité par estimation du décalage
de fréquence entre les spectres locaux de rétrodiffusion Rayleigh, et démontre ainsi un fort
potentiel de mesure a longue distance et a haute résolution spatiale. Dans cette thése, une
attention particuliere a été accordée a cette technique, afin de réaliser des mesures plus fiables
et d’explorer des applications non conventionelles, plutét que de se focaliser sur des mesures
plus traditionnelles, telles que la température et la déformation.

Apres une introduction générale sur les capteurs répartis a fibre optique, les principaux
phénomenes de diffusion observés dans les fibres optiques, les méthodes de mesures les plus
communes, leur principe de fonctionnement et le modéle numérique associé sont passés
en revue, ainsi que les procédés de démodulation de la phase appliqués a la réflectométrie
optique sensible a la phase dans le domaine temporel (¢-OTDR). Différents aspects des
¢-OTDR a balayage de fréquence sont abordés, notamment en termes de sensibilité a la
température, a la déformation et a la pression, lors de l'utilisation de fibres unimodales
standards, ainsi que de certains criteres de performances.

Une étude sur le probleme des larges erreurs lors de I'utilisation de la corrélation croisée
pour l'estimation du décalage de fréquence est conduite analytiquement et expérimentale-
ment, fournissant une explication au probléme des larges erreurs, ainsi qu'une estimation de
leur probabilité d’apparition. En rupture avec les approches traditionelles, un algorithme se
reposant sur la méthode des moindres carrés est mis en ceuvre, afin de réduire sensiblement
la présence de larges erreurs, permettant ainsi une mesure expérimentale de la température
a longue distance et a haute résolution spatiale. La détection distribuée de la pression, de
la déformation dynamique, ainsi que de I’hydrogene, sont démontrées a I'aide de différent

A%



Chapter 0 Abstract

types de fibre, sur la base d’'un systeme ¢-OTDR a haute résolution spatiale (5 cm/20 cm).
Les principes de détection, les dispositifs et les résultats expérimentaux sont présentés de
facon extensive. L'étude illustre les performances du ¢»-OTDR a balayage de fréquence pour
différentes applications, allant au-dela des mesures classiques telles que la température et la
déformation statique, en particulier lorsque cette technologie est combinée avec des fibres
spécifiquement congues pour ces applications.

Mots clefs : fibre optique, diffusion Rayleigh, détection répartie a fibre optique
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|§ Introduction

Fiber-optic communication, as the hardware basis for the Internet technology, lays the foun-
dations for the information age and has sharpened the modern life style significantly. As one
of the key inventions in fiber-optic communication, optical fibers demonstrate extremely low
transmission loss (0.2 dB/km) and other important advantages such as low cost, light weight,
immunity to electromagnetic interference among others. The main stream of research and
application on optical fiber is based on its role as transmission medium in optical communi-
cation; however, it also serves as information writing and reading medium such as imaging
tools, medium for lasers, sensors and so forth.

Apart from fiber-optic communication, distributed optical fiber sensor (DOFS), in which the
optical fiber plays a role of both transmission and sensing medium, is another great example of
taking the best advantages of the exceptionally low loss and also the other intrinsic advantages
of the optical fiber as mentioned above. It is a technique which cost-effectively provides
information from thousands of or even millions of locations with just one interrogator and a
single fiber, instead of a complex sensor array deployed. Today’s high demand of multi-points
monitoring for long distance in harsh environment is being fulfilled by DOFS in many domain
such as structural health monitoring (long bridges, electrical cables, oil and gas pipelines, etc),
security surveillance, and other energy industry [1, 2, 3].

The working principle of DOFS is based on a scattering process of light in the fiber: Rayleigh
scattering, Brillouin scattering and Raman scattering; and there are three main interrogation
schemes to spatially resolve the information which is carried by the scattered light: in time
domain, frequency domain and correlation domain. As one of the most promising DOFS
techniques based on Rayleigh scattering, phase-sensitive optical time-domain reflectom-
etry (¢p-OTDR) is drawing increasing attentions both in academic research and industrial
application areas, owing to its ultra high sensitivity and potential for long-distance sensing.

In this dissertation, we are focusing on the study and development of distributed optical
fiber sensing based on ¢-OTDR. To demodulate the phase change of the fiber, the frequency
of the interrogating light is scanned and the frequency shift of the Rayleigh backscattered



Chapter 1 Introduction

spectra is linearly proportional to the amplitude of the environmental perturbations. The
measurement errors are investigated theoretically and experimentally. A great effort has been
made to demonstrate distributed pressure sensing using the frequency-scanned ¢-OTDR and
the potential of sensing other measurands has been explored.

The thesis is structured as following:

In Chapter 2, it gives a general review of distributed optical fiber sensor (DOFS) based on
different scattering mechanisms and interrogation schemes.

Chapter 3 addresses the fundamentals of a particular DOFS system: ¢p-OTDR, including the
numerical description of Rayleigh scattering in the fiber, and the working principle of intensity
of intensity-based ¢-OTDR. It also reviews the phase demodulation schemes of ¢-OTDR and
an alternative method to retrieve the phase information of the Rayleigh scattering by scanning
the frequency of the interrogating light. The phase sensitivities on temperature, strain and
pressure of fiber are discussed, as well as some key measurement parameters of frequency-
scanned ¢-OTDR, such as the sensing distance, the spatial resolution, the dynamic range
and response time. In addition, two different sources of noise in the system are specifically
addressed.

Chapter 4 explores the measurement large errors on the frequency shift estimation of
frequency-scanned ¢-OTDR. It has been found that the large error results from the limited
spectral span and the errors exist even with infinite high signal-to-noise ratio. The problem
is studied analytically and experimentally. Solution based on least mean square algorithm is
proposed to reduce the large errors and demonstrated for temperature sensing.

Thanks to the ultra-high sensitivity of ¢-OTDR and the proper designs of the fiber, frequency-
scanned ¢—OTDR have the potential to sensing different quantities with high spatial resolution
distributedly and even dynamically. In Chapter 5-7, three experimental demonstrations on ex-
ploring the capability to sensing different physical quantities with different designs of optical
fiber are presented, based on frequency-scanned ¢-OTDR. Chapter 5 focuses on distributed
pressure sensing, using two different types of fiber: photonic crystal fibers (PCFs) and air side
hole fiber. In chapter 6 and chapter 7, distributed hydrogen sensing and distributed dynamic
strain sensing are presented, separately, as examples to explore the capability of the system
for different applications.

The final chapter summarizes the main results of this thesis and a few perspectives on
frequency-scanned ¢-OTDR are proposed.



¥4 Distributed optical fiber sensing

The principle of distributed optical fiber sensing (DOFS) is schematically shown in Fig. 2.1.
Intensity and/or frequency modulated light is sent into the fiber as an optical probe that picks
up vibrations or temperature changes along its way through different scattering mechanisms.
The information is carried on by the scattered light up to detection, where it is then processed
to be spatially resolved. In this chapter, the main scattering mechanisms used in DOFS as well
as the most common interrogating schemes are introduced briefly.
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Figure 2.1 - Principle of distributed fiber sensing
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2.1 Scattering mechanisms

Scattering phenomena result from light-matter interactions: when an optical wave propagates
in a given medium, it interacts with its constituents at a molecular level and a part of the
incident light is deflected. Since these physical processes depend on the mechanical and
optical properties of the medium, distributed optical fiber sensors (DOFS) rely on the different
scattering processes occurring in an optical fiber to remotely access local environmental
changes, typically temperature and/or strain. The great majority of existing DOFS are based on
three scattering mechanisms: Rayleigh scattering, Brillouin scattering and Raman scattering,
whose spectra are shown in Fig. 2.2.

Anti-Stokes components | Stokes components
RayEeigh
Brillouin Brillouin
Raman Te Te
«— —
Raman
AN\ .
w o Wavelength

Figure 2.2 — Three types of scattering mechanisms in the fiber [4]

In this section, four scattering pI'OCGSSGSI

are introduced briefly; they are spontaneous Ra-
man scattering, spontaneous Brillouin scattering, stimulated Brillouin scattering and Rayleigh
scattering'’. As of now, these four scattering mechanisms make up the core of the technique

for distributed optical fiber sensing.

2.1.1 Spontaneous Raman scattering

Raman scattering was firstly observed by C.V. Raman in 1928 [5]. When light shines on a
material, spontaneous Raman scattering (SpRS) transfers a small fraction(typically 1/107%)
of the incident power to another optical field, i.e. the scattered light spectrum contains new
frequencies, different from those of the excitation source. As is shown in Fig. 2.2, the new
components that are shifted to higher wavelength are called Stokes components, while those

that are shifted to lower wavelength are called anti-Stokes components'!'.

SpRS is a the light-matter interaction involving vibrational (or rotational) transitions at a

TAll three phenomena can be categorized in two regimes: spontaneous and stimulated, which are linear
and nonlinear processes, respectively. Stimulated Raman scattering and Stimulated Rayleigh scattering are not
discussed here since there are very few DOFS based on those two scattering mechanisms.

IThe so called Rayleigh scattering often refers to the spontaneous elastic regime.
MThe same naming rule also applies to Brillouin scattering as shown in Fig. 2.2
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Ey
Ey

Stokes Anti-Stokes

Figure 2.3 — Energy diagram of Raman scattering

molecular level. It can be explained schematically from the energy diagram shown in Fig. 2.3:
An incident photon excites a molecule from ground state Ej to a higher state E; through a
virtual state, generating a photon with reduced energy (stokes process); As for the anti-stokes
case, a molecule at an energy level E; absorbs an incident photon through a virtual state and
decays to its ground state; at the same time, a photon with higher energy is emitted. Assume
that the frequency of the incident photon is w, and the frequency of the scattered photon is
w * (24, where (24 is related to the angular frequency of the thermal vibration of the molecule.
The quantity v = £24/27 describes the Raman frequency shift experienced by the scattered
light.

The strength of the anti-Stokes scattering is determined by the average number of ther-
mally activated phonons N, in the material, since a phonon and an incident photon are
annihilated to create a new photon during the process. However, the scattering strength for
the Stokes process is proportional to N, + 1, given that the incident photon is annihilated to
generate a new phonon and photon pair. The average number of thermally activated phonons
in a material is governed by the Bose-Einstein distribution [6]:

1
Naye = h—vR (2.1)
exp (m) -1

where kp and T are the Boltzmann constant and the absolute temperature in Kelvin, respec-
tively. For instance, at ambient temperature (7=293 K), the typical Raman frequency shift is
~13.2 THz in fused silica [7], the thermally activated phonons N, is therefore ~0.13, which
is much smaller than 1. As a consequence, the strength of the Stokes process is much less sen-
sitive to temperature since N, + 1 = 1, and the ratio between the strength of the anti-Stokes
and Stokes process is :

Sp=—2 _ —exp (——) . 2.2)

By measuring the power of the scattered anti-Stokes and Stokes light, we can retrieve

5
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the temperature information, which is the main working principle of Raman distributed
temperature sensors (DTS).

DTS was first investigated in 1985 [8] and has been commercialized for distributed tem-
perature sensing in various areas, such as oil well, and pipelines. [9, 10]. One of the most
remarkable advantages of Raman-based temperature sensing compared with DOFS systems
based on Brillouin and Rayleigh scattering, is that it is insensitive to strain, [11]. As mentioned
before, the Raman frequency shift is vi = 13.2 THz in fused silica. For an incident light working
at a wavelength of 1310 nm, the spectral separation between the Stokes and anti-Stokes is
120 nm. In this case, the different attenuation experienced by the Stokes and the anti-Stoke
components due to their spectral separation can introduce errors into the temperature mea-
surements. To compensate this attenuation difference, double ends configuration [12] and
double light sources methods [13] were introduced to increase the sensing accuracy. Due
to the low efficiency of SpRS, multimode fibers were utilized in early works to obtain higher
scattered power since the multi modes fibers have larger backscattering capture factor [8, 14].
However, inter-modal dispersion has limited the sensing range as well as the spatial resolution.
Today’s commercially available Raman-based DTS can typically measure up to 14 km of fiber
with a spatial resolution of 1 m [15, 16].

2.1.2 Spontaneous Brillouin scattering

Unlike Raman scattering, where the light interacts with the vibration of individual molecules
(optical phonons: high energy and low momentum), Brillouin scattering is the phenomenon
in which energy couples between optical modes and vibrational modes of the entire molecular
chain (acoustic phonons: low energy and high momentum) [6].

Figure 2.4 - Momentum conservation of spontaneous Brillouin scattering in Stokes case
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Fig. 2.4 depicts the wavevector diagram of spontaneous Brillouin scattering (SpBS): the
incident optical wave, with frequency v and wavevector k, is partially diffracted when inter-
acting with the thermally activated acoustic wave (bulk acoustic wave, gray shape in Fig. 2.4),
which frequency and wavevector are v, and ¢q, respectively. The acoustic wave induce refrac-
tive index variation via photo-elasticity thus diffracting the incident light. Assuming for the
frequency and wavevector of the scattered light to be v’ and k', respectively, and applying
energy and momentum conservation to the three waves:

vi=v—v, (2.3a)

k'=k-q (2.3b)
By projecting the wavevectors shown in Fig. 2.4 along the orthogonal axes, we have:

k'sin6 = gsinf’ 2.4
k=k'cosf + gcosO’ '

0 is the angle between k and k', and 6 ' is the angle between q and k. Considering Eq. 2.3,

Eq. 2.4 and the relationship between wavenumbers and frequencies v = k¢/2m,v' = k'c/2m,v, =
qV,/2mn, where cand V, represent the light and acoustic velocities in the medium, respectively,

the general relation linking the frequencies and velocities of the incident light wave and the

acoustic wave is obtained as follows:

4V2y(v —v,)sin® (g) =(*=V2)va. (2.5)

Thus the frequency of the acoustic wave v, can be derived as:

2 2
vazzﬁvsm(é)w_(ﬁ) cost ()2 (%]
¢ 2 ¢ 2 ¢ (2.6)
v, . (9) v, . (9)
~2—vsin|—|=2n—sin| —
c 2 Ao 2

where A, is the wavelength of the incident light in vacuum. The approximation in Eq. 2.6
comes from the fact that the velocity of light is much larger than that of the acoustic wave
in the medium (e.g. in silica, the velocities of light and acoustic waves are ~ 2 x 108 m/s and
~ 6 x 10% m/s, respectively).

From Eq. 2.6 we can see that the frequency shift of the scattered light with respect to the
incident light v, is highly dependent on the scattering angle 6. The shift is maximized when
0=180° (in the backward direction) and it is zero when 6=0° so the scattered light can not be
distinguished from the incident light in the forward direction. The backward frequency shift
of the scattered light in the counter-propagating direction is called the Brillouin shift:

v,
VBEva(G:n):Zn/l—a 2.7)

o
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From Eq. 2.7 we can see that vp is related with the acoustic velocity and optical refractive
index of the material. In single standard single mode fiber (SMF) at 1550 nm, vp is normally
about 11 GHz.

In solid materials, the acoustic velocity is given by:

B
Va=1/— (2.8)
P
where Bis the bulk modulus and p is the material density. Both p in Eq. 2.8 and nin Eq. 2.7 are
temperature-dependent. Besides, mechanical deformations such as strain will also change
the material density as well as the refractive index through photoelasticity [17]. Consequently,
SpBS can be used for temperature and strain sensing by measuring vg. In silica fibers, the
temperature and strain sensitivities are approximately:

AVB | 26 MHZ/K 2.9a)
— = 1. Z .
AT

AVB__(.056 MHz/ (2.9b)
— =< U. Z E .
Ae x 1076 H

where T and ¢ are the temperature and strain applied to the fiber. Typical SpBS-based DFS
systems include Brillouin optical time-domain reflectometry (BOTDR) [18] and Brillouin
optical frequency-domain reflectometry (BOFDR) [19, 20]. They are often implemented for
distributed strain sensing in structural health monitoring [21]. As frequency-based tech-
niques, the advantage of Brillouin-based DOFSs is that they are less sensitive to the fiber loss,
compared with the intensity-based sensors such as Raman-based DTSs.

2.1.3 Stimulated Brillouin scattering

When the incident light is strong enough, the optical properties will be changed by the incident
light and the scattering strength is no longer dependent on thermally-activated phonons. In
this case, the scattering process is much more efficient than the spontaneous processes and it
is called stimulated [17].

Stimulated Brillouin scattering (SBS) is one of the most often used stimulated processes in
DOFS. In SBS, an optical pump wave (with frequency v ) interferes with a counter-propagating
optical signal wave (with frequency v;). The resulting beat wave (with frequency v, — vy)
produces, through electrostriction (or radiation pressure), an acoustic wave (with frequency
vp — vs) traveling at the acoustic velocity. As the acoustic wave propagates along the fiber,
a moving grating is created through photoelasticity, that scatters back the pump. When the
frequency difference between pump and signal matches the Brillouin shift, i.e. v, —vs=vp,,
the energy is transferred from pump to signal with the maximum efficiency. The increased
signal will in turn enhance the intensity of the beat wave, and consequently the amplitude of
the acoustic wave. Overall, both the scattered light as well as the moving grating strength are
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enhanced through this positive feedback as illustrated in Fig 2.5 [6]. The same mechanism
takes place when only the pump wave is initially present: when the intensity of the pump is
high enough, i.e. past the so-called critical point, the incident light scattered through SpBS
is powerful enough to play the role of the signal wave described here above. In this case, the
whole process builds up from thermally activated acoustic waves.

Pump wave

Signal wave Acoustic wave

Figure 2.5 — Stimulated Brillouin scattering: the pump wave (incident light) interferes with the
signal wave (scattering wave )
The amplitude of the three waves in an optical fiber can be described by [22]:

OBy _ m OEp _
0z c Ot _EAES

) %Jr%%:g;ggp (2.10)
OE,

azA +FdEA = %gBEpEZ

where Ep, Es and E 4 are the amplitude of the pump wave, signal wave and the acoustic wave,
respectively. [y =g+ i2ndvp is the damping factor, which is related to the phonon life time
1/I'p and the detuning factor 6 vg. The gain factor is given by [23]:

B 2nn’p?,Kp Pp
cA2pVavp Acti’

8B (2.11)
where Pp is the pump power, A is the pump wavelength, A is the effective core area, p;, is
one element in the strain-optical tensor of the material (longitudinal elasto-optic coefficient)
and Kp varied from 0 to 1, which is a factor which describes the alignment between the
polarization states of pump and signal. On average Kp equals 0.5.
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SBS has the highest efficiency among the nonlinear optics effects taking place in an optical
fiber and has been widely used in DOFS such as Brillouin optical time-domain analyzer
(BOTDA), Brillouin optical frequency-domain analyzer (BOFDA) and so on. Since the probe
power can be much stronger than the spontaneous scattered light, the SBS based DOFS
systems are suitable for long distance sensing [24]. However, the pump and probe need to be
launched into the sensing fiber from opposite ends, since the scattering coefficient is zero
when the probe and pump light are co-propagating. The equivalent one-end sensing range
has to be shortened to half of the total fiber loop. With specially-designed erbium doped fiber
amplifier (EDFA) repeaters, the sensing distance of BOTDA was extended to 325 km in 2014,
corresponding to a 650 km fiber loop [25]. Assisted with coding and Raman amplification, a
repeaterless BOTDA with record long distance of 175 km has been achieved [26]. Normally, the
phonon acoustic lifetime (in the order of 10 ns) limits the spatial resolution to 1 meter, unless
sophisticated coding schemes are utilized [27, 28]. Very recently, through signal processing,
the submeter spatial resolution has also been demonstrated [29].

2.1.4 Rayleigh scattering

Rayleigh scattering originates from non-propagating density fluctuations in the medium [17].
This scattering process takes place when the scale of the fluctuations (the size of the scatterer)
is much smaller than the wavelength of the incident light. In a dense medium (e.g. silica), this
process can be described using a microscopic approach.

The local perturbations of the medium lead to variations of the material optical properties,
thus the process can be described by the dielectric tensor €:

D=€E=cyE+P (2.12)

Here D, E and P are the electric displacement vector, electric field and polarization vector,
respectively while € is the permittivity in vacuum. The response of the medium can be
described by the polarization vector as:

P=¢yxE (2.13)

where y is the susceptibility tensor. The tensor y is a fundamental parameter to describe
how the medium responds to an incident electromagnetic field and € = ¢o(I + x) where I is
the identity matrix. We can rewrite the dielectric tensor to address the perturbations by an
averaged value (scalar term) plus small perturbations (tensor):

e=cl+ Ae (2.14)

where € is the average dielectric constant of the medium, which we assume as isotropic. The
first term represents the homogeneous contribution to the dielectric tensor whereas the
second term Ae is the temporally and/or spatially varying fluctuations in the dielectric tensor,

10
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leading to light scattering. We can further decompose the fluctuation term into a scalar and a
tensor contribution:

A€ = Ael + A€? (2.15)

The first term comes from fluctuations in thermodynamic quantities, e.g. the pressure, den-
sity, temperature and entropy. Scattering due to Ae is categorized as scalar light scattering,
including Brillouin scattering and Rayleigh scattering. Scattering arising from the second term
in Eq. 2.15 is called tensor light scattering, including Raman scattering and Rayleigh-wing
scattering.

Figure 2.6 — Coordinate system for calculation of the Rayleigh scattered light field

To calculate the intensity of the Rayleigh scattered light, we consider a plane optical wave
as the incident wave:

E(R, f) = Ejp e e/ Puf-0D (2.16)

Ej, is the amplitude of the incident field, ey, is the unit vector aligned with the light polarization
state (a linear polarization of the incident light is assumed here), B;, is the propagation wave
vector, R is the position of interest in the xyz coordinated system, and w is the optical frequency.
The scattered field generated by a volume V of the medium at a position R; far from the
scattering volume (illustrated in Fig. 2.6) is given by [6]:

2 el BR-wD)

w 1 . '
E4(R, 1) = By, — [eg x (eg x ein)]——f Ae(r!, r)el Pu=Bor' qp’ 2.17)
c? 4R ey Jv
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Here R =|R| and 5 =B, where S is the propagation vector in the direction of the scattered
wave and e is the unit vector which aligns with the direction of . The intensity is then the
time-averaged value of E¢E;,

Iy = (EE}) (2.18)

Inserting Eq. 2.16 into Eq. 2.18 yields:

w* sin’¢p

L=ln————
Tt 2(4nR)?

f f (QAe(r,, D) Ae(ry’, )y e/ BB '—rDl qp 1qp, ! (2.19)
vdv

where ¢ is the angle between the incident light field direction ej, and the propagation vector
in the direction of the scattered wave .

Eq. 2.19 leads to the following observations:

1 The intensity of Rayleigh scattering light is proportional to w*, thus inversely propor-
tional to A%;

2 when ¢ is zero, the scattering intensity is also zero, which means that there is no scatter-
ing in the direction orthogonal to the propagation axis of the incident wave.

Since the scatterers are much smaller than the wavelength, the phase component of the
integral can be approximated to 1 and Ae can be assumed to be constant within the volume V.
The scattering intensity emitted by V is:

w*V2sin?g (Ae?)
16m2R2c4 6‘%

I =TI (2.20)

Then we can calculate the mean-square fluctuation in the dielectric constant (A€?) using the

thermodynamic approach, which can be applied to describe the fluctuations in the material

properties. The dielectric variation caused by changes of temperature T and density p reads:
Oe Oe

Ae:(—) Ap+(—) AT (2.21)

op)r oT |,

In silica fibers, the main contribution to Ae is from the first term, as temperature fluctua-

tions contribute only to less than 2% of its value [30]. Therefore we neglect the temperature

contribution and we find:

2
(A€®) = (g_;) (Ap)2. (2.22)

The subscript T is not retained, and (Ae?) can be expressed as

(Ap?)
2
0

(Ae®) =7y, (2.23)

12
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where pg is the mean density of the material and vy, is the electrostrictive constant which is
defined as:

Ye= (p%) . (2.24)
8p P=Po

And (Ap?)/ pg in Eq. 2.23 can be calculated using the law of statistical mechanics and can be

described as:

(Ap*) KpTCr
& 14

(2.25)

where
1
CT:——(a—V) (2.26)
V\dp

is the isothermal compressibility. Insert Eq. 2.23 and Eq. 2.25 into Eq. 2.27, the total intensity

of the scattering can be expressed as:

w*Vy2CrKpTsin’
1672 R?c%ed

(2.27)

Is=1Iin

It should be noted that similar results can be derived from radiation properties of the dipole
oscillations [31].

As for the spectrum of Rayleigh scattering, we can consider again Eq. 2.21 and address only
the first term the density fluctuation on the right hand, which is the main contribution for Ae.
The density variations Ap can be described by entropy s and pressure p fluctuations, which
are considered to be two independent variables:

op dp
Ap=(==).Ap+(=),As 2.28
p=(50). 80 +(5), .28
The first term on the right hand represents adiabatic density fluctuations, which account for
Brillouin scattering, while the second term describes isobaric density fluctuations induced
by entropy variations which leads to Rayleigh scattering. Here, we only address Rayleigh
scattering, hence the entropy fluctuations can be described as [17]:

A
pcp—— —KkVZAs=0 (2.29)
where ¢, denotes the specific heat at constant pressure and « is the thermal conductivity.

It should be noted that Eq. 2.29 is a diffusion equation rather than a wave equation, thus it
admits a solution in the form:

As=AsgE 0 e7Jar, (2.30)

13
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where 6 is the damping rate, which is given by

K
5=—q>
pPCp

(2.31)

where g =|q| and q is the density wave vector. Since the density wave does not propagate, the
scattered light has no frequency shift with respect to the incident light. Similar to that of SpBS,
lq| =2|k|sin(0/2) (k| = |k'|) so the width of the scattered light is:

4
Swe = — |k |2sin®(612). 2.32)
PCp

In optical fibers, Rayleigh scattering determines the minimum loss limit, in particular
for wavelengths shorter than 1600 nm. In standard single mode fiber (SMF), the Rayleigh
scattering coefficient is about 0.15 dB/km at a wavelength of 1550 nm, whereas the total loss
amounts to 0.2 dB/km.

Rayleigh scattering is regarded as a detrimental phenomenon in optical communication
since it is a source of optical loss and induces noise in the signal. However, it gives access to
local information of the optical fiber in sensing systems since the backscattered light which
carries the local information can be detected from the beginning of the fiber. Rayleigh scatter-
ing based optical time-domain reflectometry (OTDR) was first proposed in 1976 [32] and since
then the term OTDR often refers to OTDR based on Rayleigh scattering. It has been commer-
cialized and widely used in almost every optical fiber group for the characterization of fibers
and fiber links. In recent years, phase-sensitive Rayleigh scattering based sensing systems, not
only OTDR but also optical-frequency domain reflectometry (OFDR), have drawn increasing
attention since their sensitivity is much higher than that of Brillouin-based and Raman-based
DOFS systems[33], demonstrating sensing capabilities for temperature, longitudinal strain
and pressure [34, 35, 36].

A more detailed review and introduction on phase-sensitive Rayleigh scattering DOFSs will
be given later on.

2.2 Threeinterrogation schemes on: time, frequency and coherence
domains

The most remarkable advantage of distributed optical fiber sensors (DOFSs), which distin-
guishes it from other optical fiber sensing techniques, is the fact that it provides spatially
resolved information from all positions along the fiber. Depending on the method used to
acquire local knowledge about a given measurand, DOFS systems can be divided into three
categories: optical time-domain reflectometry (OTDR), optical frequency-domain reflectom-
etry (OFDR) and optical coherence-domain reflectometry (OCDR). It should be noted that,
most DOFS systems are reflectometers, where the scattered light signals are detected at the

14
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same end of the fiber where the incident light is injected, thus only single fiber end access
is required. However, for stimulated Brillouin scattering, there are also DOFS systems that
require probe and pump injected to the sensing fiber from different fiber ends. These system
are often named analyzer, such as BOTDA and BOFDA as mentioned before.

Abriefintroduction to the operating principles of the aforementioned interrogation schemes
is exemplified here below, focusing on Rayleigh-based DOFS.

2.2.1 Optical time-domain reflectometry

First demonstrated in 1976 [32], OTDRs have been developed for fiber link diagnose, intrusion
monitoring, acoustic sensing and more applications, but the core of this technique has never
been changed. The schematic diagram of a conventional OTDR is illustrated in Fig. 2.7. The
probe is an optical pulse, obtained by internal or external modulation of a given light source,
which is injected into the fiber under test (FUT) through an optical coupler or a circulator.
The backscattered light intensity is converted into electrical voltage by a photodetector and
digitized by a data acquisition instrument.

—

ﬂ Coupler/  FUT
Optical circulator
source ( N

Data
acquisition

<«—— Photodetector

Figure 2.7 — Schematic diagram of OTDR (FUT; fiber under test)

The working principle resembles that of the radar, where radio waves are emitted into the
medium (air) and reflected (or scattered) by obstacles. The distance of the detected event
from the emitter is calculated through time of flight measurement, i.e. the time delay required
for the emitted wave to reach the target and for the scattered wave to reach back the detector .
Similarly, OTDR operates by sending intensity-modulated optical waves into the waveguide
(fiber). Due to the inhomogeneity of the fiber density or due to various mechanisms (e.g.
Fresnel reflections), a portion of the optical pulse gets reflected and/or scattered back and
detected. Through time-of-flight evaluation ¢ of the received optical light, the distance d of
the event can be precisely estimated d = vg £/2, based on the propagation group velocity of the
optical waves in the fiber vg. Because the distance information is resolved in time domain,
the technique is named optical time-domain reflectometry.

The power received from Rayleigh backscattered light at the photodetector from a fiber
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position zis [37]:
1
Pg= EFarngPinexp(—Zocz), (2.33)

where F and a, are the capture coefficient and Rayleigh scattering coefficient, respectively,
Py, is the peak power of the input pulse, W is the pulse width and « is the fiber attenuation
coefficient which is assumed to be a constant.

From Eq. 2.33 we can see that, as the interrogating pulse travels along the fiber, the pulse
power experiences attenuation, thus leading to a decrease of the detected Rayleigh backscat-
tering intensity. A typical schematic OTDR trace in logarithm scale is shown in Fig. 2.8. The
slope of the trace divided by 2 is the fiber loss, where the factor 2 comes from the fact that the
light travels a round trip in the fiber, hence it experiences twice the fiber attenuation (see the
factor —2az in Eq. 2.33). Any additional reflection or attenuation will be reflected on the trace
as a sudden intensity increase or decrease.

FUT

lo] o

/
Connector | | End of fiber
Bend Splice \

Intensity (dB)

Distance

Figure 2.8 — Typical trace of OTDR (FUT: fiber under test)

The spatial resolution of an OTDR system can be expressed as:

cW
Az=

=— 2.34
g (2.34)

where 7y is the group refractive index of the fiber.

Thanks to the simple structure of OTDR, this technique has been commercialized as a
handy device for the past decades for applications in telecommunication area such as fiber
characterization, fiber link diagnosis and so on. Polarization OTDR (POTDR) was proposed in
1981 [38], by measuring the state of polarization (SOP) instead of the intensity of the Rayleigh
scattered light. Alternatively, the polarization change is converted into intensity modulation
of the light by inserting a polarizer before the photodetector of the conventional OTDR as a
simpler case of POTDR. Since the SOP of the probe pulse is very sensitive to the environmental
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vibrations along the fiber link, POTDR was applied for distributed fiber sensing to monitor
the environmental perturbations (eg intrusions) suffered by the fiber [39]. Phase-sensitive
OTDR (¢p-OTDR), also demonstrating intrusion monitoring, was later proposed using a laser
source with a narrow linewidth [40]. Increasing research has been invested in ¢-OTDR due to
its ultra-high sensitivity.

From Eq. 2.34 we can see that the spatial resolution of OTDRs is determined by the pulse
width. The shorter the pulse width is, the higher the spatial resolution. However, it can be seen
from the Eq. 2.33, that a decrease of the pulse width reduces at the same time the received
optical power. This is a classic trade-off existing in OTDRs (and other time-domain based
techniques) which limits the dynamic range when high spatial resolution is required.

2.2.2 Optical frequency-domain reflectometry

Optical frequency-domain reflectometry (OFDR) is a technique which retrieves spatial infor-
mation in frequency domain. It is usually based on a frequency-scanned homodyne interfer-
moter [41]. Fig. 2.9 shows a typical schematic diagram of an OFDR (the polarization effects are
ignored for the purpose of simplicity). The interrogating light is frequency scanned and sent
to a coupler. The Rayleigh scattered light from the fiber under test (FUT) will then beat with a
reference light reflected from a Faraday rotator mirror (FRM) and converted into an electrical
signal by a photodetector.

f
FUT
>l Coupler
Laser i/

Data
acquisition

<+—— Photodetector

FRM

Figure 2.9 — Schematic diagram of OFDR (FUT: fiber under test, FRM: Faraday rotator mirror)

Assume a linearly chirped interrogating light wave at the input of the fiber whose frequency
is varying with time:

w()=wo+7yt (2.35)

where wy is the carrier frequency and y the frequency scan rate. The optical field at the
photodetector will be the summation of the Rayleigh scattered light from the FUT and the
reference. For simplicity, we ignore the fiber loss and the length of the reference arm, so the
alternating part of the photo-current from the photodetector resulting from the beating signal
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is derived as:

I5(t,7) o 1R, A5cos (2myTt)

2 (2.36)
=reRy Ajcos (27 fyt)
where r2 = Fa, is the Rayleigh reflectivity, R? the reflectivity of the FRM and
2nz
fo=yr=y—— (2.37)

is the beat frequency corresponding to the Rayleigh scattering or reflection and 7 = 2% is the
round-trip time of the interrogating light scattered from position z (z € [0, L], L is the length of
the sensing arm).

From Eq. 2.37 we can see that the beat frequency of the signal is proportional to the posi-
tion where scattering takes place, so that position mapping can be obtained from a Fourier
transform of the acquired electrical signal:

L1 (2.38)
Yn
The spatial resolution is determined by [42]:
2= —2 (2.39)
" 2nAF’ '

Here, AF =y T, is the frequency scanning range, where T, is the period of the frequency scan.
AF can be typically a few tens of GHz, such systems thus enables to reach spatial resolution in
the cm scale or even lower, which is the most remarkable advantage of OFDR compared with
OTDR. However, the sensing fiber length is usually limited to several tens of meters because
OFDR requires coherent detection, hence the coherence length of the laser source sets a hard
limit to the fiber length. In addition, a broad linearly chirp scan is also required to reach high
spatial resolution. Nevertheless, similar to that in OTDR, the period of the light modulation
need to be larger than the time of flight of the interrogating light to avoid light overlapping
from different operations, thus the modulation period sets a limit to the maximum sensing
range, whereas a large linear scan with fast scan rate is difficult to be obtained. OFDR is
often used in characterization of optical components or photonic integrated circuits [43, 44].
In recent years, with time-gated interrogating light wave, the measurable range could be
extended to more than 100 km, with a moderate spatial resolution in meters range [45].

As for sensing applications, strain sensing based on OFDR was proposed in 1998 [46]
by measuring the frequency shift of the Rayleigh scattering spectra. Similarly, distributed
temperature sensing can be achieved [47]. Nowadays, many works has been done to extend
the sensing length of OFDR, in particular for vibration/acoustic sensing [48, 49].

It should be noted that, thanks to the coherent detection scheme, the sensitivity of the re-
flectometry is significantly improved compared with any direct detection technique, however,
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the state of polarization (SOP) of the back-reflected light has strong effect on the results. In
fact, the electric signal amplitude will be zero when the SOPs of the reference and scattered
light are orthogonal. Therefore, polarization diversity receivers will be needed, which are
based on the splitting of SOP of the reference light to amplify light from both the orthogonal
SOPs, respectively [47, 48].

2.2.3 Optical coherence-domain reflectometry

Another instrument capable of determining the positions of the individual reflections is
called an optical coherence (or correlation)-domain reflectometer (OCDR), which can achieve
spatial resolution in the micrometer range. A typical schematic diagram of OCDR is shown in
Fig. 2.10 [50]: a broadband light source is launched into a Michelson interferometer, where
the two interferometer arms consist of a device under evaluation (DUE) and a mirror fixed
on a movable piezoelectric transducer (PZT). In general, OCDR is a multipath interferometer,
and when the time delay from the reflection at a particular location in the DUE equals to the
time delay from the reflection of the reference mirror, the interferometer fringes will appear;
otherwise, the reflections which are incoherent with the mirror reflection will be converted to
phase noise.

DUE
™ pzT
Optical | Beam splitter
source —
lH
Spectrum Photodetector -
analyzer LSO Oscillator

Figure 2.10 — Schematic diagram of OCDR (DUE: device under evaluation)

The spatial resolution of this technique is determined by the width of the coherence enve-
lope, which typically scales inversely with the bandwidth of the optical source, thus it can be so
high such that the use is often targeted to optical coherence tomography [51] for noninvasive
cross-sectional imaging in biological systems, instead of distributed optical fiber sensing
(DOFS).

Instead of mechanically moving the reference mirror to change the optical path, K. Ho-
tate et al. proposed an interferometeric reflectometry with coherence modulation of the
light source through direct frequency modulation [52]. Phase modulation was introduced in
the reference arm to synthesise the coherence function [53]. Distributed stress sensors were
then demonstrated using polarization maintaining (PM) fiber by measuring the polarization
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coupling induced by the lateral stress in the coherence domain'V [

gratings [55].

54], or using fiber Bragg

Actually, distributed fiber sensing in optical coherence domain is more often used for
Brillouin scattering. The spatial information resolving principle is applied in Brillouin-based
DOFS, such as Brillouin optical correlation-domain analyzer (BOCDA) [56], where stimulated
Brillouin scattering only occurs at a location where the optical probe and pump fulfill the
phase matching condition all the time when they meet, the frequency/phase difference
between the two otherwise is varying, breaking the phase matching condition. Brillouin
optical correlation-domain reflectometry (BOCDR) was also proposed where the SpBs was
detected in the coherence domain [57].

2.3 Conclusions

A brief introduction has been given about the scattering process which the distributed optical
fiber sensors (DOFS) are often based on, and also the working principles of the DOFS in terms
of the spatially resolving methods of the interrogation.

The main focus of this dissertation is on the optical time-domain reflectometry based
Rayleigh scattering using a coherent laser with tuneable wavelength. More fundamentals and
applications will be introduced in the following chapters.

VThe scheme is actually measuring the interference at the other end of the fiber rather than consisting in a
reflectometer
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A major part of this thesis is devoted to Rayleigh based optical time-domain reflectome-
try (OTDR), and in particular to phase-sensitive OTDR, i.e. ¢»-OTDR, due to the following
reasons:

* The Rayleigh scattering coefficient is the strongest among all scattering phenomena
occurring in optical fibers;

* An OTDR system is simple and only requires access to a single end of an optical fiber;

* The sensitivity of ¢-OTDR is extremely high.

In this section, a brief review on ¢-OTDR is provided. Its working principle is explained
by developing a 1-D model describing the Rayleigh-induced scattering of a light pulse prop-
agating in an optical fiber. That model is later used to infer the statistical properties of the
traces acquired by a ¢-OTDR. Finally, various implementations of phase demodulation are
presented, and particular attention is paid to frequency-scanned ¢-OTDR, with an emphasis
on the sensitivities and other key functional parameters of the system.

3.1 ¢-OTDR: an overview

The first ¢-OTDR instrument was proposed by H. E Taylor et al. in 1993 [40]. The system shares
certain similarities with interferometry, as it operates by detecting the coherent intensity of
the scattered light, enabling to monitor the evolution of the phase of an optical pulse along
the fiber. One of the most remarkable advantages of ¢»-OTDR is thus its high sensitivity, which
can be intuitively expected since a 27 phase change corresponds to an optical path change
of the order of the wavelength, i.e. 1550 nm. Theoretically, the sensitivity of ¢¢-OTDR is 1000
times higher than for distributed optical fiber sensors (DOFS) based on Brillouin scattering,
such as Brillouin optical time-domain analysis (BOTDA), a technique that has been intensively
studied and commercialized for fiber distributed sensing over the past twenty years.
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3.1.1 ¢-OTDR with intensity detection

The first practical application making use of ¢-OTDR was a distributed intrusion sensor,
demonstrated by H.E Taylor and Chung E. Lee in 1993. Since then, different methods have
been proposed to enhance its key specifications: measurement range [58, 59, 60, 61], spatial
resolution [62], signal to noise ratio [63, 64, 65], fast dynamic response [66, 67], etc. Based on
hybrid distributed amplification, the sensing range of ¢-OTDR was extended to 175 km [68].
Using pulse stretching and recompression, a spatial resolution of 3 mm was achieved [69].

Frequency division multiplexing was introduced in order to enhance the response bandwidth
of the system [70].

A conventional ¢-OTDR interrogation scheme is shown in Fig. 3.1, which is similar to
the OTDR introduced in the previous chapter, except that the low coherence light source is
replaced by a high coherence laser with narrow linewidth. The light is intensity-modulated into
a pulse before being sent into the fiber. The intensity of the coherent Rayleigh scattered light of
the interrogating pulse is measured as it travels along the fiber. Intrusions can be recognized

from differential measurement based on successive traces that indicate the vibration-induced
strain on the buried fiber.

Coupler/ -~
circulator FUT
Laser

R N
Intensity modulato
Data

o _age —
acquisition Photodetector

Trace at t,
............. Trace at t,

Differential trace

Intensity

Distance

Figure 3.1 - Intrusion sensing based on ¢-OTDR (traces at #; and t, are the intensity traces of
Rayleigh scattered light obtained before and after the intrusion, respectively)

3.1.2 1-D model of »-OTDR

When a light wave travels along an optical fiber, it continuously experiences scattering through-
out its entire propagation. A small fraction of this scattered light is captured back by the fiber
and is guided backwards into the direction of the source. The mathematical expression of the
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power backscattered by an optical pulse launched into a fiber due to Rayleigh scattering is
derived below.

Without loss of generality, we assume a linearly polarized interrogating rectangular light
pulse of width W. Furthermore, only the light scattered back along the fiber axis is taken
into consideration. Inhomogeneities in the fiber material density scatter the incident light,
the partial reflection inducing notably an additional phase change on the scattered field.
Assuming that the initial optical field at the beginning of the fiber zy = 0 is Ey, we can express
the complex amplitude vector of the light reflected from a single scattering point located at a
position z as:

E(2) = Eyre(2)e” *+/9@ (3.1)

where a, r.(z), and ¢(z) are the fiber loss coefficient, the Rayleigh scattering reflection coef-
ficient and the additional phase change experienced by the incident light, respectively. The
phase change is:

z v z
d(2) :f Bx)dx = anf n(x)dx (3.2)
0 0
where g is the local propagating constant of the fiber and c is the light velocity in vacuum.

From Eq. 3.2 we can see that the scattered light E;(z) at position z is dependent on the optical
frequency v and the refractive index distribution n(z) in the range [0, z].

Propagating pulse

— _ _ L Optical fiber

Scatterer

Figure 3.2 — 1 D model of Rayleigh scattering in in the fiber

As shown in Fig. 3.2, the optical fiber is modeled as a unidimensional medium consisting
of uniformly distributed scatterers of fixed size Az for simplicity, but with random density
changes and thus refractive index fluctuations. We assume that the refractive index of each
scatterer is n(m) = ngye + An(m), where ngy.(~1.46) is the averaged refractive index of the
fiber and An(m) represents the index fluctuation, which is in the order of 10~7. Therefore we
can rewrite Eq. 3.1 as a discrete summation rather than a continuous integral, such that the
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electric field of the light reflected from the m,, scatterer is:

—amAz+j2ﬂ% P n(iAz

E;(m)=Eyre(zim)e 3.3)

For a pulse width of W, the backscattered signal received at the fiber beginning at time ¢ is
the summation of the individual contribution from every discrete location:

il —2amAz+j2mv(t—1) I=Tm
Eg(t)= ) Egre(zm)e 2¥masti2mviiztm rect( W ) (3.4a)
m=1
-7 1, 0<sEm<y;
rect( m) = w (3.4b)
0, otherwise.

where N = L/ Az represents the number of scatterers over the fiber length Ly, and the
factor 2 in Eq. 3.4a comes from the fact the light travels a round trip in the fiber. The time
delay:

Tm=2) n(i)Azlc (3.5)
i=1

is a result of the round-trip time from the beginning of the fiber to the m;j scattered point.
The optical power at the photodetector then becomes [71]:

P(2) =|Es(D)|* =Py (£) + P2(2) (3.6)
N —
PiD=Y Egrg(zm)e‘Z“mAzrect(t#) (3.6b)
m=1
N N A
Pa()=2 Y Y Eire(zm)re(zr)cos(@py)e 2@ mbaz (3.6¢)
m=1k=m+1

rect x rect
w w

where ¢, =27v(T,;, — Tf). Eq. 3.6b represents the sum of independently scattered waves and
is only dependent on the input power as well as the fiber loss, but shows no dependence on the
phase of the light, thus exhibits no dependence on the strain and temperature of the fiber or
the frequency of the light. P, () is the term of interest here, as it accounts for the interference
between the individual light waves scattered from distinct scatterers within the input pulse
width, and causes the jagged appearance of a typical ¢-OTDR trace. The quantity ¢,,,; denotes
the phase difference between the backscattered waves from the m;;, and k;j, scatterer, and it
can be written as

C2avyy, n()Az

¢mk—

(3.7)
c

Environmental perturbations resulting in temperature and/or strain variatons will change ¢, .,
yielding a different interference intensity pattern [P, (), thus the notion of "phase-sensitive"
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technique. From Eq. 3.7 we can see that ¢,,,; is proportional to the laser frequency v, the local
refractive index n;, and the spacing Az between the scatterers. The scatterers are solidified in
the fiber once it is manufactured thus the spaces between scatterers are fixed for a given fiber.
Temperature and strain will induce a linear change of the fiber refractive index (on a relatively
small range which will be discussed later in more details).

3.1.3 Experimental setup

Laserl—————— EOM —jpp @C'Z i .
Irz.

*
I EDFA 1 FUT
: EDFA 2
1
1
i i Pulse TF
I ' generator
1
| L PD
I Trigger
1 ! l
1 gy g S g >
OSC.

PC ¢«--------- e — - -

Figure 3.3 — Diagram of a typical ¢»-OTDR setup. (EOM: electro-optic modulator, Cir.: circulator,
TF: tunable filter, PD: photodetector, OSC: oscilloscope, PC: personal computer)
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Figure 3.4 — Optical intensity of Rayleigh backscattering light along the fiber distance

A typical ¢-OTDR setup is shown in Fig. 3.3. A narrow linewidth laser (normally <1 MHz)
is used as the light source. The light is then intensity modulated by an electro-optic mod-
ulator (EOM) for pulse shaping and amplified by an EDFA before being sent into the fiber
under test (FUT). The back-scattered light is pre-amplified by another EDFA where amplified
spontaneous emission (ASE) noise is suppressed by a tunable filter (TF). The optical signal
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is then converted to an electrical signal by a photodetector (PD) and sampled by an oscillo-
scope (OSC.). An example of the obtained intensity trace of the Rayleigh scattering from the
fiber is drawn in Fig. 3.4, showing a jagged pattern typical of ¢-OTDR.

3.1.4 Statistical properties of (»-OTDR traces

(a) Im A (b)y Im A

s Re Re

\ 4

N\
/

Figure 3.5 — Random walk process of the phase of the Rayleigh scattered light from different
scattters: (a) constructive summation; (b) destructive summation

As described by Eq. 3.6, the electric field of the backscattered signal at a location zis the
summation of the electrical field E; of the Rayleigh-scattered light in the range [z, z + W/2].
This coherent summation can be regarded as a random walk process of phasors [72], as shown
in Fig. 3.5. The analysis of coherent Rayleigh scattering is thus performed based on the random
walk theory [73], with assumptions that are valid for coherent Rayleigh scattering:

1 The amplitude and the phase of the reflected light are statistically independent of each
other;

2 The phase of the scattered light, after wrapping, is considered to be uniformly distributed
in the range [-7, 7];

3 Both amplitude and phase of the light reflected from the scatterers are statistically
independent from one position to another.

We can express the real R and imaginary part [ of the electric field E; as:

M
R=)_ |Eslcos(@nm)
m=1 (3.8)

M
1= |EsIsin(¢y,)
m=1

where M = W/(2Az) represents the number of scattering points inside the pulse and ¢, is
the phase of the scattered light E. Both R and [ can be regarded as Gaussian random variables
and their variance can be calculated as follows.
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From assumption 1 here above we, the expected value of sing;, and cos¢,, is zero, con-
sequently, the expected values for the real and imaginary parts EV (R) and EV (I) are also
zero, since the amplitude and phase are considered to be mutually independent. Besides, the
correlation between the real and imaginary parts can be proved to be zero:

M M
EVRD =Y EV[IE/*|EV [Isin(@m)cos@m)l] = Y. EV[IEs*| EV Blsin(Z(/)m)l] =0 (3.9
m=1 m=1

Furthermore, since E; is independent of the positions, the variance of R has the following
expression:

M
Y. EVEs(m)||Es(k)|] EV [Icos(¢m)cos(pp)l]
lk=m+1

Mz

0% =EV (R%) =

3
i

M
=Y EV[IEs(m)I*] EV [cos®(¢m)|] (3.10)

Ev[|Es(m)|2].

m=
1
2
Similarly, the variance of [ is expressed as:

1
aﬂz—5 EV[IES(m)IZ], (3.11)

ﬁMz

which equals U?R. Therefore, the joint probability density function (PDF) for R and [ is:

PDFpg;(R,1) ! R +ﬂ2) (3.12)
)= ex — .
Rl 2710% P 20%
where 0 =or =0y. Thus we have
OrR  OR
_ 9, Op|_ _Es ES
PDFg, ¢ (Es, ) =PDF Fg (R, 1) a = S€Xp | —— (3.13)
= 2B 2no 2
OE, 0O¢ T J

where E; is the amplitude of Es. Integrating Eq. 3.13 agaisnt ¢ from [-7,7], the PDF of Ej yields:

n E; E?
PDFES(ES)zf PDFES,(P(ES,gb)d(,bz Sexpl—-— | (3.14)
- 201 o

Equation (3.14) describes a Rayleigh distribution with a scaling parameter o j, which we can
be expressed as

M M
205=) EV[E;()]=) EVIMD]=M-I; (3.15)
i=1 i=1
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where I is the average intensity of the scattered light within the pulse width. Since the intensity
of the Rayleigh scattered light is I = | E5|?, then the PDF of the Rayleigh scattered light is derived
as:

d,
dr

_ ZL\/TPDFES (\/7) (3.16)

Combining with Eq. 3.14 and Eq. 3.15 we obtain:

PDF;(I) = PDFp, (\/T)

1 I

PDF;(I) = ——exp (— _) (3.17)
M-I M-I

which obeys an exponential distribution. An example of PDF of the Rayleigh scattered light is

shown in Fig. 3.6, where the experimental data are obtained using the setup shown in Fig. 3.3

with a pulse width of 10 ns.

X Experimental
Exponential fit 1

Probability

@ | . |
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Figure 3.6 — Probability of density function of ¢-OTDR trace

From Fig. 3.3 we can see that, the probability of low intensity values (close to zero) is high,
which means that the signal-to-noise ratio (SNR) is almost zero at most locations. This is the so
called fading phenomenon, which was first observed when researchers started to use coherent
detection for OTDR systems [74] in 1984. From Eq. 3.6¢c we can see that the sensing relevant
term P, () is not linearly proportional to the phase ¢, hence quantitative measurements
of temperature and/or strain changes require sophisticated phase recovery schemes, which
are detailed in the following sections. However, the fading problem mentioned here above
will result in failure of the phase demodulation due to the low Rayleigh scattering intensity at
many locations. This issue is intrinsic to the random nature of coherent Rayleigh scattering,
and can not be simply solved by additional averaging.

According to the random walk process theory, the statistical distribution of the measured
power is dependent on the number of degrees of freedom My, which corresponds to the
number of statistically independent field components. Therefore, in a more general case, the
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probability density function can be expressed as [75]:

PDF;(I, My) =

M1 M 1My
(M- 1) ! ] (3.18)

Mf])
(Mf—l)! Ml_s

The function obeys a Gamma distribution with shape parameter My, which means that if the
probe covers a broad band of frequencies (My tends to be infinitely large), the PDF of the
reflected Rayleigh intensity will converge to a Gaussian distribution centered on the average
intensity and with low relative variance. This explains why in incoherent OTDR, where the
light source bandwidth is broad, the jag-like pattern typical of coherent OTDR vanishes (see
Fig. 2.8). Finally, note that the light polarization state is an additional degree of freedom that
reduces the visibility of the noise-like pattern [76].

3.2 ¢$-OTDR with phase demodulation

While initially used to only detect (and locate) the occurrence of induced perturbations along
the fiber, ¢-OTDR has been recently upgraded to quantitatively measure strain [77, 78, 79,
80, 81]. Since local strain/temperature changes induce linear phase variations of the light
reflected from the strain/temperature-affected scatterers, the key to a proper retrieval of the
strain/temperature variations along the fiber relies on demodulating the phase of the backscat-
tered light. Different methods have been proposed, such as detection using interferometric
phase demodulation schemes (e.g. Mach-Zehnder (MZ) interferometer [79] and Michelson
interferometer [80]), coherent detection [82, 83] and pulse-engineered schemes [84, 77]. A
brief introduction to several phase demodulation schemes is given below.

3.2.1 Interferometric phase demodulation

Phase demodulation using an interferometric scheme for coherent Rayleigh scattering was
proposed by Posey et al. [35], and the same interferometer was adapted to ¢-OTDR for dis-
tributed and dynamic strain sensing in 2013 [79]. Later on, different interferometric schemes
were proposed to directly demodulate the phase of coherent Rayleigh scattering [80, 85]. In
general, these techniques rely on sending a conventionally intensity-modulated optical pulse
into an optical fiber while a dedicated interferometer located at the receiver demodulates the
phase of the backscattered light. All methods have in common to induce a path difference
AL in the arms of the interferometer, which translates into a time delay 7 = nAL/c, yielding
the phase difference A¢p(t) = ¢p(£) — (¢ — 7). Since a single readout of the interferometer does
not provide with a unique phase, multiple acquisitions or more advanced techniques such as
phase-generated carrier [80] are needed in order to recover unambiguously the phase infor-
mation. Schematic diagrams of two different interferometric phase demodulation schemes
are illustrated in Fig. 3.7.

Fig. 3.7 (a) shows an MZ interferometer consisting of a 2x2 coupler and a 3x3 coupler,
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Figure 3.7 — Schematic diagrams of phase demodulation using interferometric receiving
schemes: (a) Mach-Zehnder interferometer; (b) Michelson interferometer with phase-
generated carrier (PGC). FRM: Faraday rotator mirror; PZT: piezoelectric transducer.

which induce a 120° phase difference between each of the three outputs:

I =D+ Ipcos [Ap(1)] (3.19a)

I, =D + Iycos

Ap(t) - %”] (3.19b)

I3 =D + Iycos

Ap(t) + Z?H] (3.19¢)

where D and I are constants. With the knowledge of I, I, and I3, the phase A¢ can be
retrieved unambiguously [86].

Another example to demodulate the phase is shown in Fig. 3.7 (b), adapting a phase-
generated carrier (PGC) technique to a Michelson interferometer. A phase modulator driven
by a piezoelectric transducer (PZT) is added in one of the interferometer arms to generate
specific tones in the detected signal. At the fundamental and first harmonic of the modulation
tones, the in-phase and quadrature components are found to be:

1(t) == I J1 (C)sin [ Agp(1)] (3.20a)
Q1) =—1IyJ2(C)cos [Ap(1)] (3.20b)

where J;(C) and J»(C) are the first and second order Bessel functions of the first kind, respec-
tively, while the phase is demodulated following:

I(1)

AP(t) = arctg 20

. (3.21)
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One of the drawbacks of these systems is that at least 2 couplers are needed (in Fig. 3.7 (b)
there is only one coupler, however, the signal pass through it twice), which strongly attenuate
the signal, so that the power received at the photodetector is usually very low. A relatively long
pulse is needed to increase the interrogating pulse energy which limits the spatial resolution
to a few meters in general.

3.2.2 Coherent detection

In the past decades, coherent detection has drawn increasing attention within the optical
communication community for its capacity to perform phase recovery [87]. It has also been
adapted for phase demodulation in ¢-OTDR, including both heterodyne and homodyne
detection, the schematic diagrams of which are shown in Fig. 3.8.
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Figure 3.8 — Schematic diagrams of phase demodulation with coherent detection: (a) hetero-
dyne detection; (b) homodyne detection.

One possible implementation for heterodyne detection is shown in Fig. 3.8 (a). The Rayleigh
back-scattered light from an optical pulse is mixed with an optical local oscillator (OLO) via
a coupler. The resulting beat signal is detected and further processed in order to extract the
local phase information. The OLO is a continuous-wave light, which is often generated from
the same narrow linewidth laser source as the interrogating pulse, but the frequency of OLO
is shifted so that the frequency of the detected beat signal will be f}, = | fs — f,|. The electric
current measured after balanced detection is:

Ihetero (1) o< ErsEocos 27 fit + ()] . (3.22)

where E;; and E, are the amplitudes of the Rayleigh scattered light wave and the OLO, re-
spectively. The in-phase and quadrature components can be obtained using the Hilbert
transform [88], enabling to recover the phase of the signal using Eq. 3.21 after frequency
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down-conversion. It should be noted that, here the phase ¢(¢) is actually the phase difference
between the Rayleigh scattered light wave and the OLO, i.e. A¢(¢) = ¢(t) — p(ty) where ¢p(1p)
is the phase of the OLO, so A¢(¢) will accumulatedly increase along with the fiber length.
Therefore, phase unwrapping algorithms [82] need to be implemented. In fact, the actual
quantity of interest, is the differential phase A¢ (1) — Ap(t)—1 across a certain distance interval
(the gauge length AL and 7 =2nL/c), which can be obtained by a simple subtraction.

A possible implementation of homodyne detection using optical 90° hybrid is shown in
Fig. 3.8 (b). Here the frequencies of the Rayleigh scattering light and the OLO are the same.
Both the signal and the OLO are splited into two beams and one signal beam beats with one
OLO beam directly to obtain the in-phase I(f) component; as for the other two beams, a 90°
phase shift is induced in the OLO arm in order to get the quadrature components Q(?).

The main advantage of coherent detection is that it provides phase recovery with high
signal-to-noise ratio, since the detected electric current is proportional to the OLO amplitude.
However, it suffers from several drawbacks:

e Itrequires a light source with high coherence;
¢ The phase noise accumulates all long the fiber [89];

¢ It suffered from the fading problems as mentioned before [90]. Additionally, it also suf-
fers from polarization fading (the beating signal tends to be zero when the polarization
states of the OLO and the scattering light are orthogonal with respect to each other).

To avoid the problems listed hereabove, pulse engineered schemes have been proposed,
and the upcoming section is devoted to provide the main concepts related to this technique.

3.2.3 Pulse-engineered ¢-OTDR

Instead of modifications on the receiving part of conventional intensity-based ¢-0TDR, meth-
ods of engineering the interrogating pulse were proposed to retrieve the phase information,
such as dual-pulse schemes [84, 91, 92] and chirped-pulse schemes [93].

In dual pulse implementation, two pulses with different carrier frequencies (or /2 shifted
phase) are launched into the fiber, and the backscattered signal is acquired via heterodyne
(or homodyne 1/Q) detection. Since the optical local oscillator (OLO, one of the pulses) is
propagating together with the signal (the other pulse), both pulses experience the same optical
path. As a consequence, many detrimental effects common to both pulses such as phase noise
and environmental perturbations are canceled out.

As for chirped-pulse implementation, the technique relies on imposing a linear chirp on
the interrogating pulse [93] prior to its injection into the sensing fiber. Let us assume that the
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frequency profile of the linear chirped pulse is
ov
v(t)=vo+ 6v/2—Wt , (3.23)

which has a central frequency of v, a spectral width of §v and frequency chirp rate of 6v/W.
Injecting 3.23 in Eq. 3.7, the phase term of the Rayleigh backscattered light becomes:

~ Zan:m n(i)Az

mk =

ov 6v)
Vo+———1

> "W (3.24)

Cc

Therefore the phase change induced by external temperature or/and strain can be derived as:

A i = — (3.25)

21y k A
HZ,:an(l) z(é_v)At

which means that the phase change experienced by the pulse due to the fiber refractive index
change is reflected by a time delay At in the measured Rayleigh scattering trace. The sensitivity

An 1)(6v
=|—||—]At (3.26)

Nave vo )\ W
where An is the equivalent refractive index change induced by the targeted measurand varia-

tions, e.g. temperature and strain, while At can be obtained through cross correlation' of the
obtained Rayleigh scattered traces.

reads:

The above mentioned pulse-engineered methods exhibit the solid advantage of avoiding
the need for stringent stabilization (acoustic and thermal isolation) of an inteferometer as
well as of releasing the requirement on the linewidth of the laser source used in coherent
detection schemes. The fading problem is also eliminated here since the phase change is
not retrieved from the Rayleigh scattering of a single position (which can be low). Instead,
the phase change is retrieved from the time delay of the Rayleigh scattering pattern, where
statistically the intensity can not be always low as long as the pulse power is high enough.
However, the bandwidth required at the receiver is the same as for coherent detection, which
restricts the maximum measurable strain/temperature range. The spatial resolution is also
often limited to meter range due to the weak intensity of the Rayleigh scattered light. To
achieve high spatial resolution and improved sampling rate, phase demodulation techniques
using pulse engineered schemes are often paired with coherent detection [78, 81].

3.3 Frequency-scanned ¢o-OTDR

Alternatively, instead of implementing complex phase demodulation schemes, the phase shift
of the signal can be retrieved by sweeping the carrier frequency of optical pulse sent into the

TDetails about cross correlation will be given in the next chapter.
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fiber. As detailed in the following section, variations of the refractive index due to environ-
mental changes can be compensated by a frequency shift. Therefore, the phase change of an
optical pulse traveling along a fiber can be estimated by comparing two spectral distributions
at each location and estimate their frequency shift. Conventionally, cross correlation is utilized
for the frequency shift estimation, therefore, this technique is known as correlation-based
optical time domain reflectometry (COTDR). However, in the literature, COTDR is also some-
times referring to OTDR with coherent detection . To avoid any confusion, we will refer in this
manuscript to ¢-OTDR based on frequency shift (FS) retrieval as frequency-scanned ¢p-OTDR.

3.3.1 Working principle

(a) Optical Fiber

Input Pulse

Rayleigh Scattering

~
(¢]
~

(b)

Frequency Shift

Intensity

~

r——

Lo Distance Frequenc§

Figure 3.9 — Principle of frequency-scanned ¢-OTDR: (a) conceptual view of interrogation in
frequency-scanned ¢-OTDR; (b) Intensity of Rayleigh backscattered traces for the different
scanning optical frequencies; (c) Rayleigh spectra of reference and measurement showing the
strain/temperature-induced frequency shift at position Ly.

Conventional operation of frequency-scanned ¢-OTDR requires acquiring Rayleigh scat-
tering intensity traces as a function of the input laser frequency within a given range. The
refractive index distribution is fixed along the fiber once for ever after solidification such that,
at a given position and under stable experimental conditions, the measured intensity as a
function of frequency will be repeatable and can be regarded as a reference spectrum. When
the fiber is subjected to any strain or temperature change, this local spectrum will experience a
frequency shift induced by the refractive index variation, as illustrated in Fig. 3.9. By perform-
ing a cross-correlation operation between the newly measured local spectral response and the
reference spectrum will result in a correlation peak located at a frequency shift proportional
to the local temperature and strain variations. The proportionality relation is directly function
of the thermo-optic and elasto-optic responses of silica, and is strictly equal to the coefficients
scaling the spectral response of fiber Bragg gratings.

34



Phase-sensitive optical time domain reflectometry Chapter 3

Assuming that the phase change due to temperature and strain variations is A¢;, it can be
compensated completely when the optical frequency of the interrogating pulse is shifted by
Av such that:

Here we replace n4, by n for simplicity. From Eq. 3.27 we can see that, the phase change is
linearly proportional to the frequency shift Av in the Rayleigh backscattering spectra.

3.3.2 Experimental setup

AW A W | W,

A
Laserl— EOML1 EOM2 >
Cir
I+ Cirl. EDFA 1
| EDFA2
I
I Microwave .Pulse
I synthesizer FBG generator
| !
[} I
| lTrlgger
: e = l
PC €------———— =~ mmmmmmmmmmmmmm OSC.

Figure 3.10 — Diagram of a typical ¢»-OTDR setup. ( EOM: electro-optic modulator, Cir.: circu-
lator, TF: tunable filter, PD: photodetector, OSC: oscilloscope, PC: personal computer, FBG:
fiber Bragg grating)

A frequency-scanned ¢-OTDR setup is shown in Fig. 3.10. The only conceptual change
compared with a conventional single-frequency ¢-OTDR, is the insertion of a frequency
scanning section, which is implemented by a two-sidebands modulator (EOM1) followed by
an optical filter (Fiber Bragg grating) to suppress one of the sidebands (as shown in Fig. 3.10).
Alternatively, the frequency scanning function can be realized by inserting a single sideband
modulator or by direct tuning of the laser frequency.

Experimental time-domain acquisition at a fixed frequency and frequency-domain spectra
at a fixed position are shown in Fig. 3.11 and both traces show jagged patterns typical of
&-OTDR.

Eq. 3.17 is derived assuming a single optical frequency, a single mode fiber and only one
polarization mode. For a fixed position, the spectra of the frequency-scanned ¢-OTDR also
obeys an exponential decay distribution, since the number of degrees of freedom is the same
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Figure 3.11 — Experimental traces of frequency-scanned ¢-OTDR: (a) time-domain trace
(distribution along distance); (b) frequency-domain trace. The data are obtained with a 10 ns
pulse width, which corresponds to a spatial resolution of 1 m.

as in Eq. 3.18. The PDF of a typical spectrum obtained using frequency-scanned ¢-OTDR is
compared with an exponential decay fit in Fig. 3.12, showing excellent agreement.
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Figure 3.12 — Probability of density function of an spectra obtained from the frequency-scanned
¢-OTDR at a certain position

3.3.3 Temperature, strain and pressure sensitivities

To calculate the sensitivity of frequency-scanned ¢-OTDR, let us recall Eq. 3.7. For simplicity,
we can replace the optical path ngy.(k — m)Az by nL, and rewrite the phase of the travelling

light 3.7 in more general terms as:

2nvnL
_ (3.28)

[
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Similar to fiber Bragg gratings (FBGs), environmental perturbations (temperature, strain, pres-
sure change and so on) modify the phase ¢ of the travelling light through different influences.
In this subsection the sensitivities of standard single mode fibers (SMF) to the aforementioned
quantities are derived.

Temperature sensitivity

There are two effects accounting for the temperature induced phase change A¢r of the
light travelling in an optical fiber: the change in fiber length due to thermal expansion (or
contraction) and the temperature-induced refractive index change (thermo-optic effect)[94].
The overall phase change reads:

(3.29)

A¢T_2nan(1dL+ldn)
AT~ ¢ \LdT ndT

where T in all terms denotes the temperature. Here we ignore variations in the fiber diameter.

In Eq. 3.29, the first term represents the thermal expansion associated to the temperature

dependent coefficient %%. An experimental result for a specimen of fused silica (SRM 793; BY

US NIST) is shown in Fig.3.13, and the sampled data points are interpolated as follows [95]:

1dL bIT
AL 0850 = apr 1ye—EPOID ey

LdT [exp(b/T) +1] [exp(e/T) - 1]

exp(e/T) (3.30)

where: a=-4.22+0.04,b=35.5+0.8,c=0.335+0.015,d =1.253 + 0.022 and e =535+ 9.

0.5}

(=)

dL/dT/L (10)/K
S
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Temperature (K)

Figure 3.13 — Thermal expansion coefficient of fused silica SRM 739

. . 1 dn
As for the thermo-optic coefficient S ndT

perature dependent. A widely used model to describe the refractive index with respect to
temperature and wavelength for optical glass is the Sellmeier model [96]:

it is both frequency (or wavelength) and tem-

3. S;(TA?

2
niATh-1=) —————
o A2 =A%)

(3.31)
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where A is the optical wavelength!'. S; and A; are the strength and central wavelength of the
resonance features in the material, respectively, and can be written as:

4 .
Si(T)=) ST (3.32a)
j=0
4 .
Ai(T)=)_ A;;T! (3.32b)
j=0

The corresponding parameters for Corning 7980 fused silica, which are valid over a temper-
ature range of [30 K, 300 K] and over a wavelength range of [0.4 ym, 2.3 um], are listed in
Table 3.1. By inserting all the above-mentioned parameters in Eq. 3.30 and Eq. 3.31, the ther-
mal expansion coefficient y7 and thermo-optic coefficient 1 at room temperature (25 °C)
for an operating wavelength of 1550 nm can be calculated approximately to be:

L dL 45x107' K ! (3.33a)
=———=40X .
Yr=1ar
1dn
=———=-2x10°Kk! 3.33b
Br T - 2% ( )

In general, the thermal expansion coefficient yr is 2 orders of magnitude lower than the

J S1j S2j S3j
j=0 1.101227 1.78752x107° 7.93552x 107!
j=1 | -4.94251x107° 4.76391x107° -1.27815x1073
j=2 5.27414x1077 -4.49019x 1077 1.84595x107°
j=3 | -1.59700x107° 1.44546x1079 -9.20275x1078
j=4 | 1.75949x10712  -1.57223x107'?  1.48829x1071°
J A1j A2j Asj
j=0 | -8.90600x10~2 2.97562x107! 9.34454
j=1 9.08730x1076 -8.59578x107*  -7.09788x1073
j=2 | -6.53638x1078 6.59069x 1076 1.01968x10~*
j=3 | 7.77072x10~1 -1.09482x1078 5.07660x 1077
j=4 | 6.84605x1071*  7.85145x10713  8.21348x1071°

Table 3.1 — Parameters in the Sellmeier model for Corning 7980 fused silica[96]

thermo-optic coefficient G for silica glass (as shown in Fig. 3.14 ). Therefore, the thermal-
expansion coefficient can be usually neglected, except at very low temperature, since the
thermo-optic coefficient drops with temperature while the thermal expansion coefficient
becomes negative when T'< 175 K.

As for the temperature sensitivity for frequency-scanned ¢-OTDR, what we are interested
in is often the frequency shift induced by temperature since the sensor is based on frequency
shift measurement. A typical value for the temperature sensitivity for frequency-scanned

ITn the approximation, S; and A; have no real physical meaning, but is used to generate an adequately accurate
fit to empirical data. The value of the wavelength inserted in the equation for estimation should be in units of um
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Figure 3.14 — Thermo-optic coefficient at wavelength 1550 nm

¢-OTDR is:
Av vdn

Later on, the strain sensitivity will be calculated and we can see that the sensitivity of frequency-
scanned ¢-OTDR is more than 1000 times larger than that of BOTDA (see Eq. 2.9), which
distinguishes the frequency-scanned ¢-OTDR as an interrogation with ultra-high sensitivity.

Longitudinal strain sensitivity

We now consider the phase change caused by longitudinal strain (strain along the fiber axial
direction) € = % The strain dependent phase change is written as [97]:

A¢S:%%XUWL+LAnwD. (3.35)

where the first term represents the physical length change and the second term accounts
for strain-induced refractive index changes (strain-optic effect), respectively. The waveguide
mode dispersion effect due to changes in the fiber diameter is negligible and ignored here.
The strain-optic effect is described by the optical indicatrix:

1 6
A(—z) =Zpij§j' (3.36)
n~Ji =1

Here p;; is the photo-elastic tensor and S; is the strain vector. The subscripts are in the
standard contracted notation. In this section, we consider only the longitudinal strain and the
strain vector is represented as below:

Si=le —pe —pe 0 0 0 (3.37)
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where p is the Poisson ratio of the material. For a homogeneous isotropic medium such as
silica glass, the strain-optic tensor p;; can be written as:

'Pn pi2 pi2 O
piz pu prz O

piz piz pu 0
0 0 0 py O

0 0 0 0 pu O
0 0 0 0 0 pu

o OoO O

pij= (3.38)

o O O O

where pas = (p11 — p12) /2. Therefore the change in the optical indicatrix induced by longitudi-
nal strain is:

1
A(ﬁ)x,y=€(1—ﬂ)l?12—ﬂ€]911 (3.39)
The refractive index change can then be written as:
1 4 1
An(e) = —5n A (?)

X,y (3.40)
1 3
==5n [e1 = wpr2 - pepn].

Replacing An in Eq. 3.35 with Eq. 3.40 we get:

2nvnlLe
a2

1
1—En2[(1—,u)p12—,up11]}. (3.41)

Assuming that the phase change induced by the longitudinal strain can be compensated by
a frequency shift Av, and using typical parameters for silica glass, i.e. n=1.5, 4=0.17, and
p11=0.11,p12=0.25, the sensitivity of the frequency-scanned ¢-OTDR can be derived as:

Av

1 2
X105 _v{l —5n [((1—wpiz2—ppu] } =152.44 MHz/ ue. (3.42)

Pressure sensitivity

We consider the effect of an isotropic stress induced by a pressure P. Eventually yielding a
longitudinal strain, the phase change caused by pressure can be represented as [94]:

>
App= %V(nsL+LAn) (3.43)

Again, the first term is the change in the fiber physical length, while the second term is the
refractive index change due to strain. Variations in the waveguide are once more ignored.

40



Phase-sensitive optical time domain reflectometry Chapter 3

Assuming no shear stress (hydrostatic pressure), the stress tensor reduces to:

o=|-P]|. (3.44)

The strain vector is then:

e| [-PA-2w/E
e=|ey| = |-Pa-2w/E|. (3.45)
e.| |-Pa-2wIE

Here E is the Young’s modulus of glass. The first term on the right-hand side of Eq. 3.43 reads,
neL=—-nLP(1-2u)/E. (3.46)

As for the strain-optic effect, the optical indicatrix is given by Eq. 3.36. Without shear strain,
the strain-optic tensor is:

P11 P12 P12
pij=|P12 P12 pi2|- (3.47)
P12 P12 P11

Thus we can derive the change in optical indicatrix as:

1
A ( ) =(1-2wWpnPIE-2(1-2wp12P/E
xX,),Z

n’ (3.48)
=1 -2wW(pun +2p12) PIE
Therefore, the refractive index change in the z direction (longitudinal direction) is:
1 1
An=—-- l’l3 A (—2)
2 n<Jy
Y (3.49)

1
= 5113(1 =21 (p11 +2p12) PIE

Inserting Eq. 3.49 and Eq. 3.46 into Eq. 3.43, we can calculate the phase change induced by the
pressure P:

2nvnL
Adp =

(1-2p) 1nz(pHJrzplz)—l P (3.50)
c 2 E ’

The Young’s modulus of glass is typically about 7.1 x 10'® N/m?. The sensitivity of a frequency-
scanned ¢-OTDR to an external pressure is therefore

Av (1 —2u)5n*(p11+2p12) - 1
P E

~ —1.49 kHz/Pa 3.51)
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Since the Young’s modulus of fused silica is fairly large, conventional fibers are normally
not very sensitive to pressure, compared e.g. with their sensitivity to temperature. It should be
noted that the effect of the coating is not considered in the calculation, while it does actually
impact the sensitivity. Therefore, polymer-coated fibers have a higher demonstrated pressure
sensitivity [98, 99]. In order to further improve the sensitivity, specially designed fibers are
needed, such as fibers with air holes in the cladding which overall reduce the equivalent
Young’s modulus of the fiber [100, 101].

3.3.4 Key criteria of the interrogator

For any distributed fiber sensing interrogator, key criteria include, among others, sensing
distance, spatial resolution, acquisition time (or sampling rate inversely) and dynamic range.
The limits of these parameters are introduced briefly in this section.

Sensing distance

Of all parameters, the sensing distance is one of the most crucial , as it defines the maximum
length of the sensing fiber the system can measure. It is directly linked to the signal-to-noise
ratio (SNR) of the remotest monitoring point. The signal power is related to many aspects,
such as the interrogation pulse energy, the Rayleigh reflectivity, the fiber loss, etc. The total
noise from a given system may originate from various sources, i.e. the phase noise of the
interrogation light [89], the light leakage from the optical modulation [102], the amplified
spontaneous emission (ASE) noise from the optical amplification and finally the thermal and
shot noise from the photodetector. For standard single-mode fiber, the Rayleigh reflectivity
and fiber loss is fixed, therefore the received power is mainly limited by the pulse energy.
To increase the pulse energy, one can increase either the peak power of the optical pulse
and/or the pulse duration. However, on one hand, the peak power of the optical pulse is
limited to the threshold of nonlinear optical effects, so that it has to be kept below a certain
value, especially for long fibers. In ¢-OTDR, the input power of the pulse is limited to be
~100 mW by modulation instability (MI)[103], which is usually the first nonlinear optical effect
to arise. The net effect of MI is to broaden the spectrum of the optical signal, thus lowering
the coherence of the Rayleigh scattered light, leading to a localized fading of the recorded
interference pattern; on the other hand, the pulse duration determines the spatial resolution
(which will be discussed after) thus must be kept shorter than a given width in order to fulfill
the requirement on the spatial resolution.

Over the years, several strategies have been developed in order to further extend the max-
imum sensing distance of ¢-OTDR and/or other interrogation schemes. For instance, dis-
tributed fiber amplification has been introduced to compensate for the attenuation of the
interrogating pulse [68]. Coherent detection is also beneficial to amplify the signal and
reach shot noise limited regime at the photodetector, thus improving the SNR [63]. Recently,
backscattering enhanced fibers have been proposed [104], demonstrating a scattering coeffi-
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cient 10 dB higher than conventional fibers, enabling to extend the sensing distance.

Spatial resolution

The spatial resolution is the minimum distance between two events taking place along the fiber
enabling to distinguish them. Similar to any other OTDRs, the spatial resolution in ¢-OTDR is
determined by the duration of the interrogating pulse, which is illustrated in Fig 3.16.
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Figure 3.15 — Illustration of the spatial resolution of OTDRs

Let us consider a propagating optical pulse with a duration of W. Assume that at time Tj, the
pulse leading and trailing edges are at point C and A respectively. Through Rayleigh scattering,
the incident pulse generates a backward propagating reflected pulse. As the incident pulse
continues to propagate in the fiber, the newly generated reflected pulse at time T; will overlap
with the reflected pulse generated at T (shown in Fig. 3.16). Due to the counter-propagating
motion, it is not until a time T corresponding to half of the pulse duration that the reflected
pulse generated at Ty is completely spatially separated from the incident pulse. Therefore, the
reflected pulses can only be discriminated when they are generated with a time difference
larger than T, — Ty = W/2. Thus the spatial resolution is:

_Wc We

AZ=——=— (3.52)
2 n 2n

where cis the light speed in vacuum and # is the refractive index. From Eq. 3.52, we can see
that AZ is proportional to W. A pulse duration of 10 ns corresponds to a spatial resolution
of 1 m approximately, assuming the refractive index of the fiber is 1.5. In real applications, a
shorter spatial resolution is generally preferred together with a large sensing distance. The
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decrease of the pulse duration will enhance the spatial resolution but reduce the pulse energy,
hence limit the sensing range. This trade-off between spatial resolution and sensing range is
general, and applies to any OTDR system.

Dynamic range

The dynamic range here is the maximum acquirable range of the measurands (e.g. temper-
ature, strain etc.) of interest, which is directly linked in frequency scanning ¢-OTDR to the
extent of the frequency scan. As mentioned before, the phase change caused by any measur-
and will induce a frequency shift in the Rayleigh spectra, which can be retrieved by proper
frequency estimation algorithm.

Quite naturally, cross-correlation seems at first indicated to identify this frequency shift
as the position corresponding to the maximum of the cross correlation spectrum[71]. The
estimation relies on the cross-correlation between the reference and the subsequent measured
traces. If the frequency shift in the spectra is so large that the spectra pattern has moved out
of the reference scanned window, no correlation will be found between the traces, thus
resulting in the failure of the frequency estimation. The reference scanned window, i.e. the
frequency scanning range, thus determines the maximum measurable range. An empirical
approximation is that the maximum frequency shift can be half of the scanning range, as the
spectrum might shift towards both spectral directions. However, from an estimation error
analysis performed in the next chapter, it appears that at high spatial resolution, the allowable
frequency shift is much less that this "half range approximation".

Measurement time

The measurement time of frequency-scanned ¢-OTDR can be written as:
Ton = N(Naye Tp + 1) (3.53)

where Nyye is the number of averaging, N is the number of scanned frequency, T, is the period
of the optical pulse (the inverse of the repetition rate) and ¢; is the frequency switch latency.

There is a minimum requirement for the optical pulse period since the second pulse
can not be sent to the fiber until the Rayleigh scattering light of the previous pulse at the
remotest sensing position has arrived at the beginning of the fiber, making sure to prevent any
overlapping between the backscattered signals from the different pulses. This period T, must
be larger than the time of flight of the optical pulse in the fiber, i.e. Tp > t; has to be satisfied
where

_ 2”L[0t

tr - (3.54)

Here L;,; is the total fiber length. For a fixed frequency scan step, the number of scanned
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frequency N is proportional to the frequency scan range. This comes as an additional trade-off
between the measurable range and the measurement time in frequency-scanned ¢-OTDR .

3.3.5 Two main sources of noise

As mentioned in the last section, there are many different noise sources that will impact
the SNR and decrease the measurement accuracy and sensing distance. The impact of two
different noise sources, which are the most relevant noise sources in the thesis, is addressed
here.

Light leakage from the optical modulation

4 Propagating pulse
W,

Fon

Optical fiber

Figure 3.16 — Effect of the extinction ratio on the pulse modulation

As shown in Fig. 3.16, the continuous wave (CW) light leakage from the modulator can
lead to a high power of integrated background light between pulses and results in Rayleigh
backscattered noise, decreasing the SNR and sensing accuracy. The noise from this light
leakage can not be suppressed using an optical filter, since the optical frequency of this noise
contribution is the same as that of the signal, therefore it needs to be carefully reduced in the
system at its origin.

This leakage results from a finite extinction ratio (ER), which is defined as:

P,
ER= on (3.55)
Post

where Py, and P are the optical power when the modulation of the optical light is on and
off, respectively. Ideally, Py is zero, which means no light can pass the modulator when
it is off, which allowing an infinitely large ER; however, typical modulators such as EOM
and AOM (acoustic-optical modulator) show a finite ER, resulting from a continuous light
leakage through the modulator. To address the effect of the finite ER on the SNR of a system, a
pulse with duration W and a sensing fiber with length L are considered, as shown in Fig. 3.16.
Actually, under the assumption that Py = 0, the power of the Rayleigh backscattered light at
the PD at a position z is given by Eq. 2.33 and can be rewritten as:

1
Ps=Fa, vgW Pone™ %%, (3.56)
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However, if Py is not zero, the power received by PD is increased by the CW leakage induced
Rayleigh backscattered light [102] as:

Fa, Pyt (1-e2%L)

2a (3.57)

L
P.w=Fa, f Poffe_zazdz =
0
The noise in the detector will result from the beating between the Rayleigh-backscattered light
from the optical pulse and that from the CW leakage. So the SNR limited by the ER can be
approximated as

Py
SNR=——7-——
2V PsPcw
: = (3.58)
=—VER\{| ——F+—
2 1—e2alL

Here the self-beating of the Rayleigh scattering purely due to the CW leakage is ignored. As a
rough estimation, we assume a short fiber, so that the loss is negligible and we then find

1 v W
SNR:E\/ER gT’ (3.59)

from which we can see that sensing with high spatial resolution over a long distance requires a
high ER for the modulation. For instance, a spatial resolution of 1 m (10 ns pulse width) for
10 km sensing distance, the ER has to be larger than 43 dB to result in a SNR larger than 1.

In the following chapters, two cascaded EOMs are used to secure a high enough ER, and
in Chapter 6, to fulfill the requirement of high spatial resolution and zero frequency switch
latency for the interrogating pulse, we use an RF (radio frequency) pulsing scheme [105]
reaching extreme values for the ER, which will be addressed in more details later.

Phase noise of the light source

As ¢-OTDR can be regarded as an interferometer, phase noise will be naturally a concern
for the measurement results. The impact of phase noise in distinct interrogating schemes is
different. For the sake of the simplicity of the demonstration, we mainly deal with the coherent

length, which is a measure of the phase noise m

For any interferometer, the coherent length should be larger than the optical path difference
between the two arms of the interferometer. For a frequency-scanned ¢-OTDR, as well as a
pulse-engineered ¢p-OTDR, the requirement on the light coherent length is quite loose. From
Eq. 3.7 and Eq 3.25, we can see that, the detected light comes from scatters within the pulse
width. Therefore, the coherent length only needs to be larger than the fiber segment covered
by a pulse width. However, for the coherent-detection based ¢-OTDR, the coherent length

M Apother measure of phase noise is the linewidth 8F of the laser, and the coherent length is c6F
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should be in contrast larger than twice the fiber length, since the maximum optical path
difference between the local oscillator and the signal corresponds to the round trip along the
entire sensing fiber (Eq. 3.22). Hence, it sets a much stricter requirement on the linewidth of
the laser. As far as an interferometric phase demodulation scheme is concerned, the coherent
length must be larger than the length difference between the two interferometer arms, as
shown in Eq. 3.22.

3.4 Conclusions

In this chapter, fundamental notions on ¢-OTDR have been briefly introduced. This includes
the technique working principle as well as various phase demodulation strategies. Emphasis
has been put on frequency-scanned ¢-OTDR as it allows quantitative measurements, requires
the least hardware modification compared with conventional intensity-demodulated ¢-OTDR
without sacrificing the spatial resolution and bandwidth of the system, at the expense of added
measurement time. Frequency-scanned ¢-OTDR is thus suitable for static measurement (such
as temperature sensing and hydrostatic pressure sensing) where high spatial resolution is
needed. In chapter 5-7, different sensing applications will be investigated and demonstrated,
which shows the potential of frequency-scanned ¢-OTDR in diverse industrial areas.
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Large errors on frequency estimation

As mentioned in the previous chapters, the quantitative measurement of ¢-OTDR relies on the
frequency shift (FS) estimation in the Rayleigh backscattering spectra, which is also used in
optical frequency domain reflectometry (OFDR) for the quantification of the measurand [106].
In both systems, the problem of the large errors on the FS estimation emerged as outlier peaks
or multi-peaks may appear in the correlated spectra when the cross correlation (CC) algorithm
is used for the FS estimation [107, 108, 109]. This reduces the reliability of the system and
limits the measurable temperature/strain range. In this chapter, the measurement errors are
addressed and evaluated when using CC as the FS estimation algorithm.

In fact, CC is a common method that has been extensively studied for shift/time delay
estimation in several applications, such as sonar and radar. The method for frequency shift
estimation in ¢-OTDR is mathematically equivalent to the time delay estimation problem,
which means that we can use a similar approach to model it. Later on, experiments have
been performed to verify the theory and a least mean square (LMS) algorithm has been pro-
posed in frequency-scanned ¢p-OTDR to reduce the large errors. Finally, temperature sensing
with high spatial resolution and large temperature dynamic range has been demonstrated
experimentally based on frequency-scanned ¢-OTDR with LMS .

The content of this chapter has been published in [34]', and this is a collaborative work
with University of Alcala.

4.1 Frequency shift estimation using cross correlation

The conventional measurement technique in frequency-scanned ¢-OTDR requires acquiring
Rayleigh intensity traces as a function of the input laser frequency within a given frequency
range. The refractive index distribution is fixed along the fiber once for ever after solidification,

1© 2019 IEEE. Reprinted, with permission from L. Zhang, L. D. Costa, Z. Yang, M. A. Soto, M. Gonzalez-Herrdez
and L. Thévenaz, Analysis and Reduction of Large Errors in Rayleigh-Based Distributed Sensor, Journal of Lightwave
Technology, Sept./2019, doi: 10.1109/JLT.2019.2917746.
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Figure 4.1 — Frequency estimation using cross correlation for frequency-scanned ¢-OTDR: (a)
2-D intensity map of the reference and (b) spectrum at the i, position point in the reference
measurement; (c) 2-D intensity map of the j;;, measurement; (d) spectrum at the i, position
point of the j;;, measurement; (e) local correlation spectrum at the i;,position point; (f)
close-up view of the correlation peak.

so that at a given position the intensity observed as a function of frequency will not change
and can be regarded as a reference spectrum before the fiber is subjected to any strain or
temperature change. In this case, a spectral shift of this local intensity versus frequency
distribution is caused by the induced refractive index variation. Cross correlating the new
measured local spectral response with the reference spectrum will result in a correlation peak
placed at a frequency shift proportional to the local temperature and strain variations. The
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proportionality is directly function of the thermo-optic and elasto-optic responses of silica and
is strictly equal to the coefficients scaling the spectral response of fiber Bragg as mentioned
earlier.

Let assume that the spectral response measured at the i;;, sampling point along the position
axis of the fiber is S; o for the reference, and S; ; for a subsequent measurement at the same
sampling point, as shown in Fig. 4.1 (b) and (d). The procedure to obtain the cross correlation
spectrum is then:

1 [k
Cl'](éf)zf\/(; Si,j(f)S,-,O(f—éf)df, —thafSF[ (4.1)
t

where F; is the total frequency scanning range over the spectrum. The estimated FS 5]\‘ is
located at

(ﬁ”ﬁ = argmax C; (6 f) (4.2)
—-F<0f<F;

representing the spectral location of the highest peak of the correlation spectrum (Fig. 4.1 (e)
and (f)). In presence of noise, the accuracy of the method is directly related to the width of the
correlation peak (F;), which is in turn function of the shape and width of the interrogating
pulse. For example, for a transform-limited square pulse with a width W, F, is 1/ W. Incidentally,
it means that a sharper spatial resolution (smaller W) decreases proportionally the accuracy
on the measurement. The width F, of the correlation peak will be used later in the definition
of the large errors.

4.2 Large errors analysis

Despite of the small errors in the estimation, which causes uncertainties and defines the accu-
racy of the system, there is another type of errors observed in the frequency shift estimations,
where the error is larger than the half width at the half-maximum of the correlation peak. The
estimation error can be reasonably defined as

ei,j = 6/](7]'_5]017”6[']‘ ) (43)

and the large error ¢; ; is when

1
€ij= EFC (4.4)

Obviously, poor values of signal-to-noise ratio (SNR) or insufficient sampling rate may lead
to errors of this type. However, later we will show that these large errors occur even for perfect
SNR and sufficient oversampling of the frequency spectrum, for pure statistical reasons. Here
we restrict our study to the error originating from the shift estimation method itself (cross
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correlation), while the impact of other parameters (such as SNR and sampling rate) are out of
the scope. Hence, all over our theoretical derivation, we will always assume that the SNR is
sufficiently high, and we will ensure this high SNR in the experiments by performing a large
number of trace averaging.

4.2.1 An example of large errors

An example of the occurrence of large errors in the estimation of frequency shift by cross
correlation (CC) is illustrated in Fig. 4.2. A total frequency range F; of 50 GHz for the reference is
scanned. We deliberately change the temperature of the fiber, so that 6 f;,,. should be around
-2 GHz in the measurement spectra (i.e. d f;, . = 2 GHz). Fig. 2 (a) and (b) show, respectively,
the reference and measurement spectra at the 2047, sampling point along the fiber. We
can see that most part of the reference spectrum is preserved in the measurement spectrum
(see shaded spectral section with a frequency range of F in Fig. 4.2 (a) and (b) respectively).
Fig. 4.2 (c) shows the cross correlated spectra between the reference and measurement at two
positions along the fiber (points 2000, and 2047,;). Although only a small shift of around
— 2 GHz is introduced in the measurement spectrum, the peak position in the correlation
spectrum at position 2047, is not located at the right position, unlike the 2000, sampling
point (see Fig. 4.2(c)). Thus, upon the FS profile shown in Fig. 4.2(d), a huge spike at the 2047,
sampling point can be observed, representing a large estimation error (much larger than %FC).

From Fig. 4.2 (c) it can be also observed that, at the 2047;j, point where the large error takes
place, the spectral location of this misleading peak matches the frequency difference between
the highest peaks in both the reference and measurement spectra, respectively. This can be
explained by the fact that the CC spectra corresponds to the windowed convolution of the
reference and measurement spectra (i.e. the integral of multiplied vectors, as a function of
the relative shift). Hence, the spectral data with higher intensity contributes much more to
the correlation magnitude. In other words, the CC process gives more weight to the high-
intensity points and almost no weight to the low-intensity ones. From the point of view of
shift estimation, however, all points carry the same amount of information. In the case of
Rayleigh spectra, the probability density function (PDF) of the scattered intensity obeys a
negative exponential distribution [72], which means that most of the points in the spectra are
low-intensity points. Whenever a high intensity point appears in the finite analyzed spectral
window, the peak cross correlation value may be biased towards this new position, giving rise
to large errors.

However, this feature is not restricted to exponential distributions. Any data statistical
distribution would lead to a similar failing. The key issue is the finite analyzed spectral window.
As observed in Fig. 4.2 (a) and (b), the measurement spectrum at a given position can be
divided into a correlated signal within a spectral range F and an uncorrelated spectral section
appearing in the measurement due to an induced temperature or strain change (within a
spectral range Fp). Thus the total measured spectral range can be described as F; = Fy+ F. Only
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Figure 4.2 — An example of the occurrence of large errors: (a) the reference spectrum and (b)
the measurement spectra at the position of the 2047, sampling point (c) correlation spectra
at the 2047, sampling point (with error) and the 2000, sampling point (without large error).
(d) Estimated FS profile obtained by cross correlation showing the occurrence of a large error.

the correlated spectral section will contribute to the FS estimation through cross correlation
while the uncorrelated spectra will essentially give irrelevant contributions. If the spectral
response in this region is high enough, this uncorrelated area may induce a spurious peak
higher than the true correlation peak. This is the essence of the large errors when using CC as

shift estimation method.

4.2.2 Analytical model for Large errors analysis

The appearance of large errors imposed by CC for stochastic signals has already been observed
and modeled in time delay estimation [110, 111, 112]. The method for FS estimation in ¢-
OTDR and OFDR is mathematically equivalent to the time delay estimation problem, which
means that we can use a similar approach to model it. By adapting the model from time delay
estimation literature [111], the probability of large errors (PLE) in ¢»-OTDR can be written as:

PLE=(M-1) L (—C—Z) (4.5)
- onC P '
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where
SNR
C=+/B,F 4.6
*" [(SNR)2 + 2(SNR + 1)2]1/2 (4.6)
and
M=2F,/Fc. 4.7)

M is a unitless coefficient scaling the relative importance of the uncorrelated spectral range Fy
with respect to the width of the correlation peak F,. B; is the statistical bandwidth which is
defined as:

-1
(4.8)

| [

wheres p(f) the normalized correlation function of the signals [110]. For example, for a
square pulse of width W and considering an exponential delay distribution, the calculated
Bs=1.38W. Note that the SNR in the above expressions is the ratio between the variance of
the spectrum and the variance of the noise across the full measured spectral window, hence
the impact of fading signals is averaged out. Under the assumption of SNR>> 1 we have:

SNR 1 w9)

[(SNR)2 +2(SNR+1)2]1/2 ~ /3’ ’

Therefore, the expression of PLE can be simplified as
V = 2Fy/Fe - Dexp(-25)
PLE= . (4.10)
B.F
For a square pulse, F, =1/W and Bs=1.38W, so that Eq. 4.10 can be rewritten as
oy 2FoW — Dexp(~+34¥E)
PLE= . (4.11)

1.38WF

From Eq.4.11, it is possible to observe that: with a certain pulse width W, the PLE is linearly
related to Fy when FoW > 1, while the frequency range F decreases the PLE exponentially.
Intuitively speaking, the spectra in the range of F for reference and measurement are correlated
and therefore contribute to the same peak in the correlation spectrum. Consequently, this
peak, placed at 6 f;r ., grows exponentially with the increase of F, leading to an exponential
reduction of the PLE. On the other hand, any perturbation applied on the fiber (such as
temperature or strain change) leads to a loss of correlation in the data points, which are
replaced by uncorrelated data over a range Fy. This feature contributes to the occurrence of
random side lobes in the cross correlation spectrum, showing an increasing probability to
turn higher than the true correlation peak. As a result, the increase of Fj increases the PLE
linearly (FoW > 1).
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4.2.3 Comparison of the theoretical and experimental PLE

To investigate the impact of the measurement parameters, such as the pulse width, the
scanned frequency range and the scanning frequency step on the PLE, a direct-detection
based ¢-OTDR is implemented to obtain the experimental spectra along a sensing fiber.

The experimental setup is depicted in Fig. 4.3. A distributed feedback (DFB) laser with
1 MHz linewidth is used as a coherent light source. Two electro-optical modulators (EOM) are
cascaded to shape the continuous-wave light into optical pulses having a width of 0.5-1 ns with
high extinction ratio, thereby allowing a spatial resolution of 5-10 cm. An erbium-doped fiber
amplifier (EDFA) is then inserted to boost the pulse peak power, though at a level below the
onset of nonlinear optical effects in the sensing fiber. The coherent pulse is launched into the
sensing fiber and the back-captured Rayleigh scattering is then pre-amplified using another
EDFA before photo-detection. The amplified spontaneous emission (ASE) noise introduced
by this EDFA is filtered out by an optical filter with a bandwidth of 1 nm. The bandwidth of
the PD is 3 GHz. An oscilloscope operating at a sampling rate of 5/10 Gs/s is used to digitize
the electrical signal for further analysis. The sensing fiber here is a single-mode fiber with a
length of about 860 m, from which 5 m are immersed into a water bath to apply temperature
changes (see later Section 5). The sweep of the optical frequency is performed by directly
modulating the temperature or current of the laser using a remote controlled laser power
supply. The frequency step Af is set to be 100 MHz and 200 MHz when using 1 ns pulse and
500 ps pulse, respectively, in order to adapt to the broadening of the pulse spectrum. To secure
a high enough SNR, each retrieved trace is averaged 4000 times.

FUT
Cir.
Coupler
Laser1 EOM1 - EOM2 ’ —

T T T EDFA 1
| ‘ =T --- » w
! \ ! Sync: EDFA 2
! OSA 1 PGl PG2 TF Water container
l :
1 1 .
: ! Trigger PD
| | |
1

PC <«---------- I:_'_'_':::::::_':::::::_': OSC

Figure 4.3 — Experimental setup of frequency-scanned ¢-OTDR (EOM: electro-optical modu-
lator, EDFA: erbium-doped fiber amplifier, Cir: circulator, FUT: fiber under test, TF: tunable
filter, PD: photodetector, OSC: oscilloscope, PC: personal computer, PG: pulse generator, Sync,
synchronization).

Using this scheme, the coherent Rayleigh spectrum of the entire fiber is measured with a
spatial resolution of 5 cm and 10 cm, over a frequency scanning range of 100 GHz. To obtain
the experimental PLE for different scanning ranges F;, the following procedure was applied:
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1 Obtain the Rayleigh spectrum of the fiber over a range of 100 GHz: X; js), f €l0,
100 GHz]. Here, i denotes the position along the fiber and j denotes the measurement
sequence;

2 Choose Treference’ and ‘measurement’ data from X; j(y). For a certain scanning range F
and frequency shift Fy, let the reference spectrum be S; o (f) = Xi,0(f), f € [0, F;] and the
measurement spectrum be S; ; (f) = X o(f), f € [Fo, Fo + F¢]. Therefore, the spectrum of
the reference S; o and the measurement S; ;(f) are subsets from the same data set, will
span over a total range F; and the true FSis 6 f, . = Fo. Since both S; o(f) and S; ; (f) are
taken from X; o(f), the two spectra can be considered to have perfect SNR (effectively
there is no variance between the two correlated spectra);

3 Cross correlate S; o(f) and S; ;(f) to get the correlation spectrum C; ; (0f) and obtain
the estimation using Eq. 4.1 and Eq. 4.2;

Sch;

4 Determine if¢;,; is a large error by determiningife; j = 6 f; j — 6 fi,ji v

5 Repeat steps a-d for each sampled position to get the total number of large errors. PLE
is estimated as the ratio between the number of large errors and the total number of
sampled positions.

The experimental results are obtained through the aforementioned process, and the theo-
retical results are calculated by Eq. 4.11 by replacing F with F; — Fy. An exponentially decaying
tendency of the PLE as a function of the frequency scanning range Ft is shown in Fig. 4.4(a)
and (b), as predicted. Fig. 4.4 (c) shows a comparison of the PLE (in log scale) obtained with
two different pulse widths. It can be seen clearly that, with the same frequency scanning range
F;, the PLEs of the longer pulse decrease faster than that of the shorter pulse, demonstrating
that the implementation of a robust Rayleigh sensor with high spatial resolution becomes
extremely challenging due to the increased probability of large errors. Fig. 4.4 (d) shows a
quasi-linear relation between the FS and the PLE. Similarly, the PLE grows faster with the
increase of the frequency shift Fy using a shorter pulse, which means the measurable temper-
ature and strain change must be kept smaller in high spatial resolution scheme. It must be
noted that similar PLEs will be obtained at high spatial resolution by simply rescaling pro-
portionally the frequency scanning range, since eventually this is the width of the correlation
peak normalized to the frequency scanning range that scales the PLE.

In all these cases, the experimental results show a good agreement with the theoretical
results, validating the model proposed in the previous section. This means that the PLE can
be reliably predicted using Eq. 4.11 when all the measurement parameters are known. For
instance, Fig. 4.4 (c) shows that PLE=10"3 when the spectral scanning range is 50 GHz and
the pulse width is 500 ps. This means that, in principle, in a 50 m-long sensor with 5 cm
spatial resolution (i.e. having only 1,000 sensing points) and high enough SNR, there will
be statistically one large error for each measurement. If the scanning range increases up to
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Figure 4.4 — Comparisons between experimental and theoretical results. The probability of
large error v.s. scan range F; with a pulse width of (a) 1 ns and (b) 500 ps, Fj is the frequency
offset between measurement and reference spectra; (c) comparative PLE using different pulse
widths (Fy=3 GHz) (d) PLE dependence on FS (F;=30 GHz) (PW: pulse width)

70 GHz, the PLE reduces to 10~#, which is statistically still not low enough to allow reliable
measurements if the number of sensing points is large.

It may be argued that the above mentioned large error problem can be alleviated by ex-
tending the frequency scanning range of the reference only, while keeping the measurement
spectrum bounded to the same value. Let the scanning ranges of reference and measurement
be F; and Fj, respectively, F; being larger than Fg, as shown in Fig. 4.5. In this case, the range
relevant for correlating the signals can be kept as F (i.e. F=F;) even through there is a shift
0 ftrue in the measurement spectrum, as long as 6 f;rye < F4, where F; = %(F[ — Fy). However,
since the ranges of the reference and measurement are different in this case, there will always
exist some spectral samples in the reference that are not contained in the measurement set
(thus being uncorrelated) even when there is no temperature or stain change to the fiber. These
samples are expected to contribute to the generation of random spurious peaks, increasing
the PLE. The FS estimation in this case is made using the equations as below:

1 [F
Ci_j(ﬁf):FfO Si,j(f)Si'o(f—(Sf)df, —-F;<0f<F, (4.12)
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5/fi\,j: argmax C; (6 f) (4.13)
—-F;<6f<F,

The experimental results are calculated following the same procedure as before, but in
step 2, the data used for cross correlation have been changed into:

2 For a certain measurement scan range Fs and range difference Fy, Let S; o(f) = X; 0(f),
f€l0, Fo+Fs] and S; j/)=Xi,0(f), f €10, Fsl;

-

Reference spectrum \/ \VJ \/J\/\/J MA\/V

Measurement spectrum éFd /\ /\ A FS/\ A F,

W WIN WAL

Figure 4.5 — Diagram to show the different scan ranges of reference and measurement.

In this case, the correlated spectral range F equals to the measurement scanning range Fs,
while the uncorrelated spectral range Fy equals to 2F;. The results of the calculated PLE
through experimental data and the presented analysis method are shown in Fig. 4.6. An expo-
nential decay tendency of PLEs versus the increase of F; is again visible, indicating that the PLE
grows as the range difference Fy between measurement and reference increases. It suggests
that the larger the difference between the reference scan range Ft and the measurement scan
range F;, the larger the PLE, due to the presence of a larger number of uncorrelated points.

In short, as long as there are different samples entering the spectral scanning windows of
measurement and reference, the PLE remains larger than 0, no matter if the new sampled
points are due to temperature or strain-induced frequency shift or simply due to differences
in the reference and measurement scanning ranges. In principle, only when both reference
and measurement scanning ranges are the same and temperature or strain do not change, the
PLE reaches zero (under the assumption of no statistical noise). This condition is of course in
total contradiction with the purpose of a sensing system.

It must be noted that, all calculations are based on the same measurement, which has
been obtained under a very high SNR condition. In normal conditions, under the presence of
significantly higher noise levels, the level of correlation between common spectral sections
will be reduced, thus increasing the PLE.
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Figure 4.6 — PLE vs. spectral scanning range of measurement F; with a pulse width of (a) 1 ns
and (b) 500 ps when the scanning ranges of the reference and measurement are different. Fj is
the frequency range difference between the measurement and reference spectra i.e.Fy = 2F.

4.3 Least mean square for reducing the large errors

4.3.1 PLE ofleast mean square algorithm
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Figure 4.7 — Principle of the frequency shift estimation using the proposed least mean squares
(LMS) method. (a) The measurement spectrum at a given point (orange) is swept over the
broad reference spectrum (blue) and LMS are calculated for each relative spectral position  f.

(b) Mean square errors as a function of the frequency shift § fshowing a clear minimum value
which is the estimation of the best similarity.

As discussed in the previous section, the PLE using cross correlation is often not negligible
to secure confident sensing conditions. The question arises if another method is more effective
to reliably estimate the frequency shift. Here, an approach based on least mean squares (LMS)
is proposed for retrieving the frequency shift in Rayleigh sensing, by evaluating the degree of
similarity between particular sections of the spectra and estimating the offset between them.
Assuming that the scanning ranges of reference and measurement are F; and F; respectively,
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the mean square error between reference and measurement is defined as

1 F
Di,j(5f)=1?f0 (Si,j (/)= Sio(f —8/N*df, —F;<6f<Fy, (4.14)
and the FS estimation is
5/fi\,j: argmin D; (6 f) (4.15)

—FdS5fSFd

LMS measure the amplitude difference between two spectral regions, so that the estimated
frequency shift is the one associated to the minimum LMS. This way the weight of each spectral
points is identical — even the most frequently occurring spectral points of low amplitude
equally contribute to the estimation — thereby the seldom-occurring high-amplitude points
would not lead to large error. In reality, the minimum value will not be zero due to the presence
of noise; however, the minimum LMS will be located only at the frequency shift corresponding
to the true spectral shift, as illustrated in Fig. 4.7.

Fig. 4.8 compares the PLE obtained when using cross correlation and the proposed LMS
method using the same datasets. In Fig. 4.8 (a), PLE is calculated with infinitely high SNR
(when §; j and S; o are obtained from the same dataset X; o(f), using different scanning ranges
for the reference and measurement). It can be seen that, with no statistical variations (noise),
the PLE is always zero using LMS even if the scanning range of the measurement F is only
2 GHz. In Fig. 4.8 (b), the S; j and S; ¢ used for calculation are taken from different datasets
(Si,0 is taken from X;o(f), and S; ; from X; ;(f)(j = 0)), hence noise is present. The figure
shows that, in presence of noise, the PLE is not always zero when using LMS, as expected,
but still, it is significantly reduced by the LMS estimation compared to cross correlation. The
results also clearly indicate that when the scanning range F; reaches 8 GHz, the PLE becomes
negligible in our experiment using LMS. In other words, only a scanning range of 8 GHz is
required using the proposed method, significantly speeding the acquisition.
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Figure 4.8 — Comparison of PLE between LMS and correlation with increasing scan range of
measurement Fg (PW=1 ns), (a) with noise; (b) without noise.
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To explain the mathematical difference between LMS and CC, we can open the brackets in
Eq. 4.14, and rewrite it as:

1 F F F
D;j6f) == SPdf+| Si,(f-6H-2| Sij(OSio(f-0f)df|,~Fa<6f<Fy
FlJo ™ 0o v 0
(4.16)

Comparing Eq. 4.16 with Eq. 4.12 shows that the minimum of D; ; (6 f) will be co-located
with the maximum of C; ; (0f), provided that the first two terms on the right hand of Eq. 4.16
are constant with respect to 6 f. This condition is fulfilled when the mean energy of the process
does not depend on the size of the integration window, proving the theoretical convergence.
Practically, this co-location can only be strictly true in absence of CC large errors, i.e. when
the signal and reference windows are infinitely large as stated by Eq. 4.10 and Eq. 4.11.

4.3.2 Temperature sensing with high spatial resolution
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Figure 4.9 — Experimental results of temperature sensing using the proposed LMS-based ¢-
OTDR: (a) Spectra of the reference (blue line, obtained by tuning the temperature of the laser)
and 6 measurements at different temperatures (at a fiber position of ~852 m, obtained by
tuning the current of the laser); (b) Retrieved frequency shift profiles.

In order to validate the performance of the proposed LMS-based method, a temperature
sensing experiment is set up by placing the last few meters of fiber into a temperature con-
trolled water bath to create a hotspot. A 500 ps pulse is used, corresponding to a spatial
resolution of 5 cm. The temperature sensing experiments are carried out with a 200 MHz
frequency scanning step. A reference measurement over a ~140 GHz range is first acquired,
which is realized by tuning the laser temperature. This lengthy acquisition is made once
forever under controlled conditions (stable temperature). In contrast, the spectral scanning
for the live measurements is realized by laser current tuning, so that the acquisition can be way
faster (~15s). The scanning range of the measurement spectrum is set to cover 16 GHz, which
is much shorter than the reference spectrum. A 100x averaging is performed at acquisition
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before any data processing. The temperature at the hotspot is varied from 0 K to 41 K with

respect to room temperature.

Fig. 4.9(a) shows the measured spectra for different temperatures at a particular sensing
point (distance 852 m), along with the reference spectrum (solid blue curve). It clearly shows
that the measurement spectra match well with the corresponding sections of the reference

spectrum. These results also suggest that:

1 The maximum measurable temperature range is actually limited by the spectral range
of the reference but not that of the measurement. Therefore, a large FS range can be
attained by only extending the reference spectrum while maintaining the high sensitivity
ofthe system and a fast acquisition for sequential measurements. This is in clear contrast

with the CC estimation.

2 A measurement scanning range containing only few peaks (e.g. 2 3) in the spectral
window is sufficient to estimate the frequency shift without large errors. This provides
a crucial advantage in terms of measurement speed, since the number of scanning
points for the measurement spectrum can be reduced. Besides, the measurement time
is further reduced since the minimum scan range of the measurement is only a few
tens of GHz (16 GHz in this experiment), the scan of the optical frequency is performed
by tuning the current of the laser, which is practically faster settled than tuning the

temperature of the laser.
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Figure 4.10 - frequency shift distributions around the edge of the hotspot which confirms a
spatial resolution of less than 5 cm.

The profiles of the frequency shift along the end section of the fiber are shown in Fig. 4.9(b),
estimated using LMS at different temperatures. In the hotspot (starting from 849.5 m), clear
frequency shifts can be seen without large errors, being also in good agreement with the preset
water temperature. A few glitches are present at fiber positions corresponding to transitions to
and from the heated water bath, where the temperature is unstable and non-uniform over the

interrogating spatial resolution.
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A spatial resolution of less than 5 cm can be verified in Fig. 4.10, showing the frequency shift
distributions around the front edge of a hot spot and confirming a transition in the measured
profiles of 4.28 cm.

Lastly, the frequency shift repeatability is calculated to be 0.026 K, estimated by obtaining
the standard deviations of each local estimated FS from 10 consecutive independent measure-
ments, which shows a temperature dynamic range as large as 36.5 dB (an accuracy of about
1/5000 of the measurable temperature change).

4.4 Conclusions

The probability of large errors (PLE) occurring in ¢-OTDR employing frequency shift esti-
mation through cross correlation is addressed for the first time in this section. It turns out
to be a critical limitation and PLE occurrences are essentially unpredictable. According to
the proposed model, the PLE decreases exponentially with the frequency scanning range
and grows linearly with the applied frequency shift (when FoW > 1). The results of our
analysis agree well with the experimental results. The analytical model clearly shows that
large errors on the FS estimation of ¢-OTDR unavoidably occur when using cross correlation
techniques due to purely stochastic reasons related to the limited spectral window of analysis,
even in conditions of perfect signal to noise ratio. Moreover, we have proposed a method to
circumvent these large errors, employing a least mean squares estimation of the similarity
between reference and measurement spectra. Using this method, the stochastic cause of
large errors can be totally suppressed and becomes only limited by noise. The maximum
temperature measurement range can be safely enlarged while keeping a limited spectral scan
for running acquisitions. As a result, a frequency-scanned ¢—OTDR system with a spatial
resolution of 5 cm and sensing range of about 860 m is demonstrated, which has a dynamic
range of temperature change of about 36.5 dB and very robustly immune to large statistical
errors.

Finally, it should be noted that large errors do not only occur in correlation-based ¢-
OTDR. A similar model can be developed for any Rayleigh-based distributed sensor employing
frequency shift estimation of the backscattered spectra based on cross correlation, such as
coherent OFDR.
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Distributed pressure sensing

Traditional distributed optical fiber sensors (DOFSs) using standard single mode fibers (SMFs)
are mostly focused on temperature and axial strain sensing. Recently, it was shown that
by properly designing the sensing fiber, different quantities (such as chemical, radiation
and humidity) will induce temperature and/or strain variations in the fiber, therfore can
be measured through these DOFSs [113, 114, 115]. In this chapter, distributed pressure
sensing based on frequency-scanned ¢-OTDR using special designed fibers is proposed and
experimentally demonstrated.

Pressure sensing has important applications in domains such as structural health moni-
toring, security surveillance, oil, gas and other energy-related industry [1, 2, 3]; what is more,
amean to monitor the local pressure at multiple locations is subject to a high demand from
today’s complex industrial facilities and systems[116]. A few distributed pressure sensing
(DPS) schemes have been proposed based on dynamic gratings[116, 117] or optical frequency-
domain reflectometry (OFDR)[36], demonstrating the great potential of DPS using DOFS
technology. However, either the pressure sensitivity is relatively low due to the large Young'’s
modulus of the fiber material (silica)[116, 117], or the sensing range is fundamentally limited
by the sensing range of OFDR [36]. Design of fiber cables are also studied to enhance the
pressure sensitivity [118, 119].

Owing to the ultra high sensitivity of ¢-OTDR, temperature sensing using single mode fiber
with sharp spatial resolution (5 cm) [34] has been demonstrated in the previous chapter with
almost 1 km range sensing distance based on a least mean square algorithm. Based on a
similar scheme, a DPS system based on frequency-scanned ¢-OTDR is proposed, by replacing
the conventional SMF with either a photonic crystal fibers (PCFs) or an elliptical core fiber
with side air holes (SAHF) in the cladding, and measuring the fiber changes in birefringence
when pressure is applied.
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Figure 5.1 — Scanning procedure of the interrogating pulses for the reference and measurement.

5.1 Principle

The working principle of the proposed DPS is based on the distributed birefringence mea-
surement of the fiber, which is similar to the scheme proposed in [120]. Instead of using
non-birefringent SME the DPS fibers exhibit pressure-dependent birefringence. The polariza-
tion state of the interrogating pulses have to be aligned to both principal axes of the fiber, thus
delivering the Rayleigh spectra (RS) corresponding to the two orthogonal principal polariza-
tion states. Owing to the anisotropic structure of the fiber cross section, the phase changes
induced by external pressure on the two axes are different. The change in birefringence can be

calculated as:

AB(Bz)=Any(Pz) - Any(P2) (5.1)

In order to obtain the RS spectra for both linear principal polarization states axes and at all
positions along the fibers, the optical frequency needs to be scanned along both axes (denoted
X andY) separately, as shown in Fig. 5.1 . In the actual experiment, the scanning order is as

below:

i Take the reference traces by scanning on the fiber X-axis before any pressure is applied;
ii Take the reference traces by scanning on the fiber Y-axis before any pressure is applied;
iii Scanning on the fiber X-axis after pressure change is applied;

iv Scanning on the fiber Y-axis after pressure change is applied.
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v Repeat step iii and step iv for repeating the measurement operation.

The pressure induced phase changes can then be compared by performing cross-correlation
on each axis between their reference and measurement spectra (i-iii and ii-iv) using Eq. 5.1.
To illustrate this, experimentally obtained spectra are shown in Fig. 5.2, respectively.

@ ii. RS spectra of Y axis i. RS spectra of X axis

(unpressurized) (unpressurized)

Intensitiy
Intensitiy

Frequ ency,

111. RS spectra of X axis

iv. RS spectra of Y axis
(pressurized)

(pressurized)

Intensitiy
Intensitiy

Frequ ency

(b) Correlation of Y axis Correlation of X axis

Pressurized
region

Intensitry
Intensitiy

Frequ ey

Figure 5.2 — Pressure sensing principle: (a) obtained Rayleigh scattering (RS) spectra; (b) corre-
lation spectra between Y references and measurements on each polarization axis, respectively.

5.2 Experimental setup

The experimental setup is shown in Fig. 5.3, where the interrogator, while very similar to the
one used in the previous chapter, is equipped with some polarization controlling components
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Figure 5.3 — Experimental setup. OS: optical source, PSw: polarization Switch, PolC: polariza-
tion controller, FUT: fiber under test, OR: optical receiver, OSC: oscilloscope.

in order to align and switch the polarization states of the optical pulses. The light source
consists of a distributed feedback laser (DFB) with a linewidth of 1 MHz, followed by an
intensity modulator and an optical amplifier to shape optical pulses with high extinction
ratio. The optical pulses are then sent into a polarization switch before passing through
a polarization controller (PolC), so that their polarization states can be aligned with each
principal axis of the fiber under test (FUT), alternatively. The frequency shift (FS) induced
by a temperature change 0 T or a pressure change d P can be evaluated separately along both
axes through the cross correlation of their independent RS spectra. Fast and broad (50 GHz)
frequency scans of the interrogating pulses are achieved by direct tuning of the laser current
with a frequency scanning step of 80 MHz. About 5 m long fiber at the end is placed into a
pressure chamber (hydro-static oil pipe) including an integrating pressure meter.

5.3 Distributed pressure sensing using "butterfly" PCFs

Photonic crystal fibers (PCFs) have received increasing attention for their potential application
in non-linear optics, lasing, sensing, etc., since their advent in 1996 [121, 122, 123, 124, 125]. In
PCFs, light is trapped by a periodic lattice with a wavelength-scale pitch made of microscopic
holes in the cladding glass. Ultra-high birefringence (10~3) PCFs have been proposed and
demonstrated [126, 127], and an in-depth analysis of the influence of temperature and pressure
on the propagation constants of these fibers [128, 129] show that the temperature sensitivity
of highly birefringent PCFs (dB/dT) is at least one order of magnitude lower than that of
conventional birefringent fibers (such as "bow-tie" [130] or "Panda" fibers [131]), due to the
absence of thermal stress. Therefore, hydrostatic pressure sensing is a promising application
for highly birefringent PCFs, in particular considering that they exhibit low cross-sensitivity
with temperature .

In this section, distributed pressure sensing carried out using two high birefringent PCFs is

68



Distributed pressure sensing Chapter 5

addressed .

5.3.1 "Butterfly" photonic crystal fibers

OOOULHOO0

OOONNO 0O

(b)

Figure 5.4 — Scanning electron microscope (SEM) images of the cross sections of the two PCFs
under test: (a) fiber A; (b) fiber B

The pressure sensitivity dB/dP of PCFs mainly relies on the mechanical asymmetry of
their microsctrutured region [129], which results in large differences in terms of the stress
components generated in the fiber core. Enlarging the diameter of the holes located along
one of the fiber symmetry axes can enhance the required mechanical asymmetry in the fiber
cladding by preventing the transfer of applied external stress to the core along that axis,
thus enhancing the pressure sensitivity. Based on this strategy, two PCFs with high pressure
sensitivity and minimized cross-talk between the two normal modes of propagation have been
designed and manufactured [132]. The cross sections of the fibers under test in the experiment,
further denoted as fiber A and B, are shown in Fig. 5.4. Since the shapes of the air holes in the
cross sections resemble the wings of a butterfly, the fibers are thus named "butterfly" fibers.
Owing to the low cross-sensitivity of their birefringence to pressure and temperature, these
Butterfly fibers are candidates of choice for experimenting in distributed pressure sensing.
Earlier measurements [133] have shown that the average phase modal birefringence B of the
26.5 m-long fiber A is 7.2-10~* and the birefringence of the 48 m-long fiber Bis 1.7-107* at

Tpartial results of the presented work in this section have been published in © 2019 IEEE, S. Mikhailov, L. Zhang,
T. Geernaert, E Berghmans and L. Thévenaz, "Distributed Hydrostatic Pressure Measurement Using Phase-OTDR
in a Highly Birefringent Photonic Crystal Fiber," in Journal of Lightwave Technology, vol. 37, no. 18, pp. 4496-4500,
15 Sept.15/ 2019, doi: 10.1109/JLT.2019.2904756, where my contribution includes proposing and building the
experimental setup, and performing the experiment.
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A =1550 nm.

5.3.2 Experimental results

To demonstrate the pressure sensing capability of the aforementioned butterfly fibers, the
samples are placed in a pressure chamber at various pressure levels, while monitoring the
frequency shift difference between the orthogonal polarizations of each fiber. The differential
frequency shift distributions along fiber A and B are shown in Fig. 5.5 (a) and (b), respectively.
The measured birefringence decreases with increasing pressure and the pressure responses
of the fibers are slightly non-uniform over their length. Such behavior can be caused by
variations of the airhole microstructure along the fiber, small fluctuations of the polarization
state of the scanning pulse over measurement time and pressure leakage from the chamber
during the measurements (up to 0.2 bar/min).
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Figure 5.5 — Differential frequency shift distributions along (a) fiber A and (b) fiber B under
various applied pressures, respectively

Fig. 5.6 shows the mean differential frequency shift as a function of pressure. The pressure
sensitivities dv/dP are extrapolated from linear fits performed on the experimental data,
yielding -219+2.5 MHz/bar for fiber A and -95.4+1.6 MHz/bar for fiber B, respectively. These
values are in good agreement with previously reported measurements [133]. The standard
deviation, i.e. the experimental accuracy on the determined values is computed by making
use of the variations of the differential frequency shift along the unpressurized portions of the
fibers. We found an accuracy of ~49 MHz (corresponding to a pressure accuracy of 0.22 bar)
for fiber A, and ~52 MHz (pressure accuracy of 0.59 bar) for fiber B.

To the best of our knowledge, this is the first time that distributed pressure measurements
are performed using ¢)—OTDR in two dedicated pressure sensitive "butterfly" PCFs. The pres-
sure sensitivity of the samples is from 3.8 to 8.8 times larger than reported in other proposed
distributed pressure measurements [116, 117, 36] based on PCFs. Sub-bar measurement
resolution (up to 0.3 bar for the fiber with the highest pressure sensitivity and a frequency
scanning resolution of 64.5 MHz) has been demonstrated. The maximal sensing length (~40 m
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Figure 5.6 — Mean frequency shift in (a) fiber A and (b) fiber B as a function of pressure change

in the experiment) is limited by the high propagation losses of the studied fibers (~24 dB/km),
but can theoretically be extended to a few hundred meters. However, achieving sensing over
longer distances would require fibers with lower propagation losses.

5.4 Distributed pressure sensing using side air-hole fiber

5.4.1 Side air-hole fiber

In 1986, optical fibers known as side air-hole fibers (SAHF) were dedicatedly designed to
achieve pressure sensing [101]. The two large air holes in their cladding bring a strong
asymmetry to the fiber cross-section, with the direct purpose that external pressure variation
will induce changes in the fiber birefringence. The sensitivity of SAHF to pressure is high since
the volume occupied by the air holes as well as the asymmetry of the fiber cross section is
large. [134].

\Y (slow axis)

—
X (fast axis)

Figure 5.7 — SEM image of the cross section of side-hole fiber

The fiber we are using here is shown in Fig. 5.7. The fiber structure resembles the polarization-
maintained panda fiber, except that, the fiber core is here surrounded by two large air holes
instead of stress rods. Besides, the SAHF core is elliptical, with the lengths of the semi-minor
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semi-major axes being 2.4 um and 6 um, respectively. Normally, due to the large Young’s
modulus of silica, the impact of pressure on standard single mode fibers (SMF) or any other
solid fiber made of glass is very limited, as discussed in Chapter 2. However, owing to the
large air holes in the cladding of the SAHE the stress induced by pressure loading on the fiber
is better transferred to the Y axis (slow axis), resulting in a significant enhancement of the
pressure sensitivity of this axis, similar to the butterfly fibers. Therefore, the phase change of Y
axis (or slow axis) will be much larger than the X axis (or fast axis) under the same pressure
change condition, resulting in a large FS in Y axis while the other axis shows little FS change as
validated in the oil pressure chamber and illustrated in Fig. 5.2 (b).

Unlike butterfly PCFs presented in the previous section, which can also see their pressure
sensitivity enhanced by inducing air holes in the claddings [135], the structure of the SAHF is
simple and its core dimensions are similar to SMFs. This translates into much lower propagat-
ing loss (3 db/km) compared to butterfly PCFs (20 db/km) together with reasonable splicing
loss (less than 1 dB), making SAHFs promising candidates for long distance distributed fiber
sensing.

5.4.2 Experimental results

Pressure and temperature sensitivities
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Figure 5.8 — (a) pressure and (b) temperature response along the two polarization axes of the
fiber, respectively.

The SAHF under test shows a birefringence of ~ 5x 107 in terms of refractive index for a total
length of ~720 m. The fiber is first probed with a pulse width of 2 ns, corresponding to a spatial
resolution of 20 cm. The pressure-induced frequency shift for the two orthogonal polarizations
are measured from 0 to 18 bars respectively, and the results are drawn in Fig. 5.8(a). The
sensitivities of the two axes are calculated to be 148.6+9.5 MHz/bar and -10.4+5.9 MHz/bar,
respectively. The temperature sensitivity of the birefringence was also tested by placing a
section of the SAHF into a temperature controlled water bath. From the results shown in
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Fig. 5.8 (b) we can see that the responses in terms of frequency shift with respect to temperature
on both axes are nearly the same. Furthermore, the measured sensitivity is similar to side
hole fibers with fiber Bragg grating (FBG) imprinted on the fiber core [136]. The temperature
sensitivities are 1.121+0.091 GHz/K and 1.1164+0.089 GHz/K for the fast axis and slow axis,
respectively.

The calculated change in birefringence due to temperature (6 MHz) by 1 °C is much smaller
than that of the variation induced by pressure (159 MHz/bar), which are both obtained
as the difference from the individual responses of the fiber axes. The reason for the small
temperature sensitivity is that, temperature induced phase changes are mainly due to the
different thermal expansion coefficients between the cladding and the core of the fiber as well
as from temperature-induced refractive index changes (thermal optics effect), which should
be similar for both fast and slow axes.
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Figure 5.9 — Correlations of RS spectra when 12 bar pressure is applied. (a) slow axis; (b) fast
axis. (5 cm spatial resolution)

Long-distance distributed pressure sensing with high spatial resolution

After characterizing the fiber sensitivities, the pulse width is brought down to 500 ps (i.e.5 cm
spatial resolution) in order to further evaluate performances of the system. The correlation
spectra measured along both polarization axes under a pressure of 12 bar are illustrated in
Fig. 5.9. A clear frequency shift can be seen for the slow axis (in Fig. 5.9(a)) but no frequency
shift for the fast axis in Fig. 5.9(b). In Fig. 5.10, the pressure change distribution along the
fiber is calculated through the pressure sensitivity obtained in the previous section. The
results matches well with the applied pressure (12 bar) while the high spatial resolution of
the measurement is demonstrated by observing the falling edge of the transition from high
(12 bar) to low (0 bar) pressure in Fig. 5.10 (b). The calculated pressure accuracy is 0.49 bar.

It should be noted that the measured pressure variations are larger in the pressure chamber
than out of the pressure chamber, which might be caused by some gas bubbles in the oil
pressure pipe.
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Figure 5.10 — (a) Pressure change distribution along the fiber; (b) Zoom-in at the pressure
transition

Pressure and temperature discrimination

The different frequency shift responses in terms of temperature and pressure change on both
polarization axes shown in Fig. 5.8 provide a way to discriminate the two measurands. Similar
to [137], the frequency shifts of the system can be described as follows:

oT
oP

6Ffast
6Fslow

St,fast St,slow %

(5.2)

Sp,fast Sp,slow

where 6T, P and OF are the temperature change, pressure change and the frequency shift of the
system, respectively. The subscript of 6F represents the polarization axis. S; ; is the sensitivity
where i represents the temperature (t) and pressure (p), and j represents the polarization axis.

A demonstration of the discrimination between pressure and temperature/strain is shown
in Fig. 5.11. The length of the fiber under test is 8 m. The first 3 m are placed into a water bath
to keep the temperature constant while the last 2 m (6-8 m) are placed in a pressure chamber.
About 3 m of fiber in between is exposed to air and is subject to room temperature change.
The frequency shift responses on both polarization axes are measured at different pressures
(3 bar,6 bar and 9 bar). The results depicted in Fig. 5.11 (a) and (b), from which we can see
that frequency shifts not only take place in the pressure chamber but also in the section of
fiber exposed to air. Through Eq. 5.2, both the pressure and temperature changes can be
retrieved, which are shown in Fig. 5.11 (c) and (d). The demodulated pressure changes match
well the applied pressure (3, 6 and 9 bar), and we can see the influence of ambient temperature
variations on the leading fiber between the water bath and the pressure chamber. It should
be noted that the fiber unfortunately broke due to the expansion of the pipe during the
experimental procedure, so that only 2 m of fiber in the chamber are probed. It also explains
why the traces drop in the pressure chamber in Fig. 5.11 (d), which very likely originates from
induced strain.
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Figure 5.11 — Responses of (a) fast and (b) slow axis when 3 bar,6 bar and 9 bar pressure changes
are applied to the fiber; (c) pressure distributions and (d) temperature/strain distributions
demodulated from the discrimination algorithm

5.4.3 Discussions

Crosstalk between pressure and temperature/strain

Although it is difficult to dissociate the impact from temperature and strain on the fiber, the
temperature and strain sensitivities can be simply canceled out by subtracting the responses
of the two axes as in Fig. 5.10. The experimental results show that the temperature sensitivity
of the fiber birefringence is negligible (6 MHz/K), compared with the high pressure sensitivity
(159 MHz/bar). In addition, the temperature sensitivity can be further reduced by proper fiber
design. Indeed, the two main contributions to the birefringence change of the fiber induced
by temperature are: first, the difference of the thermal expansion coefficients between the
cladding and the core of the fiber; second, the temperature-induced change in the refractive
index of the fiber[94]. The performances of the SAHF used in the experiments in terms of
temperature sensitivity can hypothetically be improved on at least two aspects. First, the
SAHF has two large air holes in the cladding, which may impact the birefringence through
thermal expansion. Second, the core shape of the fiber is elliptic, so that the impact of a given
temperature change on the effective refractive index of the two polarization modes is different,
which will contribute to further modifying the fiber birefringence. It means that, with proper
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design on the structure of the fiber, the temperature sensitivity on the birefringence can be
alleviated and possibly completely canceled out when taking these two factors into account.

Figure 5.12 — The pressure sensitivity depends quadratically on the angle y [138]

As for the dependency of the pressure sensitivity on the fiber geometry, it has been demon-
strated that the pressure sensitivity is linearly proportional to y?, where y is the angle between
the line connecting the core and air hole centers and the tangent to the air hole connected
to the fiber center, as shown in Fig. 5.12 (the air holes is assumed to be circular for simplic-
ity) [138]. As a consequence, the variation of the core ellipticity has in principle no impact on
the pressure sensitivity.
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Figure 5.13 — (a) Temperature and (b) pressure sensitivities with different core diameters.
Parameters used for simulation: 72 GPa, 0.17, 1.14e-6[1/K], and 5.5e-7[1/K] for Young’s modu-
lus, Poisson’s ratio and thermal expansion coefficient for core and cladding, respectively

To verify this idea, simulations were run using Comsol by sweeping the length of the semi-
major axis b of the elliptical core and calculating the pressure and temperature sensitivity
of the birefringence of the fiber. The results are shown in Fig. 5.13, the blue lines denoting
the sensitivity obtained from the simulations while the experimental results are represented
as orange dots. The results show that the temperature sensitivity lowers as b decreases and
reaches a value as low as 1.05 MHz/K when b =2 pym, which is 5 times smaller than the SAHF
we used in the experiment. However, the pressure sensitivity does not change much with
the decrease of b. Finally, note that the experimentally measured sensitivity on the sample
available are in excellent agreement with the values obtained from simulations.
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It should be noted that, there exists a trade-off between the temperature sensitivity and fiber
loss. As the core gets smaller, the optical field will be less confined in the core and the loss due
to surface wave scattering will increase, thus limiting the sensing range. The uniqueness of
SAHF is that it offers a high pressure sensitivity and a moderately low temperature sensitivity
with small fiber loss, which is suitable for long range distributed pressure sensing. Note that
reaching zero temperature sensitivity was addressed by making use of birefringent photonic
crystal fibers [139].

Polarization crosstalk

Since the pressure sensitivities of the two polarization axes are different, the accumulated
crosstalk between polarization distorts the Rayleigh spectrum when pressure changes are
applied to the fiber, thus limiting the sensing distance of the system. This issue is addressed in
this section.

Polarization mode-coupling is due to waveguide fluctuations and anisotropic Rayleigh
scattering[140]. The strength of the polarization coupling can be characterized by the mode-

coupling parameter:
h( ﬁ) — ﬂ (5.3)
T [1+(ABD2] '

where AB =|8,— Byl and By, B, are the propagation constants of the two principle polariza-
tion axes, [ is the correlation length of the fluctuations and T'is a constant satisfying that the
local coupling coefficient Iy (z) = T 'f(z) and f(z) represents the fluctuation of the waveguide
parameters. For high birefringence fibers, only polarization coupling due to waveguide fluctu-
ation is taken into consideration, since its correlation length (in the order of 1072 m) is much
larger than that for Rayleigh scattering (much shorter than 107 m). We know that for Panda
fibers, the mode coupling origin mainly from the deformations of stress-applying parts [141].
Similarly, here we assume that the deformations of the side holes is the main reason for mode
coupling due to the structure resemblance between the two fibers. We may make the following
approximation [141]:

I= —?m —C2)(0.108— )94 (m™") o4

where kis the wavenumber in vacuum, C; and C, denote the stress-optical coefficients and
C1 - C2 =3.36 x 107> mm?/kg, A is the relative difference in refractive indexes between core
and cladding and 6, (in the unit of degree) denotes the rms deviation of the angle fluctuations
in the side air holes.

As a rough estimation, we assume that [ = 0.01 m, gd = 0.2° fiber length I=1 km and
A =0.4 percent. The birefringence of our fiber is 5 x 107> at a wavelength of 1550 nm, so
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the calculated (1)2 =0.66 m ™2, h=6.4 x 10~° m~! and the crosstalk is then

P
CT= IOZogP—x =10log(2 * hL) = -9 dB (5.5)
y

where the factor of 2 comes from the round-trip of the pulse.

It should be noted that waveguide deformations are intrinsic factors, laying the lower bound
of the mode coupling. Microbendings and temperature fluctuations in real applications will
also have an impact on the total crosstalk, which is beyond the scope of this work.

In summary, a long-distance distributed pressure sensing system has been demonstrated
based on frequency-scanned ¢-OTDR and a special design fiber exhibiting an elliptical core
as well as two side air holes in the cladding. Thanks to the large air holes of the fiber, its bire-
fringence is very sensitive to pressure change, i.e. the experimentally validated sensitivity is
159 MHz/bar, while the temperature sensitivity is only 6 MHz/K. Owing to the high sensitivity
of ¢-OTDR and low loss (transmission and splicing), long distance (~720 m) distributed pres-
sure sensing is demonstrated with high spatial resolution (5 cm). The pressure/temperature
sensitivity crosstalk and the polarization crosstalk are discussed.

5.5 Conclusions

In this chapter, frequency-scanned ¢-OTDR has been explored for distributed pressure sens-
ing:

1 Distributed pressure sensing has been proposed and demonstrated based on ¢-OTDR
for the first time to our best knowledge. In stead of direct measurement of birefringence
change, it measures the phase change (by the frequency shift in the Rayleigh spectra) on
the two orthogonal polarization axes of two highly birefringent PCFs. High sensitivity
(-219 MHz/bar) and high spatial resolution (5 cm) have been demonstrated. The fibers
have demonstrated ultra-low temperature sensitivity thus is fit for applications where
zero temperature sensitivity is required; however, the fiber structure complexity results
in much larger fiber loss and difficult in the fiber manufacture with long length.

2 Long-distance distributed pressure sensing has also been demonstrated experimentally
with air side-hole fiber. Potential discrimination between temperature and pressure
changes as well as polarization crosstalk have been thoroughly discussed. The large air
holes in the fiber cladding increase the sensitivity on pressure and the simple structure of
the fiber allows for low loss propagation such that the sensing range could be extended
up to ~800 m, which is the longest range achieved so far, which demonstrates the
potential of such fiber for long distance pressure sensing. Besides, the fiber birefringence
sensitivity on the temperature is moderately small. It is more suitable for the applications
when the temperature impact is less essential.
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The content of this chapter is an extended version of a published article [142])}, and this is a
collaborative work with Tel Aviv University.

Distributed and dynamic fiber-optic sensing (DDES) systems are an important branch
of DOFSs, due to their potential in a wide range for applications, such as structural health
monitoring (SHM), seismic detection and more [143, 144]. Many efforts have been carried out
to push the sensing performance regarding to sensing range [145], spatial resolution [78, 146],
measurand accuracy [77] and response frequency [147]. Relevant technologies are based on
the Brillouin effect in standard fibers [24], the use of optical fibers imprinted with continuous
fiber Bragg gratings [46] and finally, interrogation based on Rayleigh backscattering in standard
single mode fibers.

Phase-sensitive optical time-domain reflectometry (¢-OTDR) [40], as an important Rayleigh-
based distributed and dynamic fiber-optic sensing technique, has established itself as an
effective and highly sensitive mean to probe standard single-mode fibers. As introduced
in chapter 3, since a local strain linearly varies the phase of light reflected from the strain-
affected scatterers, key to a proper retrieval of the strain variations along the fiber is phase
demodulation of the backscattered light. Different phase demodulation schemes, such as
detection using a 3x3 coupler [3], phase carrier modulation [80] and I/Q demodulation [82]
were proposed.

In most applications, particularly in SHM, the strain change in a structure can be large
and local, e.g., for the detection of cracks, therefore, a short spatial resolution associated with
a large dynamic range is required in DDFS systems. Many efforts have been carried out to
further improve the spatial resolution. To the best of our knowledge, all the systems with
submeter spatial resolution are using coherent detection. Systems using linear frequency
modulated interrogating pulses have been implemented in ¢-OTDR, achieving the spatial

1©2020 OSA. Reprinted, with permission from L. Zhang, Z. Yang, N. Gorbatov, R. Davidi, M. Galal, L. Thévenaz,
and M. Tur, Distributed and dynamic strain sensing with high spatial resolution and large measurable strain range,
Opt. Lett. 45, 5020-5023 (2020), doi=10.1364/0L.395922.
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resolution to the 90 cm [78] and 34 cm [146]. Yet another ¢-OTDR implementation based
on Perfect Periodic Autocorrelation (PPA) coding, claims DDFS with a demonstrated spatial
resolution of 10 cm [83]. As addressed in chapter 3, in the coherence detection systems, the
coherent length of the laser may limit the sensing range, and the demonstrated strain range is
limited to a magnitude of hundreds of ne (nanostrain) in the systems mentioned above.

Instead, in direct detection as frequency-scanned ¢-OTDR, the phase change of the scat-
tered light induced by the strain can be retrieved from an equivalent spectral shift of the
Rayleigh interference pattern; however, the scan process of the light frequency limits the
measurement time, so that frequency-scanned ¢-OTDR is often used for static quantitative
measurement of the strain and temperature changes, as demonstrated in chapter 4 and
5. A fast frequency-scan scheme has been proposed by a direct modulation of the laser
current [148]. Alternatively, a single-shot measurement has been demonstrated using chirped-
pulses ¢-OTDR [93]. These system allows a distributed and dynamic strain sensing using
direct detection, thus the sensing range is not intrinsic limited by coherence of the laser; on
the other hand, the spatial resolution in these systems is not shorter than a few meters due to
the low Rayleigh scattering coefficient.

In this section, we have tried to upscale the frequency-scanned ¢-OTDR from a static
system to a direct-detection distributed and dynamic strain system with high spatial resolution
and large measurable strain range, based on frequency-scanned ¢-OTDR. The key to achieve
both the high spatial resolution and high speed simultaneously is a high frequency, high speed
RF pulse modulation scheme in the setup, offering:

1 Practically zero latency in the frequency scanning, enabling a fast scanning speed;

2 High extinction ratio for the employed narrow optical pulses, to avoid any spatial
crosstalk, thereby ensuring proper high spatial resolution. This will be detailed in
Section 6.1.2.

A backscattering-enhanced fiber is implemented as sensing fiber, providing a back-scattered
signal strong enough to eliminate the need for averaging, thereby making measurement
sampling rate limited only by the fiber length and the number of frequency scanning steps. A
post-processing algorithm based on a previously developed least mean square algorithm [34]
(in chapter 3) is employed, allowing the minimization of the number of frequency scanning
steps.

6.1 Experimental setup

6.1.1 Setup

The scheme of the sensing system is depicted in Fig. 6.1. A DFB laser with a standard 1 MHz
linewidth is used as a light source. An EOM biased in carrier-suppressed mode, driven by a fast
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arbitrary wave generator(AWG) (M8195A 65 GSa/s, courtesy of Keysight/Israel), together with
a tunable sharp-edges optical filter (Filter 1, bandwidth of 45 GHz covering the full scanning
range) and an Erbium-doped fiber amplifier (EDFA1), consist the subsystem that generates
short and strong pulses with a high extinction ratio, see below for more details. The amplified
pulses are then launched into the fiber under test (FUT) through a circulator. The Rayleigh
backscattered light from the fiber is pre-amplified before the photodetector (PD) by EDFA2,
whose amplified spontaneous emission (ASE) noise is strongly suppressed by another tunable
optical filter (Filter 2, identical to Filter 1). A 1 GHz wide photodetector converts the optical
signal into an electric voltage, which is then digitized by a fast oscilloscope. Strain is applied
to a 30 cm segment at the end of a 55 m sensing fiber. The fiber segment is anchored on one
side while its other end is glued to a movable PZT stage, which is driven by a sine/triangular
wave generator.

Circulator 30 cm
RF amplifier 4 Filter I EDFAI PZS?ne/triangular
EDFA2Y FUT wave generator
Filter 2
Oscilloscope

Figure 6.1 — Schematic of the experimental setup. AWG: arbitrary waveform generator; EOM:
electro-optic modulator; FUT: fiber under test; PD: photodetector. The AWG helps the genera-
tion of short, high extinction ratio pulses, over a precise wide frequency range with close to
zero switching latency

6.1.2 RF pulsing scheme

As mentioned in Chapter 3, in any time-domain distributed optical fiber sensor (DOFS), the
extinction ratio of the modulation for the optical pulse is an important parameter, especially
for a large number of resolved points.

In the previous chapters, two cascaded EOMs are used to secure a high enough ER. Here, to
achieve high spatial resolution and minimize spatial crosstalk, we use an RF (radio frequency)
pulsing scheme [105], in which an electro-optic modulator (EOM) modulates the light intensity
at a preset high RF frequency and this modulation is on during the target pulse duration W.
Then a single modulation sideband is selected by optically filtering out all other modulation
spectral lines, including the optical carrier. The pulse extinction ratio, therefore, depends
essentially on the optical filter rejection characteristics rather than on the modulator extinction
ratio. This principle is schematically presented in Fig. 6.2, where a sequence of N RF pulses,
spaced T apart and of width W, each carrying a different RF frequency (from 8 to 20.5 GHz in
50 MHz steps), are derived from the AWG.
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Figure 6.2 — Schematic diagrams of (a) the RF signal applied to the EOM and (b) the envelope
of the generated pulse train after Filter 1.

The schematic diagrams of the RF signal applied to the EOM and the envelope of the
generated optical pulse after Filter 1 are shown in Fig. 6.2 (a) and (b). The measured optical
spectra before and after Filter 1 are shown in Fig. 6.3 for T=0.6 us, allowing the interrogation
of FUTs up to 60 m long and 7=2 ns (20 cm of spatial resolution). It can be seen that both
the carrier and the higher wavelength sideband are highly suppressed. Based on the ratio
between the average powers of the transmitted sidelobe and the carrier (33.76 dB) and using
the pulse duty cycle of 0.33%, the extinction ratio (the ratio between pulse peak power and
carrier power) is determined to be 58.46 dB.

33.76 dB

Power (dBm)
N
S

V\MJMN
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Figure 6.3 — Measured spectra of light before and after Filter 1 (7=0.6 us and 7=2 ns).

6.1.3 Backscattering-enhanced fiber

As discussed in Chapter 3, there is a trade-off between the sensing distance and spatial
resolution. To have both high spatial resolution and long distance, averaging is performed
for the OTDR traces to a high enough SNR in the previous experiment and it slows down the
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sampling rate of the sensing systems by a factor of average time of N .

To break the limit of the SNR on the measurement speed and sensing distance, approaches
to enhance the Rayleigh backscattering have been proposed, including:

1 Increasing the numerical aperture (NA) of fiber through increasing the doping in the
core, so that more Rayleigh scattered light is recaptured by the fiber [149];

2 Increasing the defects in the fiber by exposing the fiber to pulsed radiation, to obtain
larger scattering intensity from them, rather than from the intrinsic density fluctuations
[150]
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Figure 6.4 — The enhanced backscattering from the special fiber [104] used in the experi-
ment.The two fibers were illuminated with the ASE from an EDFA and measured with an
optical spectrum analyzer using a circulator. The reflectivity here is defined as the reflected
spectrum normalized by the input spectrum.

The improvement of the first method is limited since the allowed doping increase is small
due to the requirement of single-mode propagation and it also induces large attenuation;
As for the second method, the elastic scattering can be well above the intrinsic Rayleigh
scattering. Particularly through the exposing formation of periodic or quasi-periodic fiber
Bragg gratings, the backscattering is enhanced without significant increase of the fiber loss,
since only the backscattered light (not the other direction) is increased due to the periodic
pattern in the fiber. Different methods have been developed for witting gratings over long
fiber length such as point-by point writing with ultraviolet [151] and infrared lasers [152],
reel-to-reel setups [153], etc. Nearly continuous backscattering over many meters in fibers has
been achieved using reel-to-reel fiber handling and a UV transparent coating [154], and based
on this fabrication approach, works has been reported obtaining more than 10-dB increase
in optical backscattering over the native Rayleigh scattering of the optical fiber with a length
excess 10 km [104] and only 0.1 dB/km increase in the fiber loss.

In this experiment, to avoid slowing down the sampling rate with averaging and to still
maintain a respectable signal to noise ratio (SNR), such a backscattering-enhanced fiber (cour-
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tesy of OFS Ltd) is used, offering a significantly higher back-scattering signal, as compared to

a standard single mode fiber, see Fig. 6.2.

6.2 Experimental results

6.2.1 Frequency shift estimation using cross correlation

First, a rather weak (~2 pe in amplitude), 1 kHz sinusoidal signal was applied to the PZT stage
and the fiber was interrogated with N=251 frequency steps, leading to a strain sampling rate
of 1/(T-N)=6.64 kHz. The demodulated response from the fiber is shown in the time-distance
and frequency-distance maps of Fig. 6.5. The color scale maps the strain change along the
fiber, which is calculated from the frequency shift between each measurement spectra and
the reference spectra through cross correlation. Strain variations are clearly visible only at the

vibrating segment, located at 53.5 m of distance in the fiber.
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Figure 6.5 — Strain distribution along the fiber: (a) Time domain; (b) Frequency domain based
on FFT of a 20 ms long acquisition.
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Figure 6.6 — Demodulated strain inside and outside of the vibrating fiber segment: (a) Time
domain; (b) Power spectral density.
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Fig. 6.6 shows the demodulated signals at 53.5 m (inside the vibrating segment and at 54
m (out of it), again in both domains: (a) Time (together with a sinc interpolation) and (b)
Power spectral density (PSD) (Hanning-weighted periodogram-based PSD). The PSD of the
strain in the vibrating section (Fig. 6.6 (b)) reveals a weak harmonic at 2000 Hz. Since no
crosstalk is observed in the non-vibrating section, its signal will be treated hereafter as a noise
reference, having an average value of <1.3 ne/vHz below ~700 Hz and <0.7 ne/v/Hz for higher
frequencies, probably due to a larger environmental acoustic noise at lower frequencies.

Fig. 6.7 presents a temporal snapshot of the distribution of strain amplitude around the
vibrating fiber segment. The rising edge is 20.3 cm, which is close to the expected spatial
resolution from a 2 ns interrogating pulse width.
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Figure 6.7 — Instantaneous strain distribution around the vibrating fiber segment, demonstrat-
ing the actual 20 cm spatial resolution.

6.2.2 Usingleast mean square

To further increase the measurement sampling rate by reducing the number of scanning
frequencies, N, while keeping the same strain coverage (as determined by the frequency
scanning range), as well as the frequency step size, we adopt a recently introduced least mean
square algorithm that was shown to successfully extend the measurable range of frequency-
scanning ¢-OTDRs, while keeping a reduced number of scanning frequencies [34].

We first apply N=251 scanning steps to obtain a reference spectrum for each sensing
position with the fiber statically at rest, covering the maximum measurable range offered
by the fiax — fmin=12.5 GHz scanning range. Then, in operation, only N = 60 frequency
scanning steps are used for dynamic measurements, allowing a response time of 36 us, which
translates to a sampling rate of 27.8 kHz. The penalty on the strain accuracy remains minor

(<1.8 ne/vHz).

To demonstrate the sensing capability for sizable strain variations, a 100 Hz triangular
voltage signal, generating a peak-to-peak strain variations of 60 pe, was applied to the PZT
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Figure 6.8 — Demodulated strain for a triangular driving voltage inside and outside of the
vibrating segment: (a) Time domain; (b) Power spectral density.

stage and the measured strain is shown in Fig. 6.8. The observed deviations from linearity in
the rise and fall sections of the recorded signal, Fig. 6.8(a), are probably due to the way the
fiber-loaded stage generated the large, multiple-harmonics dynamic strain signal (Fig. 6.8(b)).
The maximum stretching range of the PZT prevented us from achieving the maximum strain
coverage >80 ue, which is the frequency scanning range (12.5 GHz), divided by the strain
sensitivity (150 MHz/ ue) of this fiber. The noise average value is <1.8 ne/vHz below ~700 Hz
and <0.7 ne/vHz for higher frequencies. The higher accuracy in the low frequency range
compared with the previous scan scheme, is believed to be due to the environmental noise
when acquiring the data. Note that in this technique the strain-induced frequency shift is
estimated by correlating the dynamically varying spectra with a single reference spectrum.
This procedure avoids noise accumulation which accompanies techniques which sum up
differential strain changes [155].

While for a longer fiber the maximum sampling rate will decrease, for many applications,
however, it will still be in the range of hundreds of Hz (e.g., a 1 km sensing fiber allows for a
sampling rate of 1666 Hz).

6.3 Conclusions

In conclusion, we demonstrated a simple configuration, based on a stable optical scheme,
capable of detecting fast vibrations and localized faults of sizable strain, such as structural
cracks. The proposed solution relies on simple direct detection and performs the function
of frequency-scanning ¢-OTDR using RF pulse modulation. The response time could be
substantially improved using a backscatter-enhanced fiber, further highlighting the large
potential of such fibers for distributed sensing [156].

For a direct-detection system a record high spatial resolution of 20 cm is demonstrated,
concurrently with a relatively large strain measurement range of 60 pe. Employing the least
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mean square algorithm that requires a much restricted set of frequency scanning points,
and benefiting from the practically instantaneous frequency switching and no averaging, we
achieve a fast measurement sampling rate of 27.8 kHz, very close to the maximum possible
value of 30 kHz for a 55 m long sensing fiber with 60 frequency steps. While not used here, real-
time generation of strain values from the measured spectra seems to be technically possible
using fast digital signal processors. For applications involving hundred of meters of fiber,
this technique can reliably measure bandwidths of hundreds of Hertz at sub-metric spatial
resolutions using a robust system compatible with field and on-board tests.
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The content of this chapter has been published in [142]%, and this is a collaborative work with
Maximilian Fisser from Victoria University of Wellington.

As a potential clean energy source, hydrogen is used for a variety of applications in the
chemical and energy industry. The wide explosion range (4-75% in air), small ignition energy
(0.02 m]J), large flame propagation velocity, and difficulty of leak-tight storage, demand hy-
drogen detection with fast and accurate response [157]. In particular, distributed gas sensing
with a long sensing range is highly desired in today’s complex industrial facilities, gas delivery
systems and civil infrastructure sites.

Several distributed optical fiber sensors (DOFSs) for hydrogen detection have been re-
ported [158, 159, 160], however, their performance is limited. In [158], the sensitivity is
relatively low since the system is based on the loss of the pulse; in [159, 160] the sensing range
are very limited because of the large loss of the acoustic wave propagating along the fiber [159]
and the coherence of the laser [160].

Due to the inert chemical property of silica, optical fiber sensors for hydrogen detection
often rely on palladium (Pd) as a transductive sensing element [157]. Atomic hydrogen is
dissociated on the Pd surface and absorbed into the lattice. The absorption goes along
with a volumetric expansion of the Pd. The expansion, which is correlated to the hydrogen
concentration will apply a strain to the fiber, which is then measured by the optical fiber sensor
[161]. This process is fully reversible, if any phase change is avoided [162].

In this section, we propose a distributed hydrogen monitoring system based on frequency-
scanned ¢-OTDR and a fiber customized by adhesively bonding thin Pd foils to it. A sensor
design has been previously validated for fiber Bragg gratings [163]. In contrast to conventional
coating process, Pd foils show a larger cross-sectional area, so that the hydrogen sensitivity
is much enhanced. As a result, by measuring the strain change induced by the Pd foils

1©2018 OSA. Reprinted, with permission from L. Zhang, M. Fisser, E Yang, and L. Thévenaz, "Distributed
hydrogen monitoring with phase-sensitive optical time-domain reflectometry," in 26th International Conference
on Optical Fiber Sensors (2018), paper ThE17., doi=10.1364/0FS.2018.ThE17.
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absorption, an ultra-high sensitive distributed hydrogen sensing with 5 cm spatial resolution
is demonstrated.

7.1 Sensing fiber design

The customization for hydrogen sensing is based on an Ormocer coated fiber (FBGS, Germany)
and segments with adhesively bonded Pd foils. As a conceptual demonstration, a fiber with
4 Pd-foil sensing segments have been prepared. The segments are each 50 mm long and
the distance between the segments is 0.4 m. The segments structuring is made of the fiber
sandwiched between two 20 pm thick Pd foils (width 2 mm) and bonded using a bisphenol-a
epoxy resin. A custom tool, based on vacuum bagging, allows the compression of the foil-fiber
composite while curing the adhesive at 100 °C, generating a thin bond line between foil and
fiber [163]. An SEM image of the cross-section of the sensor is shown in Fig. 7.1 (to generate a
contrast between adhesive and potting epoxy, the latter was filled with silica nanoparticles).
The image reveals a thin bond line on two sides between foil and fiber, and two large voids
on the other side of the fiber. This design enables a much larger strain than conventional Pd
coated fiber and increase the sensitivity by more than 10 times.

2

Palladium

400 pm!

Figure 7.1 - SEM image of the cross-sectional view of the sensor. To increase the visibility of
the adhesive, the SEM potting epoxy was filled with silica nanoparticles.

7.2 Experimental setup

A schematic drawing of the experimental setup is shown in Fig. 7.2. We use a distributed
feedback laser with 1 MHz linewidth as a source. Two cascaded electro-optical modulators
(EOMs) are used to modulate the continuous wave into pulses with a width of 500 ps, which
result in a spatial resolution of 5 cm. Then an Erbium-doped fiber amplifier (EDFA) and
a variable optical attenuator are used to deliver enough peak power to the pulses while
preventing any nonlinear optical effect. The Rayleigh scattering signal is pre-amplified before
the photodetector using another EDFA. The amplified spontaneous emission (ASE) noise of
the EDFA is filtered out using a 1 nm bandwidth filter. The bandwidth of the photo-receiver
is 3 GHz. A sampling rate of 10 Gs/s is set for the oscilloscope to digitize the electrical signal,
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which is further analyzed by the software.

Gas
Cir. chamber Fiber segments with Pd foils
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Figure 7.2 — Experimental setup for distributed hydrogen sensing

Short optical pulses with high enough extinction ratio are generated using a couple of
cascaded EOMs. Since the pulse width is set to 500 ps, corresponding to a signal bandwidth
of 2 GHz, a frequency scan step of 200 MHz is fine enough to recover the spectra at the
sensing points. In this case, the frequency scanning can be performed by directly tuning the
temperature or the current of the laser. In a first stage, a broad frequency range (100 GHz) is
scanned by temperature-tuning the laser, as a reference to map large strain changes. Then a
relatively small frequency range (20 GHz) is scanned for measurements by laser current tuning
to enable a fast scanning (less than 10 seconds).

As a demonstration, the fiber we used is about 5 m long and 4 Pd foil segments are placed
in a gas test chamber. To test the hydrogen sensing performance of the sensor, a reference is
taken when the chamber is filled with air. Then the chamber is evacuated and filled with gas
with different hydrogen concentrations. The expansion of the Pd due to hydrogen absorption
induces strain change to the fiber. These changes are interpreted by different frequency shifts
in the spectra obtained by the interrogator. To avoid a phase change of the Pd, the used
hydrogen concentrations are kept below 1% at room temperature.

7.3 Experimental results

To test the monitoring ability of the system, we apply different hydrogen concentrations in the
chamber during the 6 hours-long monitoring and the measurements are taken consecutively
every minute over the 6 hours. We call each hydrogen concentration change in the chamber
an event and 4 events are set during the campaign:

1 Event 1 at 20th minute: gas injection with 0.30% hydrogen;

2 Event 2 at 70th minute: gas injection with 0.38% hydrogen;

3 Event 3 at 85th minute: chamber vacuum, followed by ambient air injection;

4 Event 4 at 125th minute: gas injection with 0.60% hydrogen.
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First, the frequency shift of the sensing fiber as a function of position along the fiber is
shown in Fig. 7.3. The 6 traces in Fig. 7.3 correspond to responses taken every 5 minutes im-
mediately after exposing the sensor to the gas with hydrogen concentrations of 0.3% and 0.6%,
respectively. Clear peaks can be observed at 4 positions along the fiber, which correspond to
the 4 fiber segments wrapped in Pd foils. The frequency shifts increase with time and a higher
frequency shift at a given exposure time corresponds to a higher hydrogen concentration.
Owing to the large Pd cross-sectional area, and good strain transfer of the sensor design and
the sensitivity of the interrogator, the system shows a high sensitivity and observable frequency
shifts can be obtained after the first minute of exposure to hydrogen with a concentration as
low as 0.3%.
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Figure 7.3 — Frequency shift responses of the sensing fiber every 5 minutes in half an hour:
after exposing the sensor to the gas with hydrogen concentrations of (a) 0.3% and (b) 0.6%,
respectively

The frequency shift temporal evolution of the 4 sensing segments is illustrated in Fig. 7.4. All
the traces show initial sharp increases of the frequency shift when the hydrogen concentration
is raised (Event 1, Event 2 and Event 4 in Fig. 7.4), even for a small increment from 0.3% to
0.38% (Event 2 in Fig. 7.4). Details of the trace change of Event 1 and Event 2 are drawn
in Fig. 7.5. On the other hand, the frequency shift decay is clearly observed after the gas
with hydrogen is evacuated (Event 3 in Fig. 7.4) and then a faster increase resumes when the
fiber is exposed to 0.6% hydrogen (Event 4 Fig. 7.4), which makes fully sense for a doubled

concentration.

This essentially demonstrates the ultra-high sensitivity of the system for distributed hydro-
gen monitoring and its relatively fast response entirely related to the Pd intrinsic reactivity. It
should be noted that the responses of the 4 sensing segments are not identical, which result
from the non-uniform strain transfer of the palladium foils to the fiber. This can be calibrated
by measuring the temperature or strain sensitivity of the fiber, as addressed in [161]. Besides,
there is a sharp drop of frequency shift for sensing segment 2 in 0.6% after 220 minutes. This is
widely unexplained, but a tentative explanation may be a birefringence change in the fiber
when subject to an increasing strain, as a result of the asymmetric structure of the sensing
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Figure 7.4 — Frequency shift responses of the 4 sensing segments over 6 hours. The hydrogen
concentration-changing events are indicated in the time chart.

segment (as shown in Fig. 7.1). This leads to a mismatch between the polarization state of the
interrogating pulse and the fiber eigen polarization axis and this needs to be confirmed in a

future work.

It should be noted that, the impact of the temperature variations on the frequency shift has
been compensated by using as reference the measured values from segments without bonded
Pd foils. The silica fiber by itself is inert to hydrogen, so that it turns out to be only sensitive to
temperature. Another point worth to mention is that the system has a spatial resolution as
sharp as 5 cm. In this proof-of-concept implementation, the total length of the sensing fiber
is only 5 m; however, the distance range of the sensor can easily reach 1 km, which offers a

potential for an extended sensing coverage.

< 2 sens?ng segment | (a) < 3 0.38“; H, (b)
R sensing segment 2 T ) ‘.
g sensing segment 3 Q, 03%H, |
e l.... sensing segment 4 g 2
= =
N n
S 0P S 1 sensing segment 1 |
% g ............ Senslng Segment 2
L air 0.3% H, L sensing segment 3
- | - 0 - - - -sensing segment 4
15 20 25 30 35 60 65 70 75 80
Time (min) Time (min)

Figure 7.5 — Frequency shift response when the hydrogen concentration changes from (a) 0%
to 0.3%; (b) 0.3% to 0.38%

The resolution of the system is not quantified experimentally mainly due to the limited
experimental condition: the response of the hydrogen absorption will be linear provided
that no phase transition occurs. This must be secured to benefit from a full response of the
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Pd and to make the analysis of the results possible. The phase transition pressure depends
on temperature that must be kept very low for low hydrogen concentration [161]. However,
neither the hydrogen concentration nor the temperature of our gas chamber can be set
accurately. Nevertheless, under the assumption that no phase transition occurs, we can make
a rough estimation of the noise equivalent hydrogen concentration (which is a parameter
more often used to describe the hydrogen detection performance) based on the previous
literature and our experiment results: the wavelength shift sensitivity of the fiber is 250 pm
per 1%H> at 1550 nm, corresponding to 31.2 GHz per 1% H3[163]. The calculated uncertainty
of our system is 0.034 GHz. Therefore, the noise equivalent hydrogen concentration is about
107%,i.e. 10 ppm.

7.4 Conclusions

In summary, a distributed hydrogen sensing system is proposed for the first time based on
frequency-scanned ¢-OTDR and a fiber with adhesively bonded Pd foils. The optimized design
of the customized fiber and the high sensitivity of the interrogator allow a fast response to a
small change of hydrogen concentration. A concentration 10 times lower than the explosive
level of 4% can be detected in less than one minute over potentially up to 20’000 independent
sensing points (5 cm spatial resolution over 1 km) along the optical fiber.

It should be noted that, all the sensing systems demonstrated in chapter 4-7, are showing
high sensitivities and high spatial resolution (20 cm for pressure sensing and dynamic strain
sensing; 5 cm for hydrogen sensing). It must be mentioned that, the sensing range for the
dynamic strain sensing and hydrogen sensing is not very long (tens of meters); however, it
turns out to be actually limited by the length of the fibers which are available in the lab rather
than other fundamental limits such as SNR or coherence length of the laser.
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With the development of automation and the advent of the artificial intelligence era, sensors
of all kinds are required to perceive the environment with unprecedented sensitivities. On
top of the numerous merits of optical fibers, such as low cost, abundant raw material, and
immunity to electromagnetic interferences, distributed optical fiber sensors enable to probe
their environment over long distances by using a single interrogation system. Frequency-
scanned ¢-OTDR provides quantitative measurements with high sensitivity thus has the
potential to be used in many different industrial and field applications.

8.1 Main contributions

This thesis focuses on distributed optical fiber sensing based on frequency-scanned ¢-OTDR,
which enables to perform quantitative measurements on different measurands such as tem-
perature and strain by scanning the frequency of the light sent into the sensing fiber. The
coherent process involved in the interrogation using frequency-scanned ¢-OTDR results in a
jagged pattern, an unconventional signal waveform that requires proper post-processing. Of
outermost importance, measurement errors have been thoroughly investigated in terms of
experimental parameters, in order to draw the performances optimization guidelines of the
system. Various sensing schemes based on frequency-scanned ¢-OTDR using different fibers
have been proposed, demonstrating the versatility of this technique. The performance of all
the sensing demonstrations is summarized in Table 8.1.

Frequency shift estimation errors

* A thorough analysis on the probability of large errors in the frequency shift estimation
using cross correlation in frequency-scanned ¢-OTDR has been performed for the
first time to the best of our knowledge. An analytical model has been proposed to
describe the probability of large errors and the theoretical results have been compared
with experimental results. The study suggests that large errors on the frequency shift
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estimation of ¢-OTDR unavoidably occur when using cross correlation techniques due
to purely stochastic reasons related to the limited spectral window of analysis, even in
conditions of perfect signal-to-noise ratio, which turns out to be a critical limitation
since the large error occurrences are essentially inevitable. It should be noted that large
errors do not only occur in correlation-based ¢p-OTDR. A similar model can be developed
for any Rayleigh-based distributed sensor employing frequency shift estimation of the
backscattered spectra based on cross correlation, such as OFDR, thus the model can be
adapted for the estimation of its large errors probability too.

* Moreover, we have proposed a method to circumvent these large errors, employing a
least mean squares estimation of the similarity between the reference and measure-
ment spectra. Using this method, the stochastic nature of large errors can be totally
suppressed and the measurement becomes only limited by noise. The maximum mea-
surable range can be safely enlarged while keeping a limited spectral scanning range
for running acquisitions. As a result, a ¢-OTDR instrumental system with a spatial
resolution of 5 cm and a sensing range of about 860 m is demonstrated. The system
exhibits a dynamic range on temperature change of about 36.5 dB (more than 100 °C)
and is virtually immune to large statistical errors.

Distributed pressure sensing

Distributed pressure sensing based on frequency-scanned ¢-OTDR has been proposed for
the first time to the best of our knowledge, by measuring the birefringence change of different
fibers subject to external pressure. The interrogation procedure has been experimentally
demonstrated using two different types of micro-structured fibers.

¢ Photonic crystal fibers (PCFs) are used for distributed pressure sensing demonstra-
tion. The experimental results show the high sensitivity of these fibers, reaching -
95.4 MHz/bar and -219 MHz/bar with a high spatial resolution of only 5 cm. The
birefringence of the PCFs is barely sensitive to temperature variations, thus they are
promising candidates for applications where zero temperature sensitivity is required.

 Distributed pressure sensing has also been demonstrated based on frequency-scanned
¢-OTDR using side air holes fiber. Thanks to the low splicing and propagation loss of
the fiber, a record long sensing range (~ 720m) has been achieved with high pressure
sensitivity (~ 169 MHz/bar). The temperature/strain and pressure cross sensitivity has
been addressed and the discrimination between temperature/strain and pressure has
been demonstrated. In addition, the sensing range limitation has been investigated by
estimation of the crosstalk between polarizations for the first time to the best of our
knowledge, which we believe is a prerequisite to estimate the sensing performances of
the system.

96



Chapter 8

Conclusions and Perspectives

douew1oj1ad Sursuas pajensuowap jo Arewrwung — 1°g 9[qeL

- - w G w g 19qy pafioj winipe[red ua301pAH
ZHA[3U L0 anl JZHIN 0S1 wo 0g w GG 19qU padueyua-3ULIdNBISYORY ureng oSrueuAq
Ieq 670 1eq/ZHIN 6ST wo g w 0z I9qy o[0Y Ire 3pIS
1eq 650 Teq/ZHIN 7°S6- un g w oy ¢d0d Aprenng,
18qQ 220 1eq/ZHIN 612- wo § u (g I 40d ,Ap1enng, aImssaId
A920°0 A/ZHD €1 umn g w098 JINS armerodway,
Koemooy A1anisuag uonnjosaifeneds  oueISI 19917 Anuenb 3ursuag

97



Chapter 8 Conclusions and Perspectives

Distributed and dynamic strain sensing

Distributed and dynamic strain sensing has been demonstrated, utilizing a radio frequency
(RF) pulsing scheme and backscattering-enhanced fiber. The RF pulsing scheme enables
generating short pulses with high extinction ratio exhibiting large linear frequency scan with
zero switching latency. At the same time, the Rayleigh enhanced fiber provides 10 dB stronger
backscattering intensity with negligible added loss, which eliminates the need for averaging.
As aresult, a distributed and dynamic strain sensing system with record high spatial resolution
in direct-detection mode is achieved. What is more, the proposed least mean square scheme
has been adapted to the system, thus enabling a fairly large strain (< 80ue¢) to be measured. The
high spatial resolution, relatively fast response and large measurable strain range, promotes
this system to be a good candidate to measure cracks in health monitoring structure.

Distributed hydrogen sensing

A distributed hydrogen alarm system has been proposed and demonstrated, using a novel
coating configuration with fibers bonding to palladium (Pd) foils. The fiber is dedicately
designed for hydrogen sensing hence displays a larger cross-sectional area than conventional
single-mode fibers, thus showing ultra-high hydrogen sensitivity. As a result, by measuring the
strain change induced by the absorption of hydrogen by the Pd foils , an ultra-high sensitive
distributed hydrogen sensing with 5 cm spatial resolution is demonstrated. Similar to the case
of dynamic strain sensing, the least mean square algorithm has been adapted to the system,
thus enabling large strain measurements.

8.2 Future work

In this thesis, frequency-scanned ¢-OTDR has been investigated in great depth and its poten-
tial for diverse applications on different measurands using various fibers has been shown. The
capability of long-distance sensing with high spatial resolution has been demonstrated. There
is always much room for performance improvement in terms of sensing distance, spatial reso-
lution, sensitivity, etc. However, there are more specific aspects that require to be addressed
and studied in priority in the future, including:

¢ The measurement errors (frequency shift uncertainty) of the system as a function of the
frequency scanning range, frequency scanning step, signal bandwidth and signal-to-
noise ratio should be studied, which would enable defining proper guidelines in order
to match the system parameters to well-defined sensing requirements.

¢ In distributed pressure sensing, the issue of light coupling between the two polarization
modes of the fiber due to the bending and twisting is worth being addressed, as to assess
its impact on real-world applications. As a step forward towards simplification, an inter-
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rogation procedure which would allow to directly obtain the Rayleigh backscattering
spectra on both polarization axes using depolarized light or a linearly polarized light
with an angle of 45° with respect to both principal polarization axes of the fiber is also
to be considered.

* Indistributed hydrogen sensing, thorougher studies need to be conducted to investigate
the response time of different hydrogen concentrations. The palladium foiled fiber
shows high sensitivity but the response is relatively slow. Besides, it is difficult to
manufacture the Pd foiled fiber with long distance and high uniformity. The reported
Palladium-coated fiber [164] can be implemented in the system for faster response with
long distance.

* Recently, hollow-core fibers (HCFs) have rapidly drawn increasing attention, in particu-
lar due to the fact that their propagation loss (0.28 dB/km) has been reduced to be close
to standard single mode fiber [165]. Stimulated Brillouin scattering has been recently
demonstrated to be strongly enhanced when pressurizing the gas in HCFs, which also
shows interesting and promising features such as zero strain-sensitivity [166]. Similarly,
Rayleigh scattering in these fibers with different gas molecules and different pressure
levels ought to be investigated and exploited for distributed sensing.
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