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Abstract

The ever-growing need for distributed optical fibre sensors (DOFS) in numerous fields and
applications demands continuous research towards the advancement of the existing sensing
systems. The convenience in the field of DOFS lies in the several degrees of freedom that
it offers, such as the scattering mechanism, the interrogation technique, the medium for
propagation, and the sensing fibre itself. Even though a vast amount of research is oriented
towards the fabrication of novel fibres, in many cases the real benefit of such fibres is not
really exploited. Therefore, in this thesis, we use and characterise multiple novel optical fibres
with the aim of harnessing their full potential by understanding their ultimate strengths and
limitations. To that effect, we perform efficient distributed optical fibre sensing by investigating
different scattering mechanisms in different scattering media by means of several interrogation
techniques. The thesis is divided into two groups of chapters depending on the type of
scattering mechanism and medium.

In the first group of chapters, we work on the investigation of the most prominent scattering
mechanism in silica-core single-mode optical fibres (SMFs), namely Rayleigh scattering. We
interrogate a novel reflection-enhanced fibre (REF) based on fibre Bragg gratings using one
of the most widely-utilised interrogation techniques for Rayleigh scattering, which is phase-
sensitive optical time-domain reflectometry (¢-OTDR). So far, no theoretical expression has
been presented to relate the most crucial parameters of Rayleigh-based sensing systems. We,
therefore, develop a model, as a figure-of-merit for Rayleigh-based systems, addressing this
concern, and we confirm it with experimental results. By performing a distributed temperature
measurement as a form of comparison between the REF and an SME we yield a 6x lower
experimental uncertainty for the REF when compared to the SME and this lower uncertainty
is directly attributed to the 6x higher signal-to-noise ratio that the REF offers. The model as
well as the guidelines for utilising REFs to maximum effect will aid the scientific community in
better understanding Rayleigh-based sensing systems and employing them more efficiently.

The focus then shifts to the most prominent scattering mechanism in a gaseous medium
of high density (at 1 atm for instance), namely Brillouin scattering. The analysis is carried
out using several novel hollow-core optical fibres particularly anti-resonant fibres (HC-ARFs)
which we fill with gas. We demonstrate for the first time to the best of our knowledge a Bril-
louin gain measurement in gas-filled HC-ARFs and highlight the square dependence of the
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Brillouin gain on the gas pressure. We perform a comparison between three hollow-core fibres
of different dimensions which we fill with two different gases, and we indicate the trade-offs
in terms of Brillouin gain coefficients, gas filling times as well as gas pressure limitations.
Additionally, we conduct for the first time to our knowledge a distributed temperature mea-
surement using a gas-filled hollow-core conjoined-tube anti-resonant fibre (HC-CAF) and
show a higher sensitivity to temperature change which is about 2x greater than the sensitivity
of conventional silica fibres. The results indicate the great potential of gas-filled hollow-core
fibres and pave the way for researchers to employ them as promising candidates for lasing,
sensing and imaging applications.

Keywords: Rayleigh scattering, reflection-enhanced fibres, Brillouin scattering, gas-filled
hollow-core fibres, distributed temperature sensing
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Résumé

La besoin toujours croissant de capteurs répartis a fibres optiques (CRFO) dans de nombreux
domaines et applications implique que les systémes de mesures existants soient constam-
ment améliorés. Les différents parametres techniques des CRFO, a savoir le mécanisme de
diffusion, le milieu de propagation, la technique de mesure et la fibre elle-méme sont autant
de degrés de liberté qui rendent cette technologie polyvalente et attractive. Bien qu'un effort
de recherche considérable soit investi dans la fabrication de fibres optiques innovantes, les
avantages apportés par ces derniéres ne sont pas toujours completement exploités. Cette
thése est dédiée a I'utilisation et la caractérisation de diverses fibres optiques spéciales afin de
déterminer leur potentiel mais aussi leurs limitations. Pour ce faire, nous effectuons un panel
de mesures réparties, basées sur différents mécanismes de diffusion, dans plusieurs milieux
de propagation et en utilisant différentes techniques d’interrogation. Cette thése est divisée
en deux parties, dépendamment du type de mécanisme de diffusion utilisé et du milieu de
propagation employé.

La premiere partie est dédiée a I’étude du mécanisme de diffusion dominant dans les fibres
monomodes en verre de silice (SMF), a savoir la diffusion Rayleigh. Nous mesurons une
nouvelle fibre a réflexion augmentée (REF) grace a I'inscription de réseaux de Bragg par réflec-
tométrie optique sensible a la phase (¢-OTDR), une des techniques d’interrogations les plus
répandues pour mesurer la diffusion Rayleigh. A ce jour, aucun modéle théorique permettant
de relier les différents parametres caractéristiques des systéme de mesure Rayleigh n’avait été
présenté. Nous établissons donc de maniére analytique, puis confirmé expérimentalement,
un facteur de mérite pour les CRFO a diffusion Rayleigh. En réalisant une mesure répartie de
température entre une SMF et une REE nous pouvons établir une incertitude de mesure six
fois inférieure pour la REF que pour la SME une réduction directement attribuée au rapport
signal sur bruit six fois plus élevé dans la REE Ce modeéle ainsi que I'établissement de lignes
directrices permettant d’exploiter les REF au maximum de leur potentiel profiteront certai-
nement a la communauté scientifique dans la compréhension et I'optimisation des CRFO a
diffusion Rayleigh.

Nous étudions ensuite le mécanisme de diffusion dominant dans les milieux gazeux a haute
densité, a savoir la diffusion Brillouin. L'analyse est conduite dans plusieurs fibres a coeur
creux que nous remplissons de gaz, notamment des fibres anti-résonantes (HC-ARFs). Nous
démontrons, pour la premiére fois a notre connaissance, la mesure du gain Brillouin dans
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une HC-ARF remplie de gaz, et soulignons également la dépendance quadratique du gain
Brillouin en fonction de la pression du gaz. Nous comparons trois fibres a coeurs creux de
dimensions différentes, remplies avec deux types de gaz, ce qui nous permet d’établir une
série de compromis entre le coefficient de gain Brillouin, le temps de remplissage du gaz ainsi
que la pression du gaz. De plus nous effectuons, pour la premiére fois a notre connaissance,
une mesure de température répartie dans une fibre a coeur creux et tubes conjoints remplie
de gaz, et démontrons une sensibilité a la température environ deux fois supérieure a celle
d’une fibre conventionnelle en silice. Ces résultats démontrent le fort potentiel des fibres a
cceur creux remplies de gaz pour diverses applications, tel que les lasers, les capteurs réparties
et les applications d'imagerie.

Mots clés : Diffusion Rayleigh, fibres a réflexion renforcée, diffusion Brillouin, fibres a coeur
creux remplies de gaz, mesure répartie de température
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|§ Introduction

Fibre optics: two simple words representing a breakthrough technology that has drastically
changed the world ever since it was brought to existence in the last century [1, 2]. Almost
everyone worldwide knows about optical fibre cables and how they have transformed data
transmission and communications [3] and elevated them to a whole new level. A few decades
back, it wouldn't have crossed anyone’s mind that nowadays we will be in an extremely
advanced internet era where we will be seamlessly communicating with each other across the
globe; it is an absolute miracle indeed!

What is even more fascinating about optical fibres is the fact that they are not solely used
for fibre-optic communications, but they interestingly act as a nervous system and sense a
myriad of parameters (e.g. temperature, strain, etc.) in our surroundings [4]. This means
that all optical fibres already installed for data communications all-over the world can also
be adjusted to be used as distributed sensors and to give us localised information about their
surroundings. A group of researchers at Google was able to utilise the traffic data of one of the
global submarine cables to measure pressure and strain alterations, which enabled them to
detect earthquakes and ocean waves called swells generated by storms [5]. Distributed optical
fibre sensing is undoubtedly a powerful technology for the early detection and prevention of
disastrous incidents.

The working principle of distributed optical fibre sensors relies simply on analysing the
universal back-scattered light signal from the fibre; a signal which is inevitably present in
all kinds of fibres. Detecting such back-scattering can be achieved utilising a wide range of
advanced interrogation techniques. Depending on the type of application, the interrogation
technique is selected and altered according to the need. Another degree of freedom when it
comes to fibre sensing is the choice of optical fibre. There is a large variety of different optical
fibres, and researchers are always seeking for more inventions and more developments in that
regard. With the emerging technologies for optical fibre fabrication, a large-scale research is
headed towards that direction.

This dissertation is a comprehensive study on the most prominent spontaneous light scattering



Chapter 1. Introduction

mechanisms present in different dielectric media of state-of-the-art optical fibres with the
ultimate goal of employing them for efficient distributed temperature sensing. The choice of
the scattering mechanism, the type of the optical fibre, along with the kind of the interrogation
technique presented in this thesis solely depends on the specificity of the application. The
work carried out in this thesis is divided into two large groups of chapters depending on which
type of dielectric medium is chosen to investigate the corresponding most-prominent light
scattering mechanism.

In the first group of chapters, consisting of chapters 3, 4 and 5, the focus is on investigating
Rayleigh back-scattering from one of the novel silica-based single-mode optical fibres (SMFs).
Such novel SMFs are commonly referred to as reflection-enhanced fibre (REF), as the principle
of such fibres is to increase the backreflected signal. This type of fibres is based on adding
one more step in the fabrication process when compared to the conventional SME namely
imprinting fibre Bragg gratings inside the fibre. Rigorous investigation of this novel fibre has
led to the development of a crucial relationship linking the fundamental system parameters
of a Rayleigh-based distributed sensor that can be used as a figure-of-merit to evaluate the
overall performance of such sensors. Using optimised experimental system parameters and
benefiting from the enhanced backreflected signal of the REE we showed a fully-distributed
temperature measurement exhibiting sub-mK temperature uncertainty (~6x smaller than
conventional silica fibres) with a metric spatial resolution.

Chapter 3 covers the realisation of a numerical spatio-temporal model developed to compare
the most widely-utilised types of Bragg gratings. With the model we identify the most suitable
types of gratings for distributed fibre sensing with backreflected signals significantly higher
than the Rayleigh scattering floor.

Chapter 4 deals with the use of a backreflection-enhanced fibre along with a standard SMF
for comparison, to present an analytical as well as a numerical theoretical model that relates
the most vital parameters of Rayleigh-based sensing systems.

Chapter 5 presents a fully-distributed temperature measurement using the REF showing
sub-mK temperature uncertainty with a metric spatial resolution. The experimental results
were corroborated by the theoretical model presented in Chapter 4.

In the second group of chapters, consisting of chapters 6 and 7, we explore Brillouin light
scattering from novel hollow-core anti-resonant optical fibres (HC-ARFs) filled with different
gases at different pressures. Such novel fibres found their way in when the propagation loss of
their counterparts, namely the hollow-core photonic-crystal bandgap fibres (HC-PCF) reached
saturation [6] and could not be improved any further. Recent HC-ARFs, on the other hand,
showed a loss as low as 0.174 dB/km in both C and L band [7] along with a wide transparent
window. HC-PCE nonetheless, have proven themselves to be suitable candidates for the
investigation of light-matter interaction, non-linearity research which is useful for optical
sensing, optical signal processing, high power lasers, etc. In spite of HC-ARFs combining
the best of the two worlds (i.e. exhibiting the same advantages of HC-PCFs and having very



1.0.

low propagation loss), the optical non-linearity of such fibres when filled with gas and their
capabilities to be used for optical sensing have not been investigated before and are yet to be
discovered. To that effect, we present for the first time a Brillouin gain measurement using such
kind of fibres as well as an experimental demonstration of an efficient distributed temperature
sensor. The proven square dependency of the Brillouin gain of the gas with its pressure,
along with the choice of gas and the type of interrogation technique have helped achieving
very accurate, highly sensitive and high spatial resolution strain insensitive temperature
measurement with HC-ARFs having total loss comparable with standard silica fibres. The
results indicate that this novel technology can be regarded as a competitive solution when
compared to already-existent platforms in terms complexity and versatility.

Chapter 6 explains, through numerical simulation, the effectiveness of the coupling between
the fundamental optical mode and the generated acoustic modes in a gaseous medium. With
the information about the acousto-optic overlap, a theoretical estimation of the Brillouin gain
is achieved.

Chapter 7 presents an experimental demonstration of the Brillouin gain measurement in
HC-ARFs and shows how HC-ARFs can be utilised to perform highly-accurate fully-distributed
temperature measurement with a high temperature sensitivity and a rather simple experimen-
tal setup.






y4 Background and fundamentals

In this chapter we study the background and fundamental features of distributed optical fibre
sensing (DOFS); a technology that is indeed of stupendous development and that has been
intensively employed over the past 50 years. When we say "optical", we immediately find
ourselves landing at the core of light theory or more precisely electromagnetic theory, namely
the Maxwell’s formalism. This is where we begin and from where we delve into the deeper
understanding of wave propagation —a topic that lies at the centre of literally everything
when dealing with optical fibres. We further discuss the different types of scatterings that
may affect a propagating light wave whether in solid or gaseous media. Some fundamental
thermodynamics will be also studied to form a strong basis before analysing scatterings in
gases. A final section is then dedicated to provide insightful aspects related to the different
types of interrogation systems required to perform distributed optical fibre sensing.

2.1 Maxwell’s equations

A long time back, in the 19th century to be exact, James Clerk Maxwell presented the first
version of the relationships of electricity and magnetism grouped together into the well-
known set of equations nowadays referred to as Maxwell’s equations. Before the realisation of
Maxwell’s equations, the theory of light was regarded as a separate topic not belonging to the
classical electromagnetic phenomena. However, when the connection was established, it was
immediately clear that thanks to Maxwell’s equations, which are at the heart of all theoretical
principles of optics, our deep and elaborate understanding of light is shaped. The general
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formulation of the equations is presented as follows [8-11]:

-~ — OB ,

V x E = o Faraday’s Law 2.1

—_ —_ aB —_ . ,

V xH= E + ] Ampere’s Law (2.2)
? . 1_5 =p Gauss’ Law 2.3)
V-B=0 Gauss’ Magnetism Law (2.4)

where E and H are the electric field and the magnetic field, respectively, and they represent
the two components of the electromagnetic field. The charge density p denotes the free
charges per volume and the current density 7T describes the motion of charge density. D
and B are the electric flux density and the magnetic flux density, respectively, and can be

elaborated by the following constitutive relations:

—
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where € is the electric permittivity in vacuum, P is the induced electric polarisation field, o

is the magnetic permeability in vacuum, and M is the magnetisation field.

2.1.1 Wave equation

By performing substitutions and simplifications to equations (2.1)-(2.6), we find ourselves
reaching the fundamental expression which governs light wave propagation in a medium,
namely [12]:
—— 1&E 9] &P
V2E /

]_ —_—
= ly—= + o—= — —V(V- P 2.7
¢ Or? Ho Or? Ho oz ¢ ( ) 2.7

where ¢ = \/ﬁ ~ 3 x 10® m/s is the speed of light in vacuum. Eq. 2.7 when equated to zero,
gives us the familiar wave equation in vacuum:

wE_LOE 2.8)

c? Or?

However, when dealing with light propagation in a medium, we have to consider the effect of
the source terms found on the right-hand side of Eq. 2.7 because at least one of those terms
will be non-zero. The first term on the right-hand side can be of interest when dealing with
propagation of light in a plasma for example. The second term presents dipole oscillations
taking place when light propagates through a non-conductive isotropic material such as glass.
In this case, the polarisation field is generated along the electric field and is proportional to it
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as follow:

—

P=coxE 2.9)

where y is the electric susceptibility. However, in the last term on the right-hand side of Eq. 2.7
which accounts for light propagation through anisotropic media like crystals for instance, the
polarisation field may not necessarily be along a direction that is parallel to the electric field
and cannot be described by Eq. 2.9. Only the second term is of relevance to us in this thesis as
we deal with silica optical fibres. Accordingly, Eq. 2.7 simplifies to:

By substituting the expression for the polarisation term expressed by Eq. 2.9 in Eq. 2.10, we

end up with:
VE_" aZE—o @.11)
c2 o2 '

where n is the medium refractive index and is defined as:

n=ver=y/1+y (2.12)

where the expression €, = n? is called the Maxwell relation with €, as the relative permittivity.
The absolute permittivity € of a material is given as a function of €, and €y as follows: € =€,€y.
Solutions to Eq. 2.11 are monochromatic plane waves represented by:

E(F,0=Eolx, ¥ 2) ¢! Ctkin T +01) Multi-dimensional System (2.13)
E (z,0) = Fo (x,) ol Ekinz+w) One-dimensional System (2.14)

where I?o is the complex amplitude and the physical field is the real part of E, a is the
propagation wavevector of the incident light, and w is the angular frequency, and they fulfil
the dispersion relation as follows:

w w 27nn
:,/600—:}1—:— (215)
0

kin
Co /10

kin =

where ki, is the wavenumber and represents the magnitude of the wavevector kiy,.

It should be noted that the vector dot product El .7 in Eq. 2.14 represents the wavevector
and the position vector in a multi-dimensional system. However, in our case, we deal with a
one-dimensional system where the direction of the wave is along the z-direction only, and is
therefore represented by the scalar ki, z.

Eq. 2.14 is a solution of the wave equation that describes the propagation of plane waves and
will be further utilised in this thesis whenever the propagation or coupling between waves in
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one-dimensional systems (e.g. optical fibres) is presented. In the coming sections, we will
introduce how the propagating light waves get scattered in the different media and thoroughly
explain the phenomena/mechanisms behind the scattering.

2.2 Lightscattering in solid media

When a light wave propagates through a transparent medium, some of it gets transmitted,
and a portion of it gets scattered. Depending on the type of waveguide and the scattering
mechanism that takes place, light can just be lost or get backreflected and recollected at a
receiving end. If we consider a solid medium, like an optical fibre for example, the light will
be propagating and guided by total internal reflection within in its solid silica core. In this
case, the light may either experience one or multiple of the different fibre-inherent inevitable
scattering processes like Rayleigh, Brillouin, and Raman scattering, or it may be back-scattered
by purposefully-engineered density fluctuations within the medium like what is called a fibre
Bragg grating (FBG). In this section, we will introduce the different causes of scattering in
a solid medium with a focus on optical fibres given that this is the main topic in this thesis.
We will also briefly discuss how the scattering of light can be utilised to identify changes
in parameters like temperature or strain affecting the medium where the scattering occurs,
which, in our case as already mentioned, will be an optical fibre with a solid silica core.

For a relatively long time, optical fibres were merely regarded as waveguides for long-haul data
transmission and communications applications. In fact, researches were actively searching

(a) (b)
Virtual States A
J=4
J=3
v=1 =2
J=1 i
Molecular Medium
=0 Energy Energy
Vibrational | Rotational p | Levels TE Levels
Energy Energy
Levels Levels
J=4
]=3
V=0 =2 Y Y
J=1 I
o Y E-m ¥ | lEem Y
Stokes Anti-Stokes Stokes Anti-Stokes
Rayleigh Scattering Raman Scattering Brillouin Scattering
(elastic) (inelastic) (inelastic)

Figure 2.1 - Energy level diagram showing examples of light-matter interactions of any arbitrary
medium (e.g. silica optical fibre); (a) Rayleigh elastic scattering and Raman inelastic scattering
represented on the molecular energy levels, and (b) Brillouin inelastic scattering represented
on the energy levels of the entire medium,; figure adapted from [13]. Note: The spacing
between the energy levels is not to scale.
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for solutions to minimise all possible fibre losses. Little did they know that some of these
inevitable losses can result in the birth of a whole new field, namely fully-distributed optical
fibre sensing.

When light is launched into an optical fibre, it is affected by the different optomechanical
and thermodynamic properties of the fibre resulting in the back-scattering of a small portion
of the incident light. The three main scattering processes taking place in a silica optical fi-
bre are Rayleigh, Raman, and Brillouin scattering. The diagram representing the quantum
energy transitions for the different scattering processes is depicted in Fig. 2.1. An energy
level transition (described by the vertical arrows in Fig. 2.1) may be triggered when an inci-
dent photon possesses the same energy as that of the difference between two energy levels.
Transitions to lower energy levels (downwards) result in the generation of another photon,
whereas transitions to higher energy levels (upwards) result in the absorption of the photon.
The solid horizontal lines shown in Fig. 2.1 are the physical energy levels of the system and
the dotted horizontal lines correspond to virtual states. The symbol v in this figure stands for
the vibrational quantum number and J refers to the rotational quantum number. It should be
noted, however, that v and vp are the frequencies of an optical phonon involved in Raman
scattering and an acoustic phonon involved in Brillouin scattering, respectively.

From the figure, it is clear that Rayleigh scattering is an elastic process while Raman and
Brillouin scattering are inelastic processes. This means that in the case of Rayleigh scattering,
no frequency shift occurs, and thus a downward transition will yield an identical photon of
the same frequency as that of the incident one. However, for the inelastic Raman and Brillouin
scattering processes, the photon experiences a frequency shift that is exactly equal to the
generated/annihilated phonons; optical phonon having an energy of E = hvp in the case of

Incident Light

Rayleigh  Brillouin Raman
T, :
«— i
~0.1nm | ~110 nm
~11 GHz ~13 THz

Wavelength A, A,

L Anistokes Sioes 2

Figure 2.2 — The three fundamental scattering processes occurring in silica optical fibres when
the wavelength of the incident light is at 1550 nm.
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Scattering Process Scattering Coefficient Frequency Shift
Rayleigh ~-73dBm™! No shift
Spontaneous Brillouin ~-90 dBm™! ~0.1 nm (~ 11 GHz)
Spontaneous Raman ~-110dBm™! ~ 110 nm (~ 13 THz)

Table 2.1 — Typical values for the scattering coefficients and frequency shift for the three
fundamental scattering processes for a standard silica SMF at a wavelength of 1550 nm.

Raman scattering, and acoustic phonon with an energy of E = hvp in the case of Brillouin
scattering, where h is Planck’s constant (~ 6.626 x 10734m?2 kg/s).

A visual representation of the three scattering processes is illustrated in Fig. 2.2. As observed,
the yellow spectral distribution belongs to the incident light, the orange to the Rayleigh
scattered light, the red is used for the Raman and Brillouin Stokes components, and the blue
for the anti-Stokes components. For a typical standard silica optical fibre at a wavelength
of 1550 nm, the scattering coefficients and the frequency shifts for the different scattering
processes take the values presented in Table 2.1.

2.2.1 Rayleigh scattering

One interesting reality about Rayleigh scattering that should be known to everyone is the fact
that Rayleigh scattering is the very reason behind why we see the colour of the sky as blue.
Simply put, as the white sunlight travels through space and reaches Earth’s atmosphere, it gets
scattered by the molecules and particles filling the air that are of much smaller size compared
to the radiation wavelength. Shorter wavelengths corresponding to the colours blue and violet
! of the visible spectrum are the ones that scatter the most.

Scattering in a medium occurs due to the presence of local perturbations which cause the
alteration of its optical properties. We, therefore, go back to Eq. 2.5 of the constitutive relations
of the Maxwell’s equations to describe the scattering processes using the dielectric tensor €,
which is an elemental parameter that describes how the medium will respond to an incoming
electromagnetic field [14]. We, therefore and only for convenience, repeat Eq. 2.5 as follows:

D=cE=eyE+P (2.16)
where the response of the medium is defined by the polarisation vector P described by Eq. 2.9
relating the polarisation field to the electric field through the electric susceptibility tensor
x- The dielectric tensor € can be written as a function of the susceptibility tensor and the
dielectric constant in vacuum using the following expression:

e=eo(I+y)=€l+ Ae (2.17)

IDespite the fact that the colour violet has a shorter wavelength than the colour blue, we perceive the sky to
be blue-coloured. This is simply because violet is more absorbed in the higher atmosphere and less of it reaches
Earth, and our eye receptors are more sensitive to the colour blue than violet.

10
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where [ is the identity matrix, € is the mean dielectric constant in the medium that represents
the homogeneous contribution to the dielectric tensor and does not contain any information
about lateral scattering, whereas Ae describes the temporal and/or spatial fluctuations in the
dielectric tensor which result in the scattering of light. The Ae fluctuation term can be divided
into its scalar and tensor contributions as follows:

Ae= A’ T+ A€t (2.18)

The first term Ae® represents fluctuations in the thermodynamic quantities such as pressure,
density, temperature, and entropy, and results in scalar light scattering like Rayleigh and Bril-
louin scatterings. However, scattering arising from the second term Ae’ is called tensor light
scattering and causes the existence of scatterings like Raman and Rayleigh-wing scatterings.

At this stage we would like to calculate the intensity of the Rayleigh scattered light. We,
therefore, have to recall 2.13, and hence present, using complex representation, the electric
field of an optical plane wave which is incident on the medium:

Eeo(R, 1) = Eee! fn B-0D) 2.19)

where Ej, is the incident field amplitude, e, is the unit vector aligned with the light polarisation
state (assuming a linear polarisation of the incident light), an is the propagation wavevector,
R is the position of interest in the xyz coordinate system, and w is the angular frequency. As
illustrated in Fig. 2.3, the scattered field generated by a volume V of the medium at a position
P which is far from the scattering volume (large E, far-field approximation) is given by [14]:

. W . . . eltkeR-wD
Esc(R, t) = Ejn—5 [esc x (esc X €in)]
SC mn 62 SsC sC mn 477,'R

1 Rt T A

— f Ae(r', 1ol =kl g/ (2.20)
€0 Jv

where R = |R| and kg = |ksc|, where kg is the propagation vector in the direction of the
scattered wave and e is the unit vector which aligns with the direction of k.

To calculate the scattered intensity, we then take the time-averaged value of E_S;E;*, and it
will be given as follows:

Is: <EscEsc*> (2.21)

By substituting Eq. 2.20 into Eq. 2.21, we get the following expression [15]:

ot sin?p

[o=[ —— T
*T et e2(4anR)?

f f (Ae(rl, 0 Ae(r), )yl kn =k =rdl g7 q 7 (2.22)
vJv

where [j, is the intensity of the incident light, ¢ is the angle between the incident light field
direction ej, and the propagation vector k_;C in the direction of the scattered wave. We shall
notice that with the far-field approximation, when ¢ is equal to zero, the scattering intensity
will also be zero, which means that no scattering can occur towards the X direction.

11
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sc

dv

-— 7

Figure 2.3 — Schematic showing the coordinate system to calculate the electric field Eg. of the
Rayleigh scattered light [14].

Since the scatterers under consideration are assumed to be much smaller than the wavelength,
the phase component of the integral can be approximated to be 1 (
to the wavelength) and Ae can be assumed to be constant within the volume V. The scattered

intensity emitted by the volume V simplifies to:

! AN
r - r2| is small compared

w*VZsin?g (Ae?)
1672 R2c4 eg

Is= I (2.23)
The strongest scattering happening in a silica optical fibre is Rayleigh scattering. It is caused
by the density fluctuations or inhomogeneities, shown in Fig. 2.4, existent inside the core of an
optical fibre, which are inevitably created during the drawing process of the fibre specifically
because glass is amorphous in nature. Rayleigh scattering has been a fundamental limitation
of fibre communications and contributes largely to the known loss value of a silica optical fibre
at 1550 nm, namely ~0.2 dB/km which is about 4.5 x 10~>m™. Despite it being a detrimental
loss when it comes to data transmission, it carries useful localised information about the fibre
surroundings and allows us to conduct optical fibre sensing that is distributed all along the
fibre. As apparent from Fig. 2.4, Rayleigh scattering is a process which results in the light being
scattered in many directions. A fraction of this scattered light which is about -73 dB/m gets
backreflected and recaptured [16]. Important information about the fibre surroundings can
be directly retrieved using a number of interrogation techniques. Typically-utilised Rayleigh-

12
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Coating Cladding Rayleigh Scattering Core with density fluctuations
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N

Figure 2.4 — Illustration showing all the layers of a standard single-mode fibre. Light is launched
into fibre and gets scattered in all directions by the frozen core density fluctuations. This type
of scattering is called Rayleigh scattering. Note: The illustration is not to scale.

based interrogation techniques are highly sensitive to environmental changes. In fact, such

sensing techniques are significantly more sensitive than sensing techniques based on other

scattering processes such as Brillouin scattering which is 1000 x less sensitive than Rayleigh

scattering. The sensitivity of coherent Rayleigh-based systems like phase-sensitive optical

time-domain reflectometry (¢-OTDR) can be better understood by the following equation:
2nvn(e, T)z

Po = - (2.24)

where ¢, is the phase of an optical signal, at a given frequency v, and varies according to
the distance z. As shown in the equation, the refractive index n is a function of strain (¢)
and temperature (T). In practice, temperature changes (AT) mainly affect the refractive
index n, whereas strain changes (Ae) cause the fibre to experience elongation/contraction,
and have accordingly a much larger contribution on the propagated distance z. Several ¢-
OTDR systems are based on scanning the frequency of the interrogating light source which, as
seen from (2.24), can compensate for variations in the phase ¢, resulting from strain and/or
temperature changes. The sensitivity of ¢-OTDR systems is thus usually defined as the ratio
between the amplitude of the frequency change Av needed to compensate for one degree
temperature change AT or one micro-strain pe. The temperature (T)/strain (€) sensitivities
for a conventional SMF at a wavelength of ~1550 nm are typically given as follows:
Av Av

—— ~ 1.3 GHz/K —~1524MH/€
AT z Ape ZH

More details about some interrogation systems utilised for the acquisition of the backreflected
signal will be presented in section 2.4.

2.2.2 Brillouin scattering

Other types of scatterings occurring in a solid medium are spontaneous Brillouin and Raman
scatterings. Brillouin scattering is an inelastic scattering process that occurs in different media
like silica bulks such as in a silica optical fibre or fluids or plasma, for example. It was firstly

13
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discovered independently by the French physicist Léon Nicolas Brillouin in 1922 and the
Russian physicist Leonid Mandelstam in 1926.

In contrast to Raman scattering (see section 2.2.3) where the light interaction is with the fast
vibrational oscillation (optical phonons with high energy and low momentum) of individual
molecules inside the molecular chain, Brillouin scattering describes the light interaction with
the slow oscillation of the entire molecular chain (acoustic phonons with low energy and high
momentum) where there is mode-coupling and energy transfer between the optical and the
vibrational modes of the entire medium [14]. This process is illustrated in Fig. 2.1 to highlight
that for Brillouin scattering the interaction is with the whole medium and not with individual
molecules, differently from Rayleigh and Raman scattering.

In general, the average number of phonons involved in spontaneous inelastic scatterings can
be estimated using the Bose-Einstein statistics as described by the following equations [14,
17]:

1
hvp
eksT —1
hvg
kgT

(nas) = Anti-Stokes Scattering (2.25)

(ng)y+1= Stokes Scattering (2.26)

hvg
ek’ —1
where (n) is the average number of phonons having a frequency equal to the Brillouin fre-
quency shift vp in the case of Brillouin scattering and the Raman frequency shift vy in the
case of Raman scattering, T is the absolute temperature in the unit of Kelvin, and kp denotes
the Boltzmann constant (~1.38 x 10723 m? kg s72 K™1). Using equations 2.25 and 2.26, we can
see that due to the phonon annihilation in the anti-Stokes process, the scattering coefficient is
proportional to (ns), whereas during the Stokes process, where a new phonon is generated,
the scattering coefficient is proportional to (ng) + 1. In the case of Brillouin scattering, the
backreflected power may be scaled as follows: ({(ng) + 1)gpglp with gp as the Brillouin gain
and 5—; as the Brillouin linewidth. More details concerning the gain and the linewidth follow
in section 2.3.5.

Conservation of energy and momentum (Phase-matching condition)

Since Brillouin scattering involves coupling between electromagnetic waves and propagating
acoustic waves with high momentum, the interaction requires the phase matching between
the waves to be stringent. This simply means that a proper phase relationship between the
interacting waves should be ensured along the propagation direction to guarantee an efficient
coupling between the waves. To that effect, and concerning the Stokes process (equivalently
for the anti-Stokes process), we shall apply energy and momentum conservation to the three
interacting waves:

14
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Figure 2.5 — Conservation of energy and momentum for spontaneous Brillouin scattering for
the Stokes process; figure adapted from [14].

hvin = hvge + hvp Energy Conservation (2.27)
hﬁ;l = hk_)sc + hﬁ Momentum Conservation (2.28)

where i = % and is referred to as the reduced Planck’s constant, v is the Brillouin frequency
shift and g3 is the acoustic wavevector. We then describe the three interacting waves with the
following relationships:

* Incident optical wave having the velocity v, = ﬁ, the frequency v, = % = % with wip
as the angular frequency and ki, = | kin | as the medium wavenumber and the magnitude

—_

of the wavevector ki,. The wave is described by the following complex-valued electric

field phasor:
Ein(z, 1) = Eojin(z, 1) e~ in#t 0! (2.29)
* Scattered optical wave having the velocity v, = 7, the frequency vsc = 5% = kszc—ﬂ”" with

wsc as the angular frequency and kg = k_)sc as the medium wavenumber and the mag-
nitude of the wavevector k?c The wave is described by the following complex-valued
electric field phasor:

Esc(2, 8) = Egsc(2, 1) @' Fse?ti@int (2.30)

QB qBVa

* Acoustic wave having the velocity v,, the frequency vp = 3£ = 5 with {2p as the

angular frequency and ¢gp = |%| as the acoustic wavenumber and magnitude of the

acoustic wavevector gg. The wave is described by the following complex-valued electric

15
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field phasor:

az, 1) = ag e~ 197+ st (2.31)

where qy is the (time-independent, steady-state) density amplitude of the acoustic wave. We
then end up with two coupled equations representing the separate vector components which
are given as follows:

kin = ksc cos(0) + gp cos(6") (2.32)

kscsin(@) = ggsin(0’) (2.33)
The diffraction grating illustrated in Fig. 2.5 represents the density variations (i.e. refractive
index variations) induced by the acoustic wave present in the medium, and those variations
are a consequence of a physical effect called photo-elasticity. This phenomenon occurs when
the atomic density and the electric polarisation increase, as their increase leads to a higher
electric susceptibility, which in turn causes a higher refractive index as per Eq. 2.12. The

change in electric susceptibility can be written as a function of the initial average atomic
density pg and its change Ap using the following equation:

Ar=YeAp (2.34)
Po

where v, = pog—; is the electrostrictive constant.

By squaring and summing the coupled equations presented in equations 2.32 and 2.33 and
by making use of the relationships described above, we end up with the following general
expression [14]:

. 0
402vin (Vin — vp)sin® (E) = (v2-v2)vs. (2.35)

Solving for vg, Eq. 2.35 takes the following form:

0 2 0 2
vB:ZEVinsin(—) \/1—(2) cos? (—)—Z(ﬁ) Vin (2.36)
Vo 2 Vo 2 Vo

2
The term (%) can be reasonably approximated to zero, as it will lead to an infinitesimal

value given that the medium light velocity v, (~ 2 x 108 m/s in a silica medium) is at least four
orders of magnitude larger the medium acoustic velocity v, (~ 6 x 103 m/s in a silica medium).
Accordingly, Eq.2.36 is written as follows:

vg~22%y s'n(g) 2 nEffs'n(H) 2.37)
=22y sin|=|=2v, —sin| = .
B Vo in 2 a AO 2

where Ay is the incident light wavelength in vacuum. As can be clearly understood from
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Eq. 2.37, the scattering angle 6 has a major influence on the acoustic frequency or equivalently
the amount of Brillouin frequency shift (BFS) experienced by the scattered light with respect
to the incident light. If we substitute 0 for 0° (i.e. scattering in the forward direction co-
propagating with the incident light wave), we will right away realise that no shift will occur and
the Brillouin scattering in the forward direction cannot be distinguished from the incident
light. However, substituting 6 for 180° (i.e. scattering in the backward direction counter-
propagating with respect to the incident light wave), leads to the well-known phase-matching
condition of backward Brillouin scattering:

VB = 2neff% (2.38)
Ao

where we can see that vp is directly proportional to the acoustic velocity and the refractive
index of the optical mode of the material. When launching a light that has 1o =1550 nm in a
standard silica SME vp usually lies somewhere between 9-11 GHz as shown in Fig. 2.2. The
value of the v differs according to different dopants applied to the fibre, and may even vary
due to slight deviations in the fabrication process and the drawing conditions. This implies
that fibres from the same manufacturer might no necessarily have the same exact BES value.
Obtaining the BFS value along an optical fibre is crucial for Brillouin based sensors. In fact,
any change in the value given by the manufacturer essentially means that there is some sort
of perturbation occurring in the surrounding of the fibre. Accordingly, distributed optical
fibre sensing detecting changes in temperature or strain can be achieved by evaluating vy at
each position in the fibre. To elaborate further and as mentioned earlier, we shall realise from
Eq. 2.38 that v is a function of v, that is related to the medium density through the following
expression for solid media:

v = \/ Y -vp) (2.39)

Po(1+vp)(1—=2vp)

where Y is the Young’s modulus also referred to as the modulus of elasticity or elastic modulus.
It is a measure of how much resistance a material exhibits when it is subject to stretching.
Thus, a material whose Young’s modulus is high is more difficult to strain. v, is the Poisson’s
ratio, and py is the medium density. The acoustic velocity v, simply represents the speed at
which the acoustic wave presented by Eq. 2.31 propagates.

The temperature/strain sensitivities (i.e. the amount of change in the BFS with respect to the
change in temperature T or strain € for a conventional SMF at a wavelength of ~1550 nm are
typically given as follows [18]:

Av B Av B

—— = 1MHz/K
AT z Ape

=~ 0.05 MHz/ ue
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2.2.3 Raman scattering

In 1930, the Nobel Prize for physics was awarded to the Indian physicist C.V. Raman for his
discovery in 1928 of the inelastic scattering phenomenon now known as Raman scattering.
The effect named spontaneous Raman scattering occurs when light is shone on any arbitrary
material which can be solid or a fluid. Unlike the elastic Rayleigh scattering, the scattering
occuring due to the Raman effect is inelastic, meaning that the frequency of the scattered light
is different from that of the incident light. We differentiate between two Raman processes; the
Stokes process in which the scattered light components are down-shifted (i.e. having a lower
frequency than the incident one), and the anti-Stokes process which involves a frequency
up-shift of the scattered light (i.e. having a higher frequency than the incident one). As
clearly illustrated in Fig. 2.1, the Raman scattering process involves vibrational or rotational
transitions and the difference of photon energies is carried away by an optical phonon with
an energy equal to E = hvg having a frequency corresponding to value of the frequency shift
that took place. A typical frequency shift in a standard silica fibre at a centre frequency of
~193.5 THz is about ~13 THz as shown in Fig. 2.2.

Despite the fact that spontaneous Raman scattering is about 40 dB weaker (~-110 dB/m)
than Rayleigh scattering (~-73 dB/m), it is, nevertheless, interesting to study because, unlike
the other scattering processes, Raman scattering is only sensitive to temperature changes as
elaborated in Fig. 2.2. This means that, when using silica fibres, the cross-sensitivity that is
existent in sensing techniques relying on Rayleigh or Brillouin scattering is not a problem for
Raman-based sensors. The first experimental demonstration was presented by Dakin et al. in
1985 [19].

The optical response and the behaviour of inelastic scatterings can be grasped by delving
deeper into the understanding of a material’s microscopic vibrations due to thermal motion
inside the medium. Two different categories of vibrations are to be considered: the optical
branch (Raman scattering) and the acoustic branch (Brillouin scattering) [14].

In the case of Raman scattering, when given a dense medium made of poly-atomic molecules
for instance, the light interacts with optical-like thermally-activated vibrations (i.e. optical
phonons) inside the molecular chain, for example like the bending or stretching modes
between atoms within a molecule [20]. This interaction results in an excited quantum state due
to the energy transfer between the incident photon and the vibration states of the molecule.

The temperature sensitivities of the Raman anti-Stokes and Stokes processes can be deduced
from equations 2.25 and 2.26, where it can be seen that the temperature sensitivity of the
anti-Stokes process (~ 0.83%/K) is higher than that of the Stokes process (~ 0.096%/K) [17].
By evaluating the scattering intensity ratio Igas,s) of both, the anti-Stokes 45 and Stokes Is
processes, given by equations 2.26 and 2.25, using the following expression:

Ins (n) R

I -2 - ekBT 240
R(AS,S) Is x 11 ( )
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2.2, Light scattering in solid media

we get an exponential dependence of the intensity ratio on the temperature, making it possible
to achieve distributed temperature sensing based on Raman scattering. The average phonon
number in the Raman scattering process is significantly small, and is computed to be roughly
~ 0.14 in a silica optical fibre, when the frequency shift is vg =13 THz and T =300 K.

Raman-based fully-distributed temperature sensors acting as nervous systems have proven
to be highly crucial in numerous fields and applications such as in the oil and gas sector to
keep track of pipeline leakages, in the energy distribution industry to detect any faults in
power cables, and in civil engineering for structural health monitoring [21-23]. In this thesis,
however, we will not study Raman scattering any further and the focus will be mainly on
Rayleigh and Brillouin scatterings.

2.2.4 Fibre Bragg gratings

In the previous sections, we were talking about inevitable natural scattering processes oc-
curring in solid silica fibres. Now, we will study a type of purposefully-engineered scattering
mechanisms that can be manipulated and altered according to the need. Its principle is mostly
the same as that of Rayleigh scattering explained in section 2.2.1. Both types of scatterings are
are based on the same concept of scattering due to core density fluctuations, except for the
fact that Rayleigh scattering centres exist unintentionally and are unavoidable, whereas fibre
Bragg gratings are purposefully-engineered.

A fibre Bragg grating designates a periodic variation of the refractive index that is inscribed
in the core of an optical fibre by exposing the latter to high-energy light. This refractive
index variation is mostly of the order of ~ 1 x 1073 which causes a relatively strong reflection.
There are different fabrication techniques, one of which utilises a phase mask to imprint the
corrugation [24], and another that employs femto-second lasers to achieve a point-to-point
inscription of the gratings [25], and several others. Gratings are spectrally selective, as they
exhibit a narrow reflectivity located around a specific wavelength that is determined by the
following Bragg condition:

ABragg =2neG (2.41)

where /g is the grating period and n. is the effective refractive index, and as can be seen in
Eq. 2.41, the Bragg wavelength is dependent on these two parameters. Fibre Bragg gratings
notably found applications in optical signal processing, where they may be used as filters, or in
fibre based optical sensors, where they may be employed to measure parameters such as strain,
temperature, pressure or humidity. Exposing the fibre to temperature changes or applying
mechanical deformations to its core will result in a modification in the grating period (Ag),
which in turn changes the Bragg wavelength (Ap;agg). Accordingly, a shift of the FBG spectrum
occurs as can be seen in Fig. 2.6 where the period Ag of the non-perturbed FBG corresponds
t0 ABragg, Whereas A’ of the perturbed FBG corresponds to A'. By properly characterising this
shift, one may infer the fibre temperature or stress from the measurement of the FBG central
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wavelength. The following equation describes the effect of both temperature and strain, when
applied to the fibre [26, 27]:

A/lBragg =2

Onet 8AG)AH (8"‘*ff 046\ A (2.42)

a1 ety or < etor

The relative change in Bragg wavelength due to strain is calculated by the following equation:

A/lBragg _

ABragg

2
n
1- Teff[pIZVp(pll +p12)l | ez (2.43)
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where p1; and p1» are the strain-optic coefficients, v, = —i—; is the Poisson’s ratio and €, = 57
where 91 is the resulting elongation length and ! is the total length of the fibre. The term
denoted by p, is the effective photo-elastic constant and is 0.22 in silica fibres [26]. Applying
strain to the fibre leads to the longitudinal elongation of the fibre. For a typical germano-

silicate fibre, 1 pe strain corresponds to 1.2 pm shift in centre wavelength (1550 nm).

The change in temperature results in an elongation of the fibre, which is described by the
thermal expansion coefficient and in a change in the refractive index, which is described by
the thermo-optic coefficient. The relative change in Bragg wavelength due to temperature is
calculated by the following equation:

AL
IO (@ + ) AT (2.44)
ABragg G

1 )((9/1@

where a Ao = (71— 7 ) is the thermal expansion coefficient of the fibre that accounts for
G

thermally-induced elongation, and is approximately 0.55 x 107K~ for silica [26], and « A=

(n%f) (%) is the thermo-optic coefficient accounts for thermally-induced refractive index

change, approximately 8.6 x 107°K~! for germanium-doped silica-core fibre [26], and 6 x
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Non-perturbed FBG Perturbed FBG
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Power
Power

Figure 2.6 — Fibre Bragg grating written inside an optical fibre showing the spectrum of the
backreflected signal for a non-perturbed and a perturbed FBG.
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2.3. Light scattering in gaseous media

107%K~! for silica fibres. The expected sensitivity for a 1550 nm Bragg grating is approximately
13.7 pm/K.

Fibre Bragg gratings have proven their high sensitivity as point sensors and accordingly re-
ceived great attention as promising candidates for distributed sensing as they can be relatively
easily multiplexed. Using these highly sensitive point sensors serially along the sensing dis-
tance, researchers were able to achieve quasi-distributed sensing at many points along the
fibre [28], calling this structure Bragg grating arrays. These arrayed gratings, however, are not
continuously distributed along the whole fibre, and can therefore only perform sensing along
the positions at which the gratings are inscribed in the fibre. Despite that, Bragg grating array
sensors are useful for applications where fully-distributed measurement is not necessarily re-
quired. In section 3, we will discuss a recently-introduced grating-based standard single-mode
fibre that shows great potential in long-haul sensing.

2.3 Lightscattering in gaseous media

In the previous section 2.2, we focused on elaborating on the different scattering mechanisms
(inevitable and purposefully-engineered) occurring in solid silica fibres. It is natural to think
that scattering also takes place in other types of media such as gases. In this section, we
will explain some gas thermodynamics and how light scattering in gases occurs. The theory
presented in this section is mainly based on the work conducted in [13] and is important to
be thoroughly understood, as it will be further applied to the evaluation and analysis of the
characteristics of gas-filled state-of-the-art hollow-core optical fibres, which is the topic of
this thesis’ chapters 6 and 7.

2.3.1 Some thermodynamics: Ideal gas
Equation of state for an ideal gas

The ideal gas model is a simplified and approximated concept that obeys the ideal gas law
which is a simplified equation of state. It is used to predict the behaviour of gases and assumes
that the gas molecules are small hard spheres moving in random directions yet are separated
by an average distance (mean-free path) that is much larger than the size of the molecules.
The model also assumes that the molecules only possess kinetic internal energy meaning that
no account is taken of rotational or vibrational energy, and that no friction occurs between the
molecules resulting in purely elastic collisions.

First proposed by Emile Clapeyron in 1834, the ideal gas law’s purpose is to gather the laws of
physical chemistry into one expression. The thermodynamic state of a fluid as per the ideal
gas law combines the following parameters: the volume V, the number of moles per volume
(volumetric number density) ng = % with N; as the total number of molecules in the gas, the
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ideal gas pressure Piq, and the temperature T, and is given as follows:

PV = ndRT—>Pid:RTV—1m :RTICI—(:n (2.45)
where the proportionality constant R is the universal ideal gas constant, and is equal to
8.314 JK~'mol ! which is the product of the Boltzmann constant kz and Avogadro’s number
given by Ny ~6.02214 x10?% mol~!. The molar volume V,, (i.e. the volume occupied by one
mole) is given by the quotient A’j[—‘:n where p is the gas density and M,, is the molar mass.
The ideal gas law gas can alternatively also be written as a function of the total number of

molecules in the gas N; rather than the number of moles n,:

N
PidV:NthT—>Pid:VthT:ndkBT (2.46)

Specific heat capacity for an ideal gas

The specific heat is defined as the quantity of heat energy Q per unit mass m needed to raise
the temperature of a substance by one unit of temperature. The heat energy and the occurring

temperature change are related through the specific heat capacity c = %, with C as the heat
capacity, using the following expression:
Q=cmAT (2.47)

There are two distinct specific heat capacities depending on which of the two parameters, the
pressure or the volume, is being kept constant throughout the heating process. At constant
pressure (isobaric), the specific heat capacity is denoted by cp , and in the case of maintaining
a constant volume (isochoric), it is designated as cy. While a substance (a gas for instance)
is being heated, the specific heat capacity at constant pressure may be noticeably higher
than that at constant volume. This is because at constant pressure, the medium is allowed
to expand and exert work on its surrounding while it is being heated, whereas at constant
volume, the heat occurs in a closed vessel that does not allow expansion. A key parameter in
the evaluation of the specific heat is the quotient y, = g—l‘; which is known as the heat capacity
ratio or the adiabatic index. The two quantities cp and cy are also related to the universal gas
constant R through the Mayer’s relation for an ideal gas by:
R

C —-C =R—cp—cy=— 2.48
BM,, — CV,M,, p—Cy M, ( )

where cpy, = cp My, and cy,y, = cv My, are the molar heat capacities.

Bulk modulus for an ideal gas

All fluids tend to get compressed/expanded when subjected to external forces. The amount
of resistance to compression/expansion a substance shows is measured by its bulk modulus
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2.3. Light scattering in gaseous media

K. It is described as the ratio of pressure change to the fractional change in volume per
unit volume, and can be also described as a function of the fluid density since the volume is
inversely proportional to it. Accordingly, the bulk modulus is formally defined by the following
expression:

K=-v =2 (2.49)

where the negative sign in —Vf}—ﬁ is due to the fact that the increase of the applied pressure
causes the volume to decrease but the density to increase as can be intuitively inferred from
Eq. 2.49. The reciprocal of the bulk modulus gives the substance compressibility. Two types of
bulk moduli can be defined, namely the isothermal bulk modulus at constant temperature

Kr = (po ((11_13) , and the adiabatic also called isentropic bulk modulus at constant
Po ) T=constant

entropy K = (po g—;}) o The two bulk moduli are related through the quotient of the
S=constan
specific heat capacities (heat capacity ratio) yy, as follows:

v _K

=—= 2.50
o " Ky (2.50)

Yh
By differentiating Eq. 2.45 at constant temperature and substituting the expression for the
isothermal bulk modulus K, we will see that K7 = P, and according to Eq. 2.50, it follows that
Ks=ynP.

2.3.2 Some thermodynamics: Non-ideal gas
Equation of state expansion for a non-ideal gas

When the simplifying assumptions of the ideal gas model have to be given up, like in the
case when gas is subjected to high pressure or high temperature, for example, the ideal gas
approach will no longer be accurate and Eq. 2.45 has to be modified accordingly. Different
techniques have been developed to solve this more difficult problem of the so-called many-
particle system. The classical approach consists in firstly finding a reference state that can
roughly represent the real system under consideration and its characteristics are not too
deviated from it. We can then apply some type of perturbation theory around this reference
state such as the virial expansion, for instance. This will provide systematic corrections to
the ideal gas law, and yield a more suitable approximation for the real system as a function
of temperature, pressure and the system density. Accordingly, Eq. 2.45, the pressure-explicit
form of the equation of state for the ideal gas can be adjusted by the virial expansion in powers
of the reciprocal molar volume or the gas density as follows [29, 30]:

2

B(T) C(T) Po Py
P=Py(T) 1+V—m+ V2 +...):Pid(T) 1+B(T)M_m+C(T)M_,2n+"' (2.51)
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with B(T) and C(T) as the second and third virial coefficients, respectively. These coefficients
are a function of the temperature and act as correction factors for the equation of state while
the gas density is increasing. They can be deduced from experiments or theoretically evaluated
from the exact form of the inter-particle interaction potential U(r) using the Lennard-Jones
potential [31]. The second virial coefficient can be estimated using the following expression
[32]:

(o8] —U(r)
B(T):—an rz[ w—l]dr 2.52)
0

where r is the distance between two interacting particles and kg is the Boltzmann constant.
The more particles interact with each other (e.g. with increase of pressure), the more corrective
terms (virial coefficients) are needed to reach a more accurate approximation of the equation
of state. The virial coefficients have been thoroughly studied for many fluids and tabulated in
several references [33-35]. The second and third virial coefficients provide the most correction
to the ideal gas law, which is why for many practical purposes, these two coefficients alone are
usually enough for a proper estimation up to ~100 bar.

Specific heat capacity for a non-ideal gas

Just like the equation of state for non-ideal gases, the specific heat capacities cp and cy should
be altered to cope with high pressure and temperature changes. The same approach can be
followed using the virial expansion where we determine a reference state and expand from
it. The reference in our case is based on the ideal gas conditions. We will then denote the
reference heat capacities by cp;4 and cy,;4, and the virial expansion reads [29]:

(BT ~ P ( dZB(T)) (BT ~ P (,dB(D) +TdZB(T) 2.53)
c Rcpig——|T———| ¢ =c .

P Pld Mm de 1% Vld Mm dT de

where P is the real gas pressure and not the pressure in the ideal gas conditions. dB (T) and

d’B(T)
dTr

are the first and second derivatives of the second virial coefficient, respectlvely. The
heat capacity ratio is then calculated using the expressions presented in Eq. 2.53, and the
expansion takes the following form !

d®B(T)

rneT) = 8D thia (T - )

h\L, = = >

cy(PT . _ P (odB() d?B(T)
vIED) ey ia- 1 (2 ar YT g7 ) (2.54)
L, L P (,dB(D) d?B(T) ( 1))

= Yh,id Cvid M, a7 Yh,ia + a7z \Yhid~

where yj ;4 = oo 18 the ideal gas heat capacity ratio from where the virial expansion starts.

Taking the dlfference of the altered specific heat capacities of Eq. 2.53, the following expression

IThe final expression is attained and approximated by simplifying the original expression using (1 — x)(1 + x) =
1 - x2, and neglecting the higher order terms.
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2.3. Light scattering in gaseous media

for the expanded Mayer’s relation is yielded:

cp(BT)—cv(BT) = cpia—Cvjia+

p dB(T)
(2—) (2.55)

M, \" dT

These modified expressions using the virial expansion will be further utilised to find a proper
approximation for the acoustic velocity in a non-ideal gas which will be presented in section
2.3.6.

Bulk modulus for a non-ideal gas

In the case of a non-ideal gas, we will follow the same drill as before and apply the virial
expansion on the bulk moduli, and expand up to the third virial coefficient. Using Eq. 2.51
and Eq. 2.49 at constant temperature, the expanded isothermal bulk modulus will be written
as follows:

2
Do Py

Ky =Piyy(T)|1+2B(T)— +3C(T)— 2.56

T = Pig(T) ( )Mm ( )Mrzn) ( )

Utilising the relationship between the isothermal and the adiabatic bulk moduli presented in
Eq. 2.50 along with Eq. 2.54 and Eq. 2.56, the following expression is yielded for the adiabatic
bulk modulus:

1 Py4(T) dB(T)

Po
K = vhiaPia(T) 1+ 2B(T)—— + 2.57
s = Yh,id 1d( ) ( ( )Mm cvid M,, dT ) ( )

2.3.3 Gas flow regimes

There are different regimes which describe the behaviour of gas molecules at different gas
pressures, and how the light scattering is affected accordingly [37, 38]. A key parameter
defining those regimes is the ratio between the scattering wavelength and the mean-free path
between molecular collisions referred to as the y-parameter which is essentially the inverse of

0 < Kn 01 1 10 100 Kn = oo
00'0 QI g«
00 QP _«
0 9 °

‘o’ooo “.°o°.

Figure 2.7 — Schematic showing the different gas flow regimes and the Knudsen number
corresponding to them [36].

25



Chapter 2. Background and fundamentals

the Knudsen number K;;, and is given by the following expression [39]:

1 A P ngkgT
27 Lingp  kvmns  kvmns

y (2.58)

where A is the wavelength of the scattered light, L, = 0’%‘“} is the mean free path of the gas
molecules, P is the gas pressure, vy, is the thermal velocity defined as vy, = % with M as

the molecular mass, acq) = n£ is an effective collision frequency, 7 as the shear viscosity of the

gas, ng is the volumetric number density, and T is the gas temperature. The wavevector k
with its magnitude or wavenumber k = 27” is defined as the difference between the scattered

ksc and the incident k;, wavevectors as follows: k =

k_)SC - El| The different regimes are
demonstrated in Fig. 2.7 along with their corresponding Knudsen number which simply
determines what is the current gas flow regime. Three flow regimes are defined using the
Knudsen number, namely the hydrodynamic regime (continuum flow) with K, << 1 for high
gas densities, the kinetic regime with 1 K, = 1, and the Knudsen regime (Knudsen diffusion
or free molecular flow) with K, >> 1 for low gas densities. Compared with the scattering
wavelength, the mean free path of gas molecules in the hydrodynamic regime is so small that
the gas can be treated as a continuous medium, thus classical Navier-Stokes equations can
be applied to calculate the spectrum of the scattered light. The spectrum will contain three
Lorentzian-shaped peaks, namely a central Rayleigh peak and two displaced Brillouin peaks
(Stokes and anti-Stokes) on each side of the Rayleigh peak. In the Knudsen regime, the mean
free path between collisions is very large and the light gets scattered by the gas molecules
individually, and the spectral profile takes the form of a Rayleigh distribution. As for the kinetic
regime with the intermediate range of Knudsen number, the gas flow cannot be treated using
the continuum nor the individual particle approaches. In that case, the spectral shape cannot
be straightforwardly obtained as in the case of the hydrodynamic and the Knudsen regimes.
Accordingly, different models based on solutions of the Boltzmann distribution for the density
fluctuations have been developed and validated for the spectra at this intermediate regime
[40-42].

2.3.4 Rayleigh scattering cross-section

Molecular Rayleigh scattering occurs when light experiences elastic scattering from gas
molecules. The total Rayleigh volume-scattering coefficient reads:

Pr=0RrNg (2.59)

where o is the Rayleigh scattering cross-section for a single molecule and is expressed as
follows [43]:

247 (nges = D% 6+ 3p,,
An2 (ng,s+2)26-7py

OR (2.60)
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where n is the volumetric number density, ngys is the gas refractive index, and the fraction
% is called the King correction factor with p,, as the depolarisation factor which describes
(néas_l)2
(NG5 +2)?

which expresses the refractive index ng,s of a substance in terms of the atomic polarisability

the effect of molecular anisotropy. The term is a factor in the Lorentz-Lorenz relation
ap. Polarisability describes the tendency of a substance that is subjected to an electric field
to acquire an electric dipole moment which is proportional to the field applied to it. The
Lorentz-Lorenz relation is written as follows [44]:

N,

2 . W
Mgas—1  Napo ap  ap 2 2po(Mm3€0)ap+1
2 = 2. do T Hgas = N
ngas+2 Mm 36‘0 360 1‘“’(%)“!’

(2.61)

where N, is Avogadro’s number, py is the gas density, M,, is the molar mass, and n, is the

Na
Mm3€0

should be noted that by replacing the refractive index ng,s by €, using the Maxwell relation

number density. The term Fj; = ( ) will be denoted as the Lorenz-Lorentz factor. It

€r= néas, Eq. 2.61 will then be called the Clausius-Mossotti relation.

Unlike in section 2.2.1, where light was scattered by steady density fluctuations in solid silica,
here light is scattered by moving gas particles. This means that the spectral width of the
scattered light will experience some broadening (Doppler effect) due to the motion of the
molecules. Information about some gas parameters can be directly inferred from the Rayleigh
spectrum. For example, the bulk flow velocity of the gas can be determined by knowing
the amount of Doppler shift away from the incident central frequency. Additionally, the
spectrum’s total intensity is directly related to the gas density, and the width of the Rayleigh
spectrum is a function of the gas temperature. This indicates that proper modeling of the
Rayleigh spectrum is needed to be able to analyse the gas parameters. Therefore, the gas flow
at different conditions has to be studied because the gas density has a direct impact on the
shape of the spectrum.

2.3.5 Brillouin scattering in gas

In chapters 6 and 7 of this thesis, we are mainly interested in the hydrodynamic gas flow
regime, as we will be analysing the occurrence of Brillouin scattering which becomes very
prominent in this regime. The scattering spectral distribution associated with this flow regime
consists of three Lorenztian-shaped peaks, and can be described as follows [39, 45]:

-1 q5xc/pocp 1 I'pqs
Shy(qB, W) o 2 2 27 2 2.2
U yn ) wt+(Keq®/pocp)® Vi \ @+ qpva)®+ U Bqp)
Rayleigh Peak Anti—Stokes?BrriHo;lin Peak (2.62)
N i I'pqy
Yn\ (@—qpva)®+ (Iq3)?

Stokes Brillouin Peak
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where g3 is the acoustic wavenumber, w is the angular frequency of the light, x ¢ is the thermal
conductivity, I is the acoustic attenuation, and v, is the acoustic velocity. Eq. 2.62 includes
three terms for each of the three spectral lines. The first term corresponds to the spectral
distribution of Rayleigh scattering caused by the entropy waves as in the thermal fluctuations
present in the molecules, and two anti-Stokes and Stokes Brillouin distributions existing
because of the sound waves (phonons) that move either along or in the opposite direction of
the scattering vector k resulting in momentum transfer to the incident photons. This then
causes either an increase (anti-Stokes) or a decrease (Stokes) of the scattered light frequency
as thoroughly explained in section 2.2. The shift in frequency occurring for the Brillouin lines
is dependent on the gas and the wavelength used, and is given by the same equation for silica,
namely vp = Z"jl—fé”” as in Eq. 2.38.

Brillouin linewidth

The acoustic attenuation is a function of several thermodynamic quantities and is given by
[46]:
T ((yn—Dxc 4
Ig=-2 +1p+ =15 (2.63)
Po cp 3
where 1, and n; are the volume (bulk) and shear viscosities, respectively. It is apparent
from Eq. 2.63 that the acoustic attenuation of a sound wave in gas is mainly caused by the
thermal conductivity and the viscous forces simply arising from the random motion of the gas
molecules. The thermal conduction is defined as the energy diffusion across a temperature
gradient (from higher to lower temperatures). The shear viscosity, however, is the result of a
momentum transfer due to thermal diffusion which, in the presence of a velocity gradient,
leads the gas molecules to diffuse from the higher to the lower flow velocity. The strength of
the two processes highly depends on the strength of the gradients. The bulk viscosity involves
the slow irreversible energy exchange between the internal degrees of freedom (e.g. rotational
and vibrational modes) and the translational mode. This transfer of energy has an opposed
direction at each 7m-phase-shift of the wave and leads to attenuation of the acoustic wave [47].
The Brillouin linewidth (i.e. full width at half maximum (FWHM) of the Lorentzian spectrum)
is proportional to the acoustic attenuation and is simply given by %

Brillouin gain

The Brillouin gain obtained due to the interaction of the optical waves with the sound waves
can be described as follows [11]:

2, .2
8= S [ L A— (in m/W) (2.64)

Ngas Va c3 pols
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where g is the intrinsic Brillouin gain, and gg is the Brillouin gain that is calculated as a
function of the acousto-optic overlap effective area expressed by Ao as shown in the following
equation:

2 .2
Ye® (inm~ w1 (2.65)

8B =
Ngas Vg c3 Pol'B Aao

where y. = po %p’ is the electrostrictive coefficient in the gas medium and is described as the

rate of change of the relative permittivity with respect to the gas density p, w is the angular
frequency of the light, ng,s is the gas index of refraction, c is the speed of light in vacuum, and
Aqo is the acousto-optic overlap effective area. It is obvious from Eq. 2.65 that the Brillouin gain
is highly dependent on the electrostrictive coefficient which is dependent on gas refractive
index which itself changes with the variation in the gas density. We can, accordingly, use
the Lorenz-Lorentz equation presented by Eq. 2.61 to help us estimate the electrostrictive
coefficient when the gas density changes. By differentiating Eq. 2.61 with respect to the gas
density pg, we end up with:

dngas _ 3FLL _ (”éas B 1) (néas * 2)

dp Zl’l(l—pFLL)z - 6 ngasp

(2.66)

The electrostrictive coefficient can then be determined using Eg. 2.12 and Eq. 2.66 as follows:

ol ong (M) (e 2)
Ye—POap—POap Ye = 2NgasP B0 3

(2.67)

It ought to be remarked that p, represents the initial gas density without any changes applied
to it, whereas when the parameter becomes p, it means that there was a change in the gas
density and the initial gas density is altered. As can be seen from Eq. 2.67, the electrostrictive
coefficient is directly proportional to the gas density y. « p, and from Eq. 2.63 we infer that
the Brillouin linewidth is inversely proportional to the gas density 52 o %. Accordingly, and
from Eq. 2.65, we observe that the Brillouin gain essentially depends on the gas density in a
quadratic manner. This is an important realisation, as it shows the possibility to benefit from
this square dependence by increasing the gas pressure, hence the gas density, and yielding
significantly high Brillouin gains [13, 48]. The experimental demonstration verifying this
relationship utilising different hollow-core fibres is presented in chapter 7.

2.3.6 Acoustic velocity in gas

Ideal gas

In section 2.2.2, we describe the acoustic velocity in Eq. 2.39 for solid silica as a function
of the Young’s modulus and the Poisson’s ratio. For gas, however, the acoustic velocity is
dependent on the Bulk modulus. The isentropic bulk modulus is related to the Young’s
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modulus Y mentioned in Eq. 2.39 through the following relation: Y = K7 (1 —2v,,), where v, is
the Poisson’s ratio. The acoustic velocity v, is then given by the following expressions:

K P idRT
\/Yh T \/Yh id Yh,id (2.68)
\/ My,

It should be noted that the last two expressions are only valid for the ideal gas approximation.

Non-ideal gas

In the case of a non-ideal gas, where the gas is subjected to higher changes of temperature
or pressure which cannot be properly approximated using the ideal gas approximation, the
value of the bulk modulus needs to be determined correctly for a proper approximation of the
acoustic velocity. To that effect, if of course the gas is not entirely deviated from an ideal gas,
Eq. 2.68 can be amended using correction factors to the expression of the velocity for an ideal

gas:
¢ yrkr \/ ap 2.69)
0

where the virial expansion in pg is applied as follows:

(a—P) <P () apry P 3o Lo Po 2.70)
dpolr PO Mp M2 '

We then substitute y, and (gp ) for their expanded expressions in Eq. 2.54 and Eq. 2.70,
respectively, into Eq. 2.69. The ﬁnal expression is yielded by ignoring the virial coefficients
products along with the third virial coefficient (C(T)) and applying first order approximation
to the square root, and in turn it follows:

Va = Vg,id ¥ Va,id > Po (B(T) ! ﬂ (ZYh id 4B + T(Yh id ™~ 1) @)) (2.71)
M, Cpid 2M;y, ’ dr ’ dT?

where v, ;4 is the acoustic velocity, given by Eq. 2.68, calculated for the case of an ideal gas.
It is taken as the reference state from which the virial expansion starts. Eq. 2.71, however,
is severely approximated which means that it can no longer hold at relatively high changes
of pressures or temperatures. Despite that, it is quite safe to use it in the work presented in
this thesis (in section 7) because the ranges of pressures reached are well below the threshold
above which the expression breaks.
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2.3.7 Acoustic velocity dependencies
Dependence on temperature

It can be directly observed from Eq. 2.68 that the acoustic velocity of an acoustic wave at
constant entropy is a function of temperature in the ideal gas approximation, and to describe
the rate of change of the acoustic velocity with the respect to the temperature, we write:

(8ya) _(ava) E - (2.72)
T Jp \OT 5, 2VT 2T '

This means that the temperature change would be the same whether the gas is assumed to be
allowed to freely move in or out of an enclosure (i.e. constant pressure) or is confined within a
sealed enclosure (i.e. constant density).

In the case of the non-ideal gas, where the acoustic velocity is approximated and governed by
Eqg. 2.71, we can understand that the acoustic velocity is dependent on the virial coefficient
B(T) and its derivative.

Dependence on pressure

The equation of state of an ideal gas presented by Eq. 2.45 shows that the pressure is propor-
tional to the density at constant temperature. That said, and according to Eq. 2.68, we can
clearly see that the acoustic velocity in the ideal gas situation does not show any dependence
on the applied pressure. However, this relationship is different for the non-ideal gas case, as
from the of expression of the acoustic velocity based on the virial expansion given by Eq. 2.71,
we can immediately notice that the linear dependence of the acoustic velocity on the gas
density which itself, as explained earlier, is related to the pressure through the virial expansion
Eq. 2.51.

2.4 Interrogation techniques for optical fibre sensing

The scattering of light occurring in the different media which we have discussed in the pre-
vious sections is the very reason behind optical fibre sensing. The scattered light from the
optical fibre contains essential localised information about the fibre surroundings. For this
purpose, several interrogation techniques have been designed and implemented to detect the
different types of scatterings. Here, we will present the fundamental principles upon which the
currently-existing interrogation techniques rely. These include systems based on the interro-
gation in the time domain, in the frequency domain and in the correlation domain. The choice
of the experimental system solely depends on the application and its needs. When there is
an access to only one side of the optical fibre, the interrogation is referred to as reflectometry,
whereas when both sides of the optical fibre are utilised for the experiment, the interrogation
is called analysis. Further on in the thesis, we will only deal with time-domain and correlation-
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Figure 2.8 — Experimental setup examples of (a) OTDR; and (b) ¢-OTDR. (DFB: Distributed
feedback laser, EOM: Electro-optic modulator, EDFA: Erbium-doped fibre amplifier, TF: Tun-
able filter, VA: Variable attenuator, PD: Photo-detector, FUT: Fibre Under Test).

domain reflectometres which is why no emphasis was given on frequency-domain techniques
nor was it given on analysis interrogation techniques, as they are out of the scope of this work.

2.4.1 Optical time-domain reflectometry

Optical time-domain reflectometry (OTDR), as its name suggests, is based on the time-of-flight
measurement. The concept of time-of-flight in an OTDR can be assimilated to that of a radar
system, in which radio waves travel through some medium (typically air), hit a target, and
get reflected back. The position of that target is determined by the time it took the waves to
complete a round-trip between the start position and the target. In contrast to a radar system,
an OTDR is not based on radio waves for the interrogation, but it relies on shooting intensity-
modulated optical waves (typically rectangular pulses) inside a waveguide (e.g. optical fibre),
and as indicated earlier, the light gets scattered by any obstacle encountered while traveling
through the fibre, be it fibre drawing defects, connection and splice losses, end-face Fresnel
reflections, or others. Using the time-of-flight information of the received optical signal, the
distance d traveled to the target and back can be directly calculated and precisely estimated by
ct

d= Tpe where anf is the propagation group velocity vgroupIII of the optical waves in the fibre.

The back-scattered power received at the detector can be formulated as follows [14]:
Pps=PipapsRspexp(—2az) (2.73)

where P;, is the input peak power to the fibre, and Ry, is the spatial resolution (in m) of the
OTDR system (which is equivalent to half of the physical length of the interrogation pulse
launched into the fibre), « is the linear fibre attenuation coefficient assumed to be constant
at each position z, and the factor 2 accounts for the round-trip time that the light takes to
reach the receiver at the input of the fibre. In 1976, Barnoski et al. [28] demonstrated the first
experimental implementation of what is currently referred to as a conventional incoherent
OTDR. It has been and is up until now (nowadays converted into a handy compact instrument)

1 nL is taken as the group velocity vgroup since we are considering our medium to be non-dispersive in which

€]
case the phase velocity v), is equal to vgroup.
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2.4. Interrogation techniques for optical fibre sensing

a very useful technique to evaluate the losses over entire optical links, and different sorts of
applications whether in research laboratories or in the industry. Apart from the conventional
incoherent OTDR, there is another type of OTDR that relies on a coherent light source instead
of an incoherent one. The implementation of both techniques is essentially the same except
for the light source utilised which can be seen in Fig. 2.8. As their names clearly indicate, in an
incoherent OTDR, the light source is incoherent having a wide spectrum (e.g. the amplified
spontaneous emission of an Erbium-doped fibre amplifier (EDFA)), whereas in a coherent
OTDR, the light source is coherent with a narrow linewidth (e.g. laser). A coherent OTDR
is also referred to as phase-sensitive OTDR (¢-OTDR), and can be subdivided into different
techniques such as frequency-scanned direct-detection ¢-OTDR which will be intensively
discussed in section 4, and chirped-pulse ¢-OTDR [49].

A conventional incoherent OTDR can solely be utilised to detect faults in fibre lines, but it
cannot fulfil the requirement to achieve distributed optical fibre sensing because it lacks the
coherence properties existent in coherent OTDRs. When a coherent laser source is used, the
backreflected waves undergo constructive and destructive interference at the receiving end.
The acquired jagged light intensity trace (lower oscilloscope in Fig. 2.8) can be utilised to re-
trieve the phase information of the waves through signal processing to provide useful localised
information about the fibre surroundings. However, when the light source is incoherent, it
means that the backreflected waves carry random phases, which when added together, will
result in an averaged-out intensity trace as monitored on the upper oscilloscope in Fig. 2.8.
Accordingly, loss of localised information is the outcome and no localised sensing can be
realised with an incoherent OTDR.

2.4.2 Optical correlation-domain reflectometry

Optical correlation-domain (also referred to as coherence-domain) reflectometry (OCDR)
is based on controlling the optical coherence of the light source. This can be achieved by
directly modulating the laser frequency though direct injection current modulation [50] or

fo
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DFB Laser 90/10 — 1 f)ﬂ -
Diode C—
\ I Reference 3 f-f
f B
Delay 0 » 50/50
\ —— —
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\

Optical Connections

\
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Figure 2.9 — General schematic of a BOCDR experimental setup example.
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Chapter 2. Background and fundamentals

phase-modulation [51]. Another way would be by changing the laser source and using the
amplified-spontaneous emission (ASE) of a fibre amplifier as the source instead [52].

OCDRs are typically utilised for the detection of Brillouin scattering and are in that case
referred to as Brillouin optical correlation-domain reflectometres (BOCDR). Fig. 2.9 shows a
general schematic as an example of a BOCDR, where the laser frequency is dithered by means
of an RF generator. It is seen from the figure that the laser light gets divided into pump and
reference branches. The reference signal is delayed and acts as a local oscillator that beats
with the spontaneous Brillouin scattered light from the fibre under test (FUT).

When we take a look at Fig. 2.10 (a), we will see that the two beating signals may be in-phase
or out-of-phase. When the two beating signals are in-phase, this heterodyne beating at the
photo-detector (PD) results in a correlation peak (illustrated in Fig. 2.10 (b)) that may be
moved along the fibre when the modulation frequency is altered. The Brillouin gain spectrum
(BGS) can only be measured when the correlation between the two signals is high. However,

a .
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Figure 2.10 — (a) Conceptual schematic of an example of BOCDR using sinusoidal frequency
modulation to the laser [53]; (b) Illustration showing the high correlation resulting in the
measurement of the BGS; figure adapted from [54].
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2.4. Interrogation techniques for optical fibre sensing

in the other case where the two signals are out-of-phase, the correlation is significantly small,
and accordingly no BGS can be observed. From Fig. 2.10 (b), we can clearly see that the high
correlation is at one particular position (beating signals are in-phase) and for the rest of the
fibre positions (beating signals are out-of-phase) the correlation is almost negligible. In such
a system the measurement range is given as a function of the modulation frequency f;, as

follows:
Vgroup
Dy, = 2.74
m= (2.74)
where vgroyp is the group velocity. The spatial resolution is given by:
VgroupAVB
Rypy=—"7-—- 2.75
= 2nfulf &7

where Avg = g—jf is the Brillouin linewidth and A f is the amplitude of the frequency dithering.
As can be realised from equations 2.74 and 2.75, both parameters are interlinked and there
is a trade-off between a smaller spatial resolution and a larger measurement range. Other
techniques were, therefore, developed to overcome this problem [55]. Still for many applica-
tions, such a system is quite convenient, as it offers a very small spatial resolution (of course
depending on the length of the fibre) and is very easy to implement compared to many other
configurations and interrogation systems. In chapter 7, it will be shown how this approach can
be utilised in practice and will be opted for to conduct fully-distributed optical fibre sensing.
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8] Investigation of fibres with enhanced
directional backreflection

3.1 Introduction

In the fundamentals section 2, we have seen that the different scattering processes present
in the standard silica optical fibres enable us to perform localised sensing which is entirely
distributed and is only a matter of how short the spatial resolution is and how long the sensing
range can be. If we take some time to think about it, we can understand that fibre Bragg gratings
are nothing but purposefully-engineered density fluctuations. This, of course, reminds us
of the fundamental scattering process in an optical fibre, namely Rayleigh scattering which
occurs due to the inevitable density fluctuations created during the fibre drawing process. In
section 2.2.1, we have rigorously discussed how it occurs and briefly mentioned that it results
in scattering in almost all directions as shown in Fig. 2.4. What we have not yet addressed is
the fact that during the process of Rayleigh scattering, when the light gets scattered in many
directions, only a small fraction of the light actually gets recollected by the receiver. The power
of the backreflected light reaching the input end of the fibre from a distance z is described by
the following equation:

Pgg = Pin apr Rspexp (—2az) (3.1)

where Py, is the peak input power to the fibre, agg is the backreflection coefficient, Rgp, is the
spatial resolution, and exp (—2az) accounts for the round-trip loss experienced by the light
while it’s propagating along the fibre. As apparent from Eq. 3.1,the power captured by the
receiver Pgp is proportional to the backreflection coefficient agg which itself can be written
as:

aBR = ags Fre (3.2)

with ags as the scattering coefficient and Fge as the recapture fraction. The recapture fraction
2

is a function of the numerical aperture (NA) of the fibre and the refractive index Fge = %’22 .

For a standard single-mode fibre (SMF), the reflection parameters take the values presented in

table 3.1 [16, 56]. From the table, we can see that about 28.9 dB (corresponding to an efficiency
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Chapter 3. Investigation of fibres with enhanced directional backreflection

Parameter Symbol Value
Scattering Coefficient aBs ~4.2x107°m™!(~-43.8dBm™})
Recapture Fraction Fre ~1.3x1073(~-28.9 dB)
Reflection Coefficient ABR ~5.4x1078m™1(~-72.7dBm™})

Table 3.1 — Typical reflection values for a standard silica SME

of ~0.13%) of the scattered light is lost and never reaches the receiver. This, of course, triggers
curiosity and makes us think of solutions to overcome this problem to make use of all the
scattered signal.

One of the most common techniques adopted to achieve SNR enhancement in Rayleigh-based
sensors relies on the core manipulation of the sensing fibre, thereby inducing supplementary
density fluctuations in the fibre core which in turn results in higher Rayleigh scattering.
Therefore, several studies in the literature proposed different approaches to increase the
scattering centres along the fibre, for instance with the use of nano-particle doping achieving
a back-scatter enhancement of 36.5 dB, yet a round-trip loss of 25.5 dB/m [57], or using UV
exposure reaching 50 dB of signal enhancement with a 0.15 dB/m induced loss [58, 59], along
with others.

An inevitable repercussion of improving the Rayleigh back-scattering through the enhanced
scattering in many directions (shown in Fig. 3.1) by inducing more scattering centres is the
increased total loss in the fibre; ergo, only short distance sensing would be possible. For
instance, let us assume a scenario in which a 30 dB enhancement in the backreflected signal is
achieved, yet is obtained at the expense of a fibre loss of around 0.2 dB/cm. In such case, the
accordingly enhanced backreflected signal will result in a higher/equivalent back-scattered
power only up to a distance of ~74 cm when compared with a standard SMF (0.2 dB/km).
Thus, considering the total cost of manipulated fibres along with the added fibre losses, the

Rayleigh Scattering Centres Fibre Bragg Grating

A\ oo

Rayleigh Scattering Directional Backreflection

Figure 3.1 — Illustration showing the directional reflection due to the purposefully-engineered
fibre Bragg gratings, and the Rayleigh scattering occurring due to the inevitable Rayleigh
scattering centres.
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3.3. Directional reflection

real benefit of the higher SNR obtained by increasing the number of scattering centres is quite
sceptical. However, such fibres can still find a panoply of applications which don’t demand
long range distributed sensing yet require high accurate measurements of the measurand,
such as in biomass reactors, nuclear reactors, and others.

3.2 Directional reflection

As a consequence of the high loss induced by the scattering centres, the spotlight has been
turned on the inscription of faint Bragg gratings along the sensing fibre to benefit from an
enhanced directional backreflected signal (shown in Fig. 3.1) with a fairly low fibre loss [56,
60]. Firstly presented in [61], Thévenaz et al. demonstrated the idea of using faint long grating
(FLOGs) as fully-distributed sensors. This work opened the door for FBGs to be also considered
for long fully-distributed optical fibre sensing. However, it should be remarked that the gratings
can no longer have very high reflectivities like the ones used for point or quasi-distributed
sensing. This is because with such high modulations of the refractive index (~1x1073/1x107%),
all the light will be reflected, hence only short distances can be interrogated, as the pulse will be
depleted right away. That is why, careful treatment of the gratings is required and reflectivities
corresponding to the order of the Rayleigh density fluctuations (~1x1077/1x1078) need to be
achieved. A confusion would probably arise at this point where we wonder that if we need
the gratings to be as weak as the Rayleigh density fluctuations, then why fabricate gratings in
the first place? Aren't gratings supposed to be strong enough to ensure a strong reflection? To
answer this question, we have to firstly understand that in this scenario, gratings are needed
to achieve a directional reflection which cannot be yielded by point-like scattering centres. A
lot of works have been oriented towards increasing the number of Rayleigh scattering centres
[57, 58] which indeed increases the scattering in many directions, but does not fulfil the
directionality requirement, and therefore, does not necessarily lead to an enhanced received
signal. This because gratings have refractive index changes across the entire cross-section,
while random irregularities do not. Accordingly, gratings can be thought of as weak directional
reflection barriers from which the light is reflected with ~100% efficiency.

In this chapter, we talk about some types of long faint gratings and how they can be fabricated.
We will also study the spatio-temporal coupling between the counter-propagating waves
(a temporal pulse and a continuous wave) using the coupled-mode theory after presenting
the conventional spatial coupled-mode theory in section 3.4.1, which will allow us to further
understand which type of gratings are the most suitable for achieving fully-distributed sensing.

3.3 Types of fibre Bragg gratings

There are a lot of different types of fibre Bragg gratings which have been extensively discussed
in the literature to be employed for various applications [62]. In our case, we are only interested
in the fibre Bragg gratings which can be beneficial to be utilised for long distributed fibre
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Chapter 3. Investigation of fibres with enhanced directional backreflection

Figure 3.2 — Schematic showing an optical fibre with uniform fibre Bragg gratings written in
its core. The figure on the right shows a top view of the fibre cross-section highlighting the
uniform distribution of the gratings along the fibre.

Figure 3.3 — Schematic showing an optical fibre with random fibre Bragg gratings written in
its core. The figure on the right shows a top view of the fibre cross-section highlighting the
random distribution of the gratings along the fibre.

sensing. The type of grating which would, at first glance, make the most sense would be
uniform long faint gratings [61].

3.3.1 Uniform gratings

By uniform gratings it is meant that the gratings are continuously written and the grating
pitch is the same all along the fibre as can be seen in Fig. 3.2. This means that during the
grating inscription process, no phase-hopping occurs. In reality, uniform gratings are quite
challenging to achieve, simply because an extremely high accuracy of the translation stage is
needed. This, however, is not the only hurdle when it comes to uniform gratings, as we will see
in section 3.4.2. We will come to understand that the strong grating uniformity is actually a
disadvantage for long range sensing.

3.3.2 Random gratings

Given the multiple problems faced when we talk about uniform gratings, we shall introduce
another type of gratings which is of high interest to us, namely random gratings. The random-
ness comes mainly from the random spacing between the different gratings as can be seen in
Fig. 3.3. Random gratings can be also subdivided into randomly-spaced single-wavelength
gratings and randomly-spaced chirped gratings. As their names already indicate, the former
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has identical grating periods, whereas the latter has different periods with the Bragg frequency
increasing or decreasing. The chirping can be along the whole fibre or over the individual
gratings. If the chirping is done over the whole length of the fibre, this means that when the
fibre length is decreased, some frequencies will be removed from the reflection spectrum. In
the other case, however, by reducing the fibre length, the reflection will be reduced, but all the
frequencies covered by the chirping will still appear in the reflection spectrum.

3.4 Coupled-mode theory

The coupled-mode theory or formalism is usually opted for to model the coupling of various
types of systems (optical, electrical, etc.). It is often used in guided-wave optics as a perturba-
tional approach to analyse electromagnetic wave propagation and media interaction in space
and time [62, 63].

3.4.1 Spatial coupled-mode theory

Spatial coupled-mode theory, as its name suggests, consists in modelling a system in the
space domain. Here, we will revise the analytical solution for the spatial coupling between
two waves in a perturbed waveguide having sinusoidal corrugation of the refractive index as
a prerequisite to the spatio-temporal coupled-mode theory presented in section 3.4.2. We
differentiate between the spatial and the spatio-temporal coupling situations, as in the former
situation the coupled waves are continuous waves (CW) that are interacting at all times during
their presence in the waveguide, whereas in the latter situation the coupling occurs between a
CW and a temporal pulse that propagates along the waveguide and interacts with the CW only
at specific instants of time.

The sinusoidal corrugation of the refractive index (illustrated in Fig. 3.4) is a good approx-
imation for a fibre Bragg grating where the perturbation term shows a dependency on the

core

Figure 3.4 - Sinusoidal variation of the refractive index of the fibre core along the z-coordinate.
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Chapter 3. Investigation of fibres with enhanced directional backreflection

longitudinal spatial coordinate z as described by the following expression:
1 . .
An(z) = Angcos(Kz) = EAno(e”“ +e K7 (3.3)

where K = 51—” with Ag is the perturbation period as illustrated in Fig. 3.4.
G

If we assume that we are dealing with a single-mode waveguide (e.g. standard single-mode
fibre) and that the perturbation is isotropic as far as polarisation is concerned, only two
distinct eigenwaves present in the waveguide can be coupled as a result of the perturbation,
namely one forwardly-propagating wave and another backwardly-propagating. The perturbed
fields of these two counter-propagating waves take the following general form:

Ein(2) = Egin(2) e 'in* Forward Propagation (3.4)
Esc(z) = Ep sc(2) et iksez Backward Propagation (3.5)

where Ej ;,(z) and Ej s (2) are the amplitudes (envelopes), and +z indicates the direction of
propagation. By examining the effect of both counter-propagating waves on each other, we
will end up with the Helmholtz equation stating [64-66]:

V2Ein + 12 kin Ein + Anegen(2) kinEsc = 0 (3.6)
— ———

Perturbation

Substituting the expressions in 3.5 into Eq. 3.6, simplifying by using the slowly varying envelope
approximation [62], we yield the following two coupled equations for the amplitudes:

d . ;
d_EO,in(Z) =- lCcelAKZEO,sc(Z)
z (3.7)

d R
_EO,SC (z)=+iCce lAKZEO,in(Z)
dz
where AK =2k,, — K is the deciding factor of whether the coupling is at resonance (i.e. AK =

0 — 2k, = K) or off-resonance (i.e. AK #0); assuming that k;;, = kin = ksc, and C; = % i
km
Negt ”

]
the coupling constant with kg =

When we talk about resonant coupling, it means that the period of the sinusoidal variation of
the refractive index is chosen to be A = g—z = %’" where A, = ,’ll—(;f is the wavelength of the light
in the medium. Solving the coupled equations presented in Eq. 3.7, we get an expression for

each amplitude taking the following form [64]:

B () A eCez=D) 4 p=Celz=D) ) cosh(C¢(z— L))

g Z) = =

0,in 0 eCc(L) + e—Cc(—L) 0 COSh(C(;L) (3 8)

Foo(2)=iA eCelz=D) _ p=Ce(z-1L) _4 sinh(C.(z— L)) '
08 = 060 4 o=Ce-D T 0 cosh(C, L)

where Ay is the initial amplitude at the zeroth position Ej i (0) = A of the incident wave, and

I

L is the total length of the waveguide. The coupling efficiency in terms of intensity (ﬁ) or

42



3.4. Coupled-mode theory

grating reflectivity (Rg) can be calculated using the following equation:

I
= -~ R =tanh?(C,L) (3.9
Iin

In the case when the coupling is off-resonant, it is interesting to study and determine the
spectral interval over which the coupling remains efficient when the resonant frequency is
shifted in either direction. An analytical solution can also be formulated for this case and is
given as follows:

Ax_ Lcosh(((z— 1)) - i DKsinh(( (z— 1))

Ep,in(2) = Age
{cosh((L) + i AKsinh(¢ L)

] (3.10)
Eowe(2) :Age_i%Z Ccsinh({(z— L))
Ccosh(¢L) + i AKsinh(( L)
2 (Ak)? e .
where { =1/ Cs — (T) , and the reflectivity in this case is given by:
I c?
Isc _ Re = c (3.11)
Iin 2 + L
¢ " sinh?((L)

The coupled-mode formalism, as already explained, is quite a strong mathematical tool and
can accurately model coupling and energy transfers between waves in optical fibres. In this
section, we have explained how it can be utilised for static fibre Bragg gratings, but it is also
worth mentioning that it can be applied when the perturbation is caused by a dynamic grating
as well, just like in the case of Brillouin scattering [67].

3.4.2 Spatio-temporal coupled-mode theory
Numerical model

For a distributed optical fibre sensing system based on time-domain techniques (one of the
most commonly-used methods for the interrogation of Rayleigh backreflected signals), the
coupling between the propagating waves will have to be described a bit differently than the
model studied in section 3.4.1. One of the interacting waves will be an interrogating temporal
pulse instead of a continuous wave. This means that the coupling will not occur between two
continuous waves as in the case of the spatial coupled-mode theory. To that effect, we need to
slightly modify the equations presented in 3.4.1 to have an accurate model. In this case, the
perturbed fields of the counter-propagating signals take the following form:

Ein(z, 1) = Epin(z, 1) e ikinz+int Forward Propagation (3.12)

Esc(z, 1) = Eg (2, 1) et hse2tiot Backward Propagation (3.13)
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By substituting equations 3.13 and 3.13 into Eq. 3.6 and using the slowly varying envelope
approximation, we end up with the following two coupled equations:

0 1 0 :
_EO,in(Z» 1)+ __EO,in(Z, )= _iCcelAKZEO,SC(Z» 1)
0z vg Ot
(3.14)
9 190 .~ —iAKz
—Epsc(2, 1) — —Epsc(z, 1) =+iCce Epin(z, 1)
0z vg Ot
where vy is the group velocity, AK =2k, — K is the deciding factor of whether the coupling
is at resonance (i.e. AK =0 — 2k, = K) or off-resonance (i.e. AK # 0); assuming that

km = kin = ks¢, and C, = % is the coupling constant with kg = ,’;—ﬁ

The equations provided in Eq. 3.14 are extremely challenging to be solved analytically unless
a strong assumption is made. For example, such equations have been solved for dynamic
gratings in the case of Brillouin scattering, but with the assumption that the incident pulse
is unchanged throughout its propagation along the fibre [67]. This assumption is valid in
that case, as the interaction is supposed to be weak enough so that the pulse depletion
can be neglected. In our case, however, this assumption is definitely not valid because the
backreflected signal is actually created from the forwardly-propagating temporal pulse. This
means that if we assume that the pulse is not being slightly depleted while it is propagating,
there will not be any reflected signal in the first place. That is why, the model has to incorporate
the energy transfer of the interrogation pulse to the backreflected signal even though the
interaction might be relatively weak. To that effect, our only resort would be going for solving
those equations numerically. For this, we will proceed by utilising the first derivative of
the central difference theorem of 4™ order accuracy and the 4™ order Runge-Kutta method.
Runge-Kutta methods are iterative approaches used to perform numerical analyses and solve
initial-value problems of differential equations. Such methods were presented by the German
mathematicians Carl Runge and Wilhelm Kutta [68].

We will assume that we are at resonance; AK will be equal to zero hence reducing the ex-
ponential term on the right hand side of the coupled equations in 3.14 to 1. The numerical
solution will follow using two steps:
1. Discretisation of the two equations in space using the first derivative of the central
difference theorem of 4™ order

2. Solving the discretised equations using the 4™

order Runge-Kutta numerical method by
sweeping them with time

Firstly, we will rearrange the coupled equations as follows:

0 0
—Ep,in(z, 1) =~ Vg (_Eo,in(z» £+ iCcEO,sc(Z; t))
ot 0z (3.15)

0 0 .
EEO,SC (z,1) = Vg (&Eo,sc (z,1) —iCcEy in(z, t))

0

where i Ey(z, t) can be written using the 4t order centred difference approximation given as
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follows:

+0(AzZY (3.16)

(QE - t)) _ —Eo,iv2 +8Ep,iv1 —8Ep,i-1 + Epjiv2
9z 7, 12Az

The rearranged coupled equations governed by Eq. 3.16 can then be straightforwardly sub-
stituted in Eq. 3.15, and we accordingly yield the following discretised coupled equations in
space:

—Ep,in,i+2 + 8Ep in,i+1 — 8E0,in,i-1 + Eo,in,i+2

0 .
- Eoin(z, 1) =—vg ( + lCch,sc(z,t))

t 124

0 z (3.17)
0 B —Eo,sc,i+2 + 8E0,sc,i+1 ~8Ensc,i-1 + Eosciv2 .
aEO,sc(Zy 1= Vg 12/z - lCcEO,in(z,t)

Following the discretisation of the coupled equations in space, we will then proceed by solving
them using the 4th order Runge-Kutta (RK4) numerical method which states [68, 69]:

ki =hef(tn, yn)

kzzhtf(tn+%,yn+%)

k3=htf(tn+ﬁyyn+ﬁ) (3.18)
2 2

ky=hif(tp+h,yn+ks)

AL B < B
6 3 3 6

where h; is the time step, f is the central difference approximation function, ¢, is the time
for which we are solving the coupled equations, y,, describes each of the original coupled
equations, and y,; describes the solution to each of the coupled equations.

In Eq. 3.18, k; is the slope at the beginning of the interval, depending only on y, k; is the
slope at the midpoint of the interval, using y and k;, k3 is also the slope at the midpoint of the
interval, but is a function of y and k», and finally k, is the slope at the end of the interval which
depends on y and k3. As seen in Eq. 3.18, greater weight is given to the slopes at the midpoint,
when the four slopes are averaged. Since the RK4 numerical technique is a fourth-order
method, the local truncation error is on the order of O(h?), and the total accumulated error is
on the order of O(h?).

Results and conclusion

The model was solved for a 60 m long standard single-mode fibre with an effective refractive
index of about neg = 1.5 for different pulse widths. A typical pulse width for experimental
systems is about 7, =10 ns which corresponds to a spatial resolution Rgp =1 m. We, therefore,
will only show the results corresponding to this spatial resolution. The gratings introduced
to the fibre are in the form of a sinusoidal variation of the refractive index with a change
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Figure 3.5 — Graph comparing the numerical results of uniform and random gratings (a) Pulse
relative energy at the far end of the fibre as a function of the propagation time; (b) Backreflected
intensity as a function of the propagation time considering the round-trip traveled by the
light.

corresponding to Ang =1x10~8 which is roughly of the same order of magnitude as the density
fluctuations leading to Rayleigh scattering. The modulation needs to be as weak as possible to
avoid the fast depletion of the interrogation pulse, yet a backreflection should be high enough
to be detected. The simulation was conducted for uniform and randomly-spaced gratings,
both with a fixed Bragg wavelength of 1550 nm. For the random gratings, each grating is 1 mm
long and is randomly separated from other gratings by any value within the range from 0
to 5 mm. Since the fibre considered in the simulation is only 60 m long, the fibre loss was
neglected.

Fig. 3.5 (a) shows the relative energy lost from the original pulse during its propagation along
the fibre distance as a function of the propagation time, and Fig. 3.5 (b) shows the reflected
intensity as function of the round-trip time (i.e. the time it takes the light to propagate to
the end of the fibre and back to reach the beginning of it). It can be observed in Fig. 3.5 (a)
that the lost pulse energy for random gratings is smaller than that of uniform grating. This is
relatively intuitive given the fact that for uniform gratings reflections occur all along the fibre,
whereas for random gratings there are some fibre portions where reflections do not occur.
However, what is quite surprising is the fact that the amount of backreflected intensity (seen in
Fig. 3.5 (b)) at the end of the fibre is considerably lower for the case of uniform gratings when
compared to random gratings. This result is surprising because the backreflected intensity
ratio for uniform and random gratings should be similar to that of the lost energy ratio which
is not the case here.

This can be explained using the concept of multiple reflections which, initially, were assumed
to be insignificant, given the fact that the gratings under consideration are ultra-weak. Ac-
cording to the first-order Born approximation, when the gratings are extremely weak and
short, i.e. the product of the coupling coefficient C. and the grating length L is very small
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(C.L << 1), the effect of the multiple reflections can be neglected. In our case, however, their
effect is not negligible even though the coupling is relatively weak. The length of the grating
plays a major role here and causes the Born approximation to break down. Due to the phase
difference between the reflection coefficients of the forward- and the backward-propagating
waves, higher order reflections interfere destructively with lower order reflections causing
a severe decay in the transmission [70]. This can be understood from Fig. 3.5 (b), where we
can see a strong decrease in the backreflected signal from the uniform gratings. In the case of
the random gratings, the decay rate is much slower. This can be justified by the fact that the
randomness of the grating spacing randomises the phase difference between the interfering
waves which does not necessarily cause entire destructive interference.

As far as distributed sensing is concerned, random gratings would indeed fit better than
uniform gratings because the interrogating temporal pulse can propagate for longer distance
before being depleted. For uniform gratings, however, we can expect that the pulses may
deplete pretty quickly making it very difficult to conduct long-range sensing. A recently
published article [71] showing the limitations of a uniform all-grating fibre for distributed
sensing demonstrated similar conclusions to our results presented here in this chapter. The
direction of research when it comes to long-range distributed sensing is, therefore, oriented
towards the use of random gratings rather than uniform gratings.

3.5 Fibre Bragg grating fabrication

There are different types of fabrication techniques which have been intensively studied in
the literature [62]. Two of the most widely-utilised techniques are those which use ultra-
violet (UV) laser along with phase masks [60] or point-by-point inscription using infrared
(IR) femtosecond lasers [72]. In the following section, we will present an example of the
experimental setup that is based on using UV laser and a phase mask for the fabrication of
weak Bragg gratings with a slight randomness caused by the uncertainty of the translation
stage. The goal of this fabrication exercise is to understand how low of a reflectivity will be
able to reach and what is the lowest value of reflection which the interrogator can measure.

3.5.1 Fabrication setup

The setup utilised for the FBG fabrication is depicted in Fig. 3.6. The laser used is an Innova
300C FreD coherent continuous-wave (CW) laser that allows grating inscription in the deep-
ultraviolet (UV) region (244 nm of wavelength) with powers up to 100 mW. In our case, we
care about minimising the power as much as possible, so that we can obtain weak gratings
with very low reflectivity. Therefore, the laser power is set to 50 mW, because the use of a
lower value makes the laser unstable. The laser light is directed towards a first mirror, then
a second to pass through mechanical shutter. This shutter is controlled using a computer
program, where a parameter is set to pass or reject the light beam. This parameter determines
the exposure time of the laser beam on the fibre. When the light beam passes through the
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Figure 3.6 — Experimental setup for the fabrication of fibre Bragg gratings; PM: phase mask.

mechanical shutter, it gets reflected by a mirror that is fixed on a translation stage. The stage is
also manipulated with a program to be able to control the speed of the translation. The speed
was set to 1 mm/s. It should be noted that the speed does not affect the exposure time in our
case, because the stage stops when the gratings are written. However, the speed should not be
set to be too fast, because it might slightly alter the stopping position due to the fast movement.
The light is then reflected by another mirror and gets directed towards a plano-convex lens
with a focal length of 2.5 cm, which focuses the laser beam onto a phase mask (PM) placed
over the fibre. It should be noted that we did not always focus the beam in the focal length,
and this is because we wanted to minimise the intensity as much as possible. The fibre was
connected to a commercial optical frequency-domain reflectometer (OFDR), namely the
LUNA OVA 5100 in reflection mode to be able to monitor the fabrication in real-time with a
spatial resolution of 1.59 pm. We have tried several exposure times, so that we can know the
minimum reflection that can be measured by the interrogation system. 10 cm grating arrays
of approximately 24 gratings with a period of 4 mm (Apyagg = 5™ ) are imprinted inside 0.5 m
pieces of hydrogenated germanium-doped standard silica single-mode fibres (SMF).

The backreflected traces of the different gratings along with their spectra can be seen in Fig. 3.7.
The left figure shows backreflected OFDR traces for each of the fabricated gratings for the
different exposure times: (a) 30 ms, (b) 50 ms, and (c) 70 ms. Each grating is about 1 mm
long and separated by 3 mm from the following one. We can see from Fig. 3.7 (d) showing the
spectra measured with an optical spectrum analyser (OSA) (see Fig. 3.8 (b)) that the gratings
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Figure 3.7 — Fibre Bragg grating arrays of about 24 gratings for different exposure times; Left
figure: OFDR traces showing the backreflected amplitude versus the fibre length: (a) 30 ms, (b)
50 ms, and (c) 70 ms; Right figure: (d) Spectra of the fabricated gratings, where the solid black
curve represents the transmitted spectrum of the EDFA.

have a peak at a wavelength approximately equal to Ag = 1548.5 nm. The OSA was used with a
resolution of 0.2 nm and no time-averaging. As observed, the longer the exposure time, the
wider is full width at half maximum (FWHM) bandwidth of the grating peak. The reflectivities
R of the fabricated gratings were calculated from the peak of the reflected signal R, below the
transmitted signal (the EDFA reference signal used as the input source as shown in Fig. 3.8 (a))
using the following equation [62]:

R

R=10"T0 (3.19)

Using Eq. 3.9 and the values calculated using Eqg. 3.19, we can calculate the modulation index
strength according to the reflectivity values obtained from the experiment. The values for
the reflectivities, the modulation indices, and the bandwidths corresponding to the different
exposure times are summarised in table 3.2. We can see that the reflectivity for the gratings
fabricated during an exposure time of 30 ms is relatively low. However, it seems that if we
require longer lengths, the gratings should then have even weaker modulation indices.

Exposure time Reflectivity Ang FWHM
30 ms -46dB (25x1073%) | 2.5x 1078 | 0.96 nm
50 ms -39dB (1.3x107%%) | 5.6x1078 | 1.2nm
70 ms -32dB (6.3x107%2%) | 1.2x1077 | 1.4nm

Table 3.2 — Reflectivity, modulation index strengths and FWHM values for the fabricated fibre
Bragg gratings.
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Figure 3.8 — (a) Experimental setup for the measurement of the backreflected grating spectra;
(b) Graph showing the enhancement bandwidth of the REF expanding over 12 nm fora 10 m
sample of the fibre.

3.6 Directional backreflection-enhanced fibre

In the previous section, we mentioned two types of random gratings, but we only investigated
one of them, namely randomly-spaced gratings with a fixed centre Bragg wavelength. The
other type deals with randomly-spaced gratings which are chirped whose common purpose
is to yield a larger reflection bandwidth. The chirping additionally results in a lower back-
reflected signal when compared to non-chirped gratings. An example of such kind of fibres
was proposed in [73, 74]. In that work, Westbrook et al. presented a reflection-enhanced fibre
(REF) using a standard single-mode fibre (SMF) which has overlapped chirped Bragg gratings
inscribed in its core. Accordingly, a ~10 dB directional enhancement over a bandwidth of
~12 nm from 1544 nm to 1556 nm was achieved, whereas the optical losses were measured to
be below 0.7 dB/km [75].

We have seen that there is no need to insist on fabricating uniform gratings, as random gratings
will yield better results due to the severe destructive multiple reflections occurring in the case
of uniform gratings. Besides, random gratings are fabricated more easily, and since there is
already a commercial and mature fibre that serves our purpose, we opted for one such fibre
[75] for our experimental demonstration showing the distributed temperature measurement
presented in Chapter 5. The REF used in our experiments is about 100 m long and has an
overall propagating loss of 0.7 dB/km. It has an enhancement of 12 nm in the backreflected
spectrum which is shown in Fig. 3.8 (b) measured with an OSA using a resolution of 2 nm and
no time-averaging. The reflectivity R measured from the spectrum is about -53 dB (4.9x 10™4%)
for a 10 m sample of the fibre. Those fibres offer the directional backreflection which we need
to improve the performance of Rayleigh-based sensors. Due to the directionality, a higher
backreflection is yielded which is almost 10x higher than the Rayleigh back-scattering level.
This enhanced backreflected signal triggered our curiosity to investigate its effect on the SNR
enhancement and on the overall measurement accuracy for Rayleigh-based systems. So far,
no figure-of-merit has been demonstrated for Rayleigh-based systems that can evaluate the
system by means of a simple expression. Therefore, we present a thorough study on finding a
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clear relationship between some of the fundamental system parameters. The coming chapters
deal with this theoretical model which we confirm with experimental results in form of a
comparison between the performances of a standard SMF and the REE
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Frequency shift uncertainty in direct-
detection Rayleigh-based systems

4.1 Introduction

In the previous chapter, we discussed the difference between scattering in many directions
and directional scattering, and how the directionality of the backreflection can result in a
significant signal enhancement. For optical fibre sensors, a backreflected signal enhancement
is always desired, as it directly impacts one of the most crucial parameters for any sensing
system, namely the signal-to-noise ratio (SNR). Improving the SNR of a sensing system can
dramatically scale up its performance in terms of sensing range, accuracy of the measurement,
speed of acquisition, spatial resolution, along with others [76]. A few methods employed
for this purpose are conventional temporal averaging, spatial averaging [77], increasing the
power of the launched pulse directly or with pulse coding achieving an SNR enhancement
of 8 dB [78, 79], enhancing the back-scattered signal through Raman amplification [80, 81],
data processing methods [82, 83] increasing the SNR by 8.4 dB and 8.5 dB, respectively, and
enhancing the back-scattered light by manipulating the scattering properties of the fibre [58,
84, 85] achieving an SNR as high as ~ 35 dB [86]. Alongside the prodigious effort made to
achieve SNR enhancement, several works extensively discussed the possibility to resolve the
physical alterations at the sub-metre scale which will substantially improve the accuracy in
the determination of the exact location of the external perturbation [87, 88].

Despite the tremendous work that has been carried out aiming at ameliorating the system
performance of Rayleigh-based DOFS through interdependent parameters such as SNR and
spatial resolution, a proper relationship pertaining the dependency of these parameters on
the measurement frequency shift (FS) uncertainty has not been properly addressed yet. For
Brillouin-based DOFS, a comprehensive model has been derived to estimate the FS uncer-
tainty of the Brillouin gain spectrum with respect to various measurement parameters [89].
The derived model is valid for any system for which the peak value of a resonance is evalu-
ated through quadratic least-square fitting. In the case of coherent Rayleigh-based DOFS,
for instance in direct-detection frequency-scanned ¢-OTDR systems, the most widely and
commonly-used method to estimate the relative value of the FS between reference and mea-
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surement signals is cross-correlation [90-92]. Cross-correlation is a standard method utilised
for delay estimation in sonar and radar systems [93-95], and is also adopted in other coherent
Rayleigh-based DOFS [96]. The presence of unavoidable additive noise in the traces that are
being correlation fundamentally limits the performance of the cross-correlation estimator
and leads to uncertainty in the estimated FS. Besides, other experimental parameters, such as
spatial resolution, can also influence the accuracy of estimation.

We will firstly have a thorough explanation of the working principle of direct-detection
frequency-scanned phase-sensitive optical time-domain reflectometry (¢-OTDR), then we
will carry on by presenting the experimental results along with the theoretical confirmation.

The study presented in this chapter is published in [97] and permission of the copyright holder
was granted for the work to be reproduced here.

4.2 Direct-detection frequency-scanned ¢-OTDR

4.2.1 Working principle

General concept of ¢-OTDR

To model a ¢-OTDR system mathematically, we start by assuming that we launch a linearly
polarised interrogating rectangular light pulse of width 7}, into an optical fibre. Only the light
scattered back along the fibre axis will be taken into consideration. The inhomogeneities in
the material density of the fibre scatter the incident light and result in an additional phase
change in the scattered field. Assuming that the initial optical field at the beginning of the
fibre zp =0 is E_h;, we can express the complex amplitude vector of the light reflected from a
single scattering point located at a position z as:

Eee(2) = Emagg(2)e %2103 4.1)

where «, apr(z), and ¢(z) are the fibre attenuation coefficient, the backreflection coefficient
and the additional phase change experienced by the incident light, respectively. The phase
change is:

(p(z):f k(x)dx:2n£f n(x)dx 4.2)
0 c Jo

where £k is the local propagation constant of the fibre and cis the light speed in vacuum. From
Eq. 4.2 we can see that the scattered light Es.(z) at position z is dependent on the optical
frequency f and the refractive index distribution n(z) in the range [0, z].

Following the one-dimensional strategy for the simplicity of the modelling, the optical fibre
can be regarded to be consisting of uniformly distributed scatterers of fixed size Az, but with
random density changes and thus refractive index fluctuations. The refractive index of each
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scatterer is assumed to be 1y, = Raye + ARy, Where nayve (~1.46) is the average refractive index
of the fibre and An,, represents the index fluctuation, which is in the order of 1078, We can,
therefore, rewrite Eq. 4.1 as a discrete summation rather than a continuous integral, such that
the electric field of the light that is reflected from the m™ scatterer is:

Eoe(2m) = Bt (z)e” A= 2m e X1 middz 4.3)

For a pulse width of 7, the back-scattered signal received at the fibre beginning at time ¢ is
the summation of the individual contribution from every discrete location:

R —— N — _ A i2 _ r— tm
Eqe ()= Y. Enapr(zp)e 20mae 2l t’")rect( ) (4.4)
m=1 Tpw
- 1, 0si&m<y;
rect( d tm) = Tow 4.5)
Tpw 0, otherwise.

where N = Lj’; stands for the number of scatterers over the fibre length L, and the factor 2
in Eq. 4.4 accounts for the light completing a round-trip in the fibre. The time delay which is
calculated as the round-trip time from the beginning of the fibre to the m™ scattered point is

accordingly given by:
mooA
tn=2) =2 4.6)
-1 C

The optical power at the photo-detector then becomes [98]:

P(1) = | Esc(D)]* = P1 (1) + P2 (D) 4.7)
N t—t
Pi(f)= ) EiznazBR(zm)e_Z“’”Azrect( m) (4.8)
m=1 Tpw
Po (1) = (4.9)
N N t—t t—t
2 ) EiznaBR(zm)aBR(zk)cos(<pmk)e2“(m+k)Azrect( m ) rect( k)
m=1k=m+1 Tpw Tpw

where @ =27 f (t;,; — ti). The subtotal term P (¢) in Eq. 4.8 represents the sum of indepen-
dently scattered waves and is only dependent on the input power as well as the fibre loss, but
shows no dependence on the phase of the light, thus exhibits no dependence on the strain and
temperature of the fibre or the frequency of the light. P»(¢) is, therefore, 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 back-scattered
waves from the m™ and k! scatterer, and it can be written as:

an):f_m niAz

Pmk = % (4.10)
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Environmental perturbations resulting in temperature and/or strain variations will change
¢mk> vielding a different interference intensity pattern P, (¢), thus the notion of the "phase-
sensitive" technique. From Eq. 4.10 we can see that ¢ is proportional to the laser frequency
[, the local refractive index n;, and the spacing Az between the scatterers. The scatterers are
solidified in the fibre once it is manufactured thus the spaces between scatterers are fixed for a
given fibre. Temperature and strain will induce a linear change of the fibre refractive index.

Concept of frequency-scanned ¢-OTDR

After having presented the general concept of ¢-OTDR, we would now like to focus entirely on
direct-detection frequency-scanned ¢-OTDR. This technique retrieves the phase information
from the back-scattered light at each position in the fibre through laser frequency (f) scanning
with a specified step size (Af) [98] (Fig. 4.1 (a)) followed by data processing. The methodol-
ogy consists of interrogating the fibre with highly coherent laser pulses, with a pulse width
determined by the desired spatial resolution of the measurement. The period of the pulses is
made greater than the round-trip time of the pulse in the fibre, so that the pulse optical carrier
frequency is scanned over a preset frequency range. The statistical distribution of coherent
Rayleigh back-scattered intensity follows an identical process as the generation of chaotic light,
formally equivalent to a random walk process, so that the normalised back-scattered intensity
pattern received at the photo-detector follows an exponentially decaying distribution [99].
The back-scattered optical intensity measured by the photo-detector for each fibre location is
thus a function of time (or equivalently a function of distance, as shown in Fig. 4.1 (b)), and the
pulse laser optical frequency. Accordingly, a 2-D array is constructed having the columns as
the different positions throughout the sensing fibre, and the rows as the scanned frequencies,
which is illustrated on the upper part of Fig. 4.1 (c). The intensity of the light received at the
photo-detector corresponding to each pulse at a specified frequency of the laser constructs
an irregular time-domain trace along the whole length of the fibre (Fig. 4.1 (b)). Such a trace
corresponding to a particular frequency and a row in the array in Fig. 4.1 (c) can be considered
as a fingerprint of the fibre as it is static under constant environmental conditions.

The information in the array can be also interpreted column-wise and it similarly appears
like a jagged trace, representing the coherent Rayleigh spectral response at a given position
(shown in the lower portion of Fig. 4.1 (c)) and will be designated hereafter as the artificially-
constructed signal. Indeed this signal is a spectral response and is not measured directly. It
is actually constructed from separate data points from the time-domain traces of different
frequencies, and thus we use the terminology “artificially-constructed”.

Optical phase difference created by the localised external perturbations changes the pattern
of the artificially-constructed trace at this specified location. This is because the optical path
length of the propagating light is changed as a consequence of the variation of refractive index.
This causes a phase change on each elementary wave resulting in an effect equivalent to a
frequency change. This phase difference can thus be fully restored through an appropriate
optical FS of f, which then provides a direct indication of the local refractive index change
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Figure 4.1 — Concept of frequency-scanned ¢-OTDR: (a) Schematic showing optical pulses at
different frequencies separated by a frequency scan step of Af shot in a standard single-mode
fibre one at a time, (b) Rayleigh back-scattered intensity time-domain traces corresponding to
the different pulse frequencies entering the fibre, (c) Upper figure: Experimentally obtained
2-D array containing the different positions along the sensing fibre (columns) for different
frequencies in the scanning range (rows); (P;-P,: positions, fi- f5: frequencies); Bottom figure:
Back-scattered intensity corresponding to a specific position in the fibre for all the different
pulse frequencies.

at that location. One of the most commonly-used methods in ¢-OTDR to determine the
FS caused by the localised external perturbation acting along the fibre, is to compute the
cross-correlation function (er, x,,) between the artificially-constructed reference trace (x;)
and a subsequent measurement trace (x,,) which is given by [87]:

. 1 &
Ry xn @) = 5 Y X () xm(fi—=61) 4.11)
i=1

These signals are formed by the optical intensity values of the ¢-OTDR time-domain signals
at one particular fibre position for all the pulse frequencies in the scanning range (depicted in
the lower portion of Fig. 4.1 (c)). F is the number of frequencies in the total frequency-scan
range of the laser, 6 f is the FS that has to be determined. The value of 6 f that maximises
the above function, designated as § f™%, provides a measured value of the FS. The accuracy
with which the FS can be estimated is influenced by a number of parameters. Hence, the
uncertainty in the estimation (FS uncertainty, o) can be considered as the difference between
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the measured value (6 ™) and the true value (§ ™) estimated independently and is not
taken from the same set of measurements of the FS which can be formulated as:

1 d .
O=4|= ) (6fDax_ 5 froax)2 (4.12)
I m=1 ' '

where I is the total number of measurements/iterations. In the case when the true value is
not independently known, but is estimated from the same experimental sample of data, the
normalising factor will be ITll instead.

It should be noted that the signals used for cross-correlation are artificially constructed, and
that there is no mathematical difference whatsoever between considering these signals to be
physically in any particular domain. They can be simply regarded as signals with a specific
number of samples in no defined domain, indicating that the physical quantity represented
on the x-axis is completely irrelevant for the estimation. Consequently, the FS estimation can
be approached in a similar manner as a time-delay estimation problem just like in the case of
sonar and radar systems [93-95].

4.2.2 Experimental setup

The experimental setup we employ in this work is a direct-detection frequency-scanned
¢-OTDR which is used to verify the expression for the measurement uncertainty which will be
presented later on in the coming sections. The functionalities of all system components along
with the devices used in the experimental setup will be thoroughly elaborated in this section.

In the experimental setup displayed on Fig. 4.2, a 1 MHz linewidth distributed feedback (DFB)
continuous-wave (CW) laser with a centre wavelength at 1550 nm is used as the coherent
light source of the ¢-OTDR interrogation system utilised in this work. The stability of the
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Figure 4.2 — Experimental setup of a frequency-scanned ¢-OTDR using direct detection (DFB:
Distributed feedback laser, SOA: Semiconductor optical amplifier, EDFA: Erbium-doped fibre
amplifier, TF: Tunable filter, VA: Variable attenuator, PD: Photo-detector, FUT: Fibre Under
Test).
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laser is highly essential to avoid significant laser frequency drifts that could lead to additional
uncertainty in the FS estimation. This, however, can be mitigated by technical improvement,
such as laser stabilisation by locking, or by performing a fast measurement to make laser
drifting negligible and measuring precisely the laser frequency when data is acquired. External
intensity modulation of the CW light is achieved by means of a high extinction ratio (ER)
semiconductor optical amplifier (SOA) leading to the generation of optical pulses, with desired
spatial resolution for the measurement. The power of the pulse is then amplified by an Erbium-
doped fibre amplifier (EDFA) followed by a variable attenuator, which serves to limit the power
directed into the fibres to avoid nonlinear optical effects such as modulation instability.

The light then enters port 1 of a circulator, and passes through port 2 to travel into the fibre
under test, which in this case is a ~ 100 m single-mode fibre. A second amplification stage is
required to boost the back-scattered signal before passing through a 1 nm optical filter, which
is necessary to filter out the ASE noise generated by the EDFAs. The signal is then captured by
a 125 MHz photo-detector, and acquired by a data acquisition card (DAQ) at a sampling rate
of 500 MS/s.

The frequency sweep of the interrogating pulse is carried out by remotely controlling the laser
driver, which in turn tunes the current of the DFB laser. The current scan is performed over
10 mA (3.2 GHz frequency range) with a step of 0.01 mA (3.2 MHz frequency step). Since there
is no external perturbation applied to the fibre in the present scenario, the frequency scan
range is limited to 3.2 GHz. It should be pointed out that the fibre is immersed in a large water
bath to minimise any environmental influences occurring during the measurement.

4.2.3 Calculation of the SNR in a ¢-OTDR system

The SNR of a trace having an intensity distribution following an exponentially decaying
probability density function (PDF) can be estimated by the following equation [100, 101]:

M=t (4.13)
On

where M is the SNR, p and o, are the mean and the standard deviation of the signal, respec-
tively, for several consecutive measurements. Due to the jagged noise-like intensity pattern of
the time-domain trace of a ¢-OTDR system governed by an exponential PDE Eq. (4.13) can be
used for the rough estimation of the SNR since the limited sample leads to large uncertainties
in the calculation of the mean p. Here, we propose a different approach and compare its result
with that of the statistical estimation to know if the conventional method used for incoherent
OTDR systems is also applicable in the case of a ¢-OTDR system. Using an incoherent OTDR
setup (as illustrated in the left figure of Fig. 4.3), we calculate the backreflection coefficient of
the fibre using the following equation:

_ PBRO/Pino

(4.14)
Ry

QaBR
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Chapter 4. Frequency shift uncertainty in direct-detection Rayleigh-based systems

where agp is the backreflection coefficient (in m™') measured from the signal received at the
input end of the fibre and is assumed constant along the whole fibre, Pgp, is the back-scattered
power obtained from the OTDR trace (as shown in the right figure of Fig. 4.3), Py, is the input
peak power to the fibre, and Rgp is the spatial resolution (in m) of the OTDR system (which is
equivalent to half of the physical length of the interrogation pulse launched into the fibre).
It should be noted that agg is the product of the absolute value of the Rayleigh back-scatter
coefficient and the re-capture factor. In the case of a standard single-mode fibre, the agg is
found to be -72.7 dB/m. The same method is utilised to calculate the agg of a different type of
fibre under test as illustrated in Fig. 4.3. For the REF mentioned in section 3.6, agg is calculated
to be -64.1 dB/m. The difference in the value of agp is explained by the fact that the core of
the REF has been subjected to refractive index manipulation to enhance the back-scattering
as already discussed earlier in section 3.6. Thus, apg serves as a metric parameter for a given
fibre under test.

Once the backreflection coefficient of the fibre under test is known, the backreflected power
(PBRrg) from the ¢-OTDR system (depicted in Fig. 4.2), at a distance z in the fibre assuming
that the backreflection coefficient is constant along the entire fibre, can be simply calculated
using Eq. 3.1 which we will repeat here for convenience [14]:

PBRtp = Pin(p BR Rsp exp (—Z(XZ) (4. 15)

where « is the attenuation coefficient of the fibre, and the factor 2 accounts for the round-
trip distance that the light travels to reach the receiver at the input of the fibre. Using the
conversion gain of the photo-detector utilised in the setup along with the gain and loss in
optical power caused by the different optical components in the setup, the actual power
reaching the photo-detector is determined. The value of the power obtained is the optical
power (which is equivalent to the electrical voltage through the conversion gain of the photo-
detector).
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Figure 4.3 — Left figure: Incoherent OTDR experimental setup.; Right figure: Back-scattered
OTDR trace in terms of back-scattered optical power as a function of the fibre distance for two
sets of fibres with different SNR, namely the REF and a single-mode fibre (SMF). Note: The
blue traces before and after the fibres represent the noise floor. The spike before the noise
floor is the reflection at the fibre end.
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4.3. Direct-detection frequency-scanned ¢-OTDR

Different types of noises (such as optical and electrical noises) generated in the system will
be additive noises to the signal, and can be quantified by computing the standard deviation,
at each position in the fibre, of a number of time-domain traces. This value quantifies the
overall noise electrical voltage in the system, which when multiplied with the conversion gain
of the photo-detector results in an equivalent noise optical power value. Thus, taking the ratio
between the optical signal power and the noise power will yield the SNR (M,) of the system. It
should be mentioned that the SNR (M,) is calculated as the integrated square of the electrical
voltage. This means that the SNR calculated in this section (i.e., M,) is equivalent to /M,.

The proposed method of calculation of the SNR for a ¢-OTDR system presented earlier is
compared to the conventional method of SNR estimation for a trace following an exponential
PDE As illustrated in Fig. 4.4, the calculated SNR from the ¢-OTDR time-domain traces using
Eq. (4.19) and the theoretical model resulted in nearly the same values. This can be explained
as follows: in the case of an OTDR, since an incoherent light source is used, the interrogating
input pulse will have a short coherence length unlike the coherent light pulse in the case of the
¢-OTDR. This makes the PDF of the OTDR time-domain trace follow a Gaussian distribution
with significantly lower variance [102, 103]. Thus, the time-domain trace of the OTDR appears
to be like in Fig. 4.3, with the mean value of the time-domain trace obtained from the peak of
the Gaussian distribution. For the case of the ¢-OTDR, the interrogating input pulse is highly
coherent, making the time-domain trace follow an exponentially decaying PDE The expected
value (mean) of the exponentially decaying PDF of the time-domain trace will give the average
intensity of the back-scattered light. This implies that the mean value of the back-scattered
intensity obtained from the time-domain traces of the OTDR and the ¢-OTDR are equivalent.
Thus, the SNR calculated using Eq. (4.13) or the proposed model will yield nearly the same
result. The comparison assures that Eq. (4.13) can be followed for a rough estimation of the
SNR even for a jagged intensity profile like in the case of a ¢-OTDR system.
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Figure 4.4 — Log-log plot of SNR versus number of averages; blue dashed line: calculated SNR
using the theoretical model, red squares: calculated SNR using the mean value of the jagged
time-domain trace divided by the standard deviation of 20 time-domain traces.
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Chapter 4. Frequency shift uncertainty in direct-detection Rayleigh-based systems

4.3 Theoretical estimation of the measurement FS uncertainty

4.3.1 Measurement FS uncertainty for a rectangular input pulse

Due to the presence of inevitable measurement noises, the cross-correlation estimator com-
prises uncertainty which needs to be taken into consideration during the estimation. All
sources of noise in the system can be considered as zero-mean additive white Gaussian noise
to the original signal. In turn, in this work we solely address uncertainty due to system noises.
Any additional ambiguities in the estimation, like significant laser frequency drifting or large
errors resulting from correlation for instance, do not result from noise and, hence, have to be
addressed independently as elaborated in great detail in one of the previous studies [87]. One
important point to highlight here is that the expression which will be presented in Eq. 4.16
is subject to the assumption that the correlation window/frequency scan range is chosen to
be large enough to cover the entire range of external changes and to avoid the occurrence of
large errors [87]. For example, if a 10 degree temperature change is applied to the fibre, the
correlation window/frequency scan range should be chosen to be around 13 GHz (keeping in
mind that 1 degree of temperature change causes around 1.3 GHz of frequency shift). It is also
worth noting that parabolic fitting is applied to the cross-correlation peak for the frequency
shift determination, and the uncertainty induced by the fit can be calculated using the rigorous
model presented in [89].

The estimated uncertainty in the FS determination is given by Eq. (4.12). Since the Rayleigh
back-scattering can be considered as a random process [100, 104, 105], a probabilistic model
(see Appendix A) can be followed to obtain an expression for the uncertainty in the determina-
tion of the FS using cross-correlation as presented in [106-110] in the case of time-domain
radar signals. Eventually, considering the mathematical equivalence between the time-delay
estimation in the case of the sonar and the radar systems and the FS estimation in the present
scenario, the expression for the uncertainty with which the FS can be determined is given as

Relative Power (dB)

-40
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Figure 4.5 — Power density of the signal under consideration as a function of the normalised
frequency.
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4.3. Theoretical estimation of the measurement FS uncertainty

(109, 111]:

1 1
7T B BM,

(4.16)

where M, represents the SNR calculated using the optical power and the parameter f repre-
sents the square root of the second moment 82 of the power density |U(f)|? of the artificially-
constructed signal u(x) expressed as follows:

2 oS AUNRAS
P =4 uprar 1

where f is the laser frequency and U(f) is the Fourier transform of u(x).

It should be noted that the SNR for the optical power of the signal is equivalent to the square
root of the SNR of the electrical power M,. In the present case of direct-detection frequency-
scanned ¢-OTDR, the SNR (M,) is calculated using the power of the optical signal received
at the photo-detector. Consequently, the dependence of o on the SNR is inverse as shown in
Eq. (4.16). The handling of the artificially-constructed signal, and the appropriate usage of
Eq. (4.16) for the case of direct-detection frequency-scanned ¢-OTDR is addressed in great
detail under section 4.3.2.

The parameter f (mentioned in Eq. (4.16)) can be solved either computationally or analytically.
Prior knowledge of the shape of the power density of the signal under consideration is not
required when the computational approach is followed. However, to obtain an analytical
solution for B, an expression for the power density needs to be formulated. In a previous work
presented in [112], the electrical power spectrum of the back-scattered light in direct-detection
¢-OTDR (which can be calculated from the auto-convolution of the optical power density of
the input pulse) for rectangular and sinc input pulses are given theoretically and validated
experimentally. In the case of a rectangular input pulse, the analytical expression for the
electrical sinc-shaped power density is given in [112]. However, this expression cannot be
used in this study due to the fact that the signal under consideration for estimating the FS
using cross-correlation is not the direct time-domain trace. In addition, the time-domain
signals and the artificially-constructed signals are not related by ergodicity which means that
the power densities will not yield the same distribution. Thus far, the power density of the
artificially-constructed signal used in cross-correlation in direct-detection frequency-scanned
¢-OTDR has not been investigated in any of the previous works. It is found that the power
density for this artificially-constructed signal (with a rectangular input pulse to the fibre) has a
triangular shape (illustrated in Fig. 4.5). The triangular shape, however, cannot be seen on
the graph due to the dB-scale on the y-axis. The graph shows the summation of the power
densities at each fibre position creating a smooth curve that manifests the actual shape of the
power density. It should be noted that the use of the normalised frequency for the x-axis is
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Chapter 4. Frequency shift uncertainty in direct-detection Rayleigh-based systems

for the generality of the concept. The axis is simply normalised by the step size (A f) of the
artificially-constructed signal. The concept of normalised frequency will be further utilised
and elaborated in section 4.3.2. The triangular-shaped power density is expected in this case
because the artificially-constructed signal can be assimilated to a time-domain signal obtained
using a sinc input pulse. Therefore, the power density of the artificially-constructed signal is
logically given by the auto-correlation of a rectangular spectrum (for a sinc input pulse) which
is triangular-shaped.

An analytical expression for 3, given in Eq. (4.16), for a triangular-shaped power density is
thus obtained similarly to [113], and takes the following form:

27 Tpw
=— (4.18)
P~
where Ty, is the pulse width (full width at half maximum) of the rectangular input pulse, which
is also equivalent to the bandwidth of the power density of the artificially-constructed signal
under consideration. Thus, the analytical solution for the FS uncertainty of a direct-detection
frequency-scanned ¢@-OTDR system with a rectangular input pulse is given by:

V6

o=— (4.19)
2 Tpw Mo

The above equation relates, in the case of a rectangular input probe pulse, the uncertainty in
the FS estimation to the pulse width and the SNR of the signal.

4.3.2 Calculation of the measurement FS uncertainty computationally

As mentioned earlier, the traces used for performing the cross-correlation are signals which
are artificially formed from the back-scattered optical intensity values for each fibre position
as a function of all the pulse frequencies within the scanning range (lower part of Fig. 4.1 (c)).
However, it should be highlighted that throughout this study, no domain is defined for these
artificially-constructed signals, and they are considered as signals with a specific number of
samples. An example of such an artificially-constructed signal is shown in Fig. 4.6 (a). In the
present experiment, the total number of rows in the acquired 2-D array (representing the total
number of frequencies that are scanned in the frequency range) (upper part of Fig. 4.1 (c))
is 1000. Therefore, the signal depicted in Fig. 4.6 (a) has the same number of points as the
number of frequencies in the scanning range which is 1000 samples. From the localised power
density (Fig. 4.6 (b)) of this constructed signal depicted in Fig. 4.6 (a), the term § in Eq. (4.16)
is calculated. The x-axis of Fig. 4.6 (b) is expressed in the units of normalised frequency
(cycles/sample) where the axis is basically normalised by the step size (A f) of the artificially-
constructed signal. Utilising the normalised frequency terminology here is merely to present
the concept in a rather simple and general manner that is independent of the step size. This is
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Figure 4.6 — (a) Back-scattered zero-mean intensity; (b) Localised power density (norm. to
max.) of the signal in (a) as a function of the normalised frequency.

the most general approach which can be followed for the calculation of §. In this approach,
no prerequisite information about the power density of the artificially-constructed signals is
required. Finally, the value of the FS uncertainty (o) obtained in Eq. (4.16) is then scaled back
by the original frequency scan step A f such that the absolute value and the proper unit of &
are yielded.

4.4 Experimental verification of the theoretical expressions

4.4.1 Measurement FS uncertainty dependency on the SNR

As explained in 4.3.1, an analytical expression is proposed to understand the influence of two
main system parameters on the measurement frequency shift uncertainty of the ¢-OTDR,
while estimated using cross-correlation. The expression for calculating f given in Eq. 4.17
can be solved either analytically (as given in section 4.3.1) or computationally (as given in
section 4.3.2). The former requires prior knowledge about the shape of the power density
of the artificially-constructed trace, unlike in the case of the latter. When the expression
for B is solved computationally, the values obtained for § are normalised by the step size of
the artificially-constructed signal, hence an associated normalised parameter f = x Af is
introduced, and will be used in some figures in the manuscript hereafter.

According to the computational approach, we found that the value of § is varying with respect
to the SNR as depicted in Fig. 4.7. This phenomenon is quite counter-intuitive, but will be
clearly elaborated later on in this section.

To evaluate this dependency of 8 on the SNR, the SNR is varied keeping the pulse width a
constant at 10 ns (corresponding to a spatial resolution of 1 m) during the experiment. Fig. 4.8
illustrates the impact of the SNR on the power density. It is quite visible from the figure that
a higher SNR yielded a higher amplitude of the power density. 8, however, is normalised,
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Figure 4.7 — Graph showing the dependency of 8 on the SNR. The black dashed line marks the
SNR (~10 dB) at which the § starts being constant which means that it is not dependent on
the SNR anymore.

hence the change in the amplitude of the power density through the SNR variation is cancelled
out. Since f§ is derived under the assumption that SNR>>1, the presence of noise can bring
unexpected ambiguities in the value of 3, implying that the square root of the second moment
of the normalised power density will be higher for low SNR values. Fig. 4.8 (b) depicts 3
corresponding to low and high SNR conditions. When the SNR is low, the square root of the
second moment of the power density, i.e., 8 is high. Alternatively, when the SNR is higher, f is
low and it will remain a constant for even higher SNR values (as shown in Fig. 4.7). This results
in an SNR-dependent f3 in the low SNR regime, whereas as per the proposed model it should
be independent of the SNR. The latter condition is valid only when the SNR is relatively high,
and in the present case this value is found to be around 10 dB (illustrated in Fig. 4.7). The
constant value of the f3 is found accordingly to be around ~0.25.
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Figure 4.8 — Graphs showing: (a) the localised power density as a function of frequency for two
different signal strengths (solid lines), the envelopes of the power densities (dashed lines); and
(b) the square root of the second moment of the power densities (f) in (a) as a function of
distance.
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It is worth noting that a significant discrepancy between the FS uncertainty calculated from
the model and that from the experiment will occur (in the low SNR regime) if the o is cal-
culated with noise-dependent 8. However, fixing the § to a constant value of ~0.25 in all
SNR conditions will result in perfectly-matching experimental and theoretical values, which
indicates that the model is valid for all SNR cases as can be seen in Fig. 4.9. The value of § cal-
culated computationally has to be de-normalised as follows =  x Zl_f Since Af =3.2 MHz
in our case the value of § ~ 78 ns yielded can be then taken as a constant for any ¢-OTDR
system using 10 ns rectangular pulses. Other pulse widths can be calculated using a simple
proportion.

To validate the expression for the FS uncertainty proposed in Eq. (4.16), various measurements
are conducted along a ~100 m long standard single-mode fibre with 1 m spatial resolution. The
SNR in the experiments is altered using two techniques; firstly by changing the input power to
the fibre while keeping the averaging constant, and secondly by keeping a constant input power
while increasing the number of averages. Fig. 4.9 (a) shows the FS uncertainty as a function of
the SNR for the case in which the SNR is altered by varying the input power. As can be observed,
the inverse proportionality between the FS uncertainty of the measurement and the SNR
(M,) proposed by the theoretical model is validated through the significantly well-matched
theoretical and experimental values. In Fig. 4.9 (b), the FS uncertainty is plotted against
the number of averages showing the second case in which the SNR is varied by increasing
the number of averages. As per the calculation from [89], the SNR is implicitly related to the
number of averaged traces through the relationship: SNR ox /Ny where N, is the number
of time-averaged traces. Thus, applying this relationship to Eq. (4.16), the FS uncertainty is

1 . .. . . .
which is illustrated in Fig. 4.9 (b). Fig. 4.9 (a) and
Nao g (b). Fig (@

(b) show a remarkable agreement between the measured FS uncertainty and the theoretically

related to the number of averages by

predicted FS uncertainty. This agreement thus confirms the inverse and inverse square root
relationship of o with the SNR and the number of averaged time-domain traces, respectively.
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Figure 4.9 — Graphs represent the log-log plot of the frequency uncertainty as a function of (a)
the optical power SNR (M,); and (b) the number of averages.
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Chapter 4. Frequency shift uncertainty in direct-detection Rayleigh-based systems

4.4.2 Measurement FS uncertainty dependency on the spatial resolution

Another major parameter which plays a significant role in the FS estimation is the spatial
resolution of the ¢-OTDR system (pulse width of the interrogating input pulse). It is found
from a number of experimental analyses that the uncertainty in the FS estimation using
cross-correlation decreases with the increase of the pulse width. The experiment is performed
by keeping all system parameters constant, and only varying the pulse width from 30 ns to
55 ns. From Eq. (4.14), it is obvious that an increase in the pulse width (thereby the spatial
resolution) of the input pulse by a factor of 2 will increase the backreflected power Pgp,
by 3 dB, which will be reflected in the SNR as well. This implies that a change in the pulse
width is coupled with a linear change in the SNR. In the theoretical model proposed here,
the relationship between the FS uncertainty and the pulse width is reflected through the
value f. Since these artificially-constructed signals can be thought of as a spectral response
of the time-domain traces, and are not directly measured but artificially extracted from the
time-domain traces, the alteration of the pulse width is reflected in the artificially-constructed
signals as well. Thus, a narrower pulse width results in spectrally-broader individual features
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Figure 4.10 — Graph showing: (a) the localised power density as a function of frequency for
different pulse widths (solid lines), the envelopes of the power densities (dashed lines); (b) B
as a function of different pulse widths; and (c) the log-log plot of FS uncertainty as a function
of different pulse widths.
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4.5. Summary

of the artificially-constructed signal (consecutive statistically-dependent points in the signal
form one peak), as a result of the broader spectral distribution of the pulse. The power
density of such an artificially-constructed signal is then calculated from the Fourier transform
of the signal’s auto-correlation function. Thus, it returns physically to the domain of the
interrogating signal (time-domain). The full width at half maximum yielded for this power
density is then linearly proportional to the pulse width used in the experiment. It should be
highlighted and clearly understood that both, the interrogating signal and the power density
of the artificially-constructed signal, are functions of the same domain and therefore vary
jointly.

As given by the analytical expression in Eq. (4.17) for f for a rectangular input pulse, f of the
power density linearly depends on the pulse width 7. Experimentally, this is demonstrated
as an increment in the width of the normalised power density as illustrated in Fig. 4.10 (a),
implying that the square root of the second moment of the power density is proportional to
the pulse width. Fig. 4.10 (b) shows the linear dependency of  and the pulse width of the
interrogating pulse. It is, thus, confirmed that the larger the width of the interrogating pulse,
the higher is the value of §. Finally, the influence of the pulse width on the FS uncertainty is
analysed. The dependency of the FS uncertainty on the pulse width is expected to be inversely
proportional as suggested by Eq. 4.19. However, since the SNR is also varied with respect to the
pulse width, the dependence of the spatial resolution on the FS uncertainty is inverse square
as validated through the experimental results given in Fig. 4.10 (c).

4.5 Summary

To sum up, the influence of two key system parameters (SNR and spatial resolution) on the
estimation of the FS using cross-correlation is thoroughly evaluated through the presented
analytical and computational models along with the experimental results. These experimental
validations confirm that the proposed model for estimating the FS uncertainty for Rayleigh-
based DOFS with the use of cross-correlation can be used to predict the accuracy of such
sensing systems. Besides, the model can be used as an efficient tool for optimising the
experimental parameters to achieve the best system performance. The proposed expression
is valid in all cases of SNR and all different pulse widths, irrespective of the shape of the
interrogating laser pulse and delivers a quantitative prediction of the final uncertainty. Similar
functional dependence of the uncertainty on SNR and pulse width is expected using other
techniques to determine the FS, such as the least-mean square method [87], though possibly
with a different scaling factor to be determined in a further work.

In the following chapter, we will utilise the model presented in this chapter and verify this
relationship of the measurement FS uncertainty using the REE while performing a fully-
distributed temperature measurement.
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Temperature measurement using the
REF and ¢-OTDR

In the previous two chapters, we extensively studied reflection-enhanced optical fibres and
one of the typical Rayleigh-based interrogation techniques that are utilised with this type of
fibres. Whilst such reflection-enhanced fibres are extensively employed in several experiments
based on ¢-OTDR [114], the effect of the experimental conditions on the performance of these
fibres has not been examined so far and is yet to be discovered further.

In this chapter, we will present an elaborated study on the use of one of such reflection-
enhanced fibres interrogated by means of a ¢-OTDR setup. The ultimate aim of the work in
this chapter is to investigate the effect of the high backreflection on the overall performance of
the sensor. To that effect, we will conduct a fully-distributed temperature measurement and
utilise our theoretical model presented in the previous chapter as an evaluation tool for our
Sensor.

The study presented in this chapter is published in [115] and is reproduced here.

5.1 Enhanced-signal associated noises

5.1.1 Noises in a ¢-OTDR system

When compared with a typical incoherent OTDR, ¢-OTDR is a highly sensitive interrogation
technique for Rayleigh-based DOEFS [116], which makes the measurements highly susceptible
to environmental fluctuations. The intrinsic backreflected signal enhancement in the REF
makes it even more prone to environmental fluctuations and other signal-dependent noises
in the system. Hence, the mitigation of such signal-dependent noises is highly essential to
fully exploit the signal enhancement provided by the REF into an effective SNR enhancement.
In this context, we observed that conventional methods used to further improve the SNR of
the system, for instance through trace time-averaging or straightforwardly by increasing the
input optical power to the fibre (below the onset of nonlinear effects) would not necessarily
yield the expected results. An investigation of this phenomenon is presented in great detail in
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Chapter 5. Temperature measurement using the REF and ¢-OTDR

this section.

In a conventional direct-detection ¢-OTDR setup, the possible noises in the system responsi-
ble for the variation of the photocurrent of the photo-detector (PD) are the thermal and the
shot noises of the PD along with the signal-ASE and ASE-ASE beating noises originating from
the pre-amplifier used before the PD. It should be noted that for the effect of the ASE-ASE beat-
ing noise to be insignificant, an extremely narrow-bandwidth optical filter (much narrower
than the one used in our system) after the optical amplifier needs to be utilised. As a result,
the standard deviation of several consecutive time-domain traces o, which is a measure of
the total detected noises in the PD can be expressed as [116, 117]:

— 2 2 2 2
On= \/Uth O h+ Tsig-ase T TASE-ASE .1)

where afh, agh, Uiig_ ASE and aiSE_ AE are the variances of the thermal noise, shot noise, signal-
ASE beating noise, and ASE-ASE beating noise, respectively. oy, is independent of the optical
power of the backreflected light (Pgr) to the PD, whereas the o, and oig.asg are dependent
on Pgg through a square-root relationship. The expressions describing the variances of the

corresponding voltages for the different noises are written as follows [116, 117]:
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where kg is the Boltzmann constant, T is the temperature, R ris the transimpedance gain
resistance, Beq is the equivalent noise bandwidth related to the photo-detector bandwidth
through Beq = %BPD, C; is the total input capacitance of the photo-detector, g, is the field-
effect transistor transconductance, ¢, is the electronic charge, npp is the photo-detector
quantum efficiency, & is Planck’s constant, v is the laser frequency, I; is the dark current of
the photo-detector, G4 and F4 are the gain factor and the optical noise figure of the optical
amplifier, respectively. F, is written as a function of the gain factor as follows: Hznsg—f“_l)

where ng;, is the spontaneous emission factor (ideally 1), and B, is the optical bandwidth.

The SNR of the system which is estimated directly from the time-domain trace following an
exponentially-decaying probability density function is given by:

SNR = HPe (5.6)
On

Here, up,, is the mean and o, is the standard deviation of the electrical amplitude of the
reflected optical signal along the fibre, for several consecutive measurements. It should be
mentioned that the electrical amplitude of the signal is equivalent to the optical power through
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5.1. Enhanced-signal associated noises

the conversion gain of the photo-detector. As mentioned in the previous sections, Pgg can be
calculated theoretically using Eq. 3.1. The impact of the variable attenuation utilised before
the PD in the ¢-OTDR setup should, of course, be taken into consideration when calculating
the effective gain provided by the pre-amplifier [118]. It should be mentioned that during the
experiment, the average power to the PD is maintained well below saturation by means of a
variable attenuator.

5.1.2 Different noise regimes in a ¢-OTDR system

To understand the influence of the different noises (mentioned in section 5.1.1) on the SNR
improvement of the system with respect to the backreflected signal, we performed the experi-
ment using the same experimental setup mentioned in the previous section which is depicted
in Fig. 4.2. We varied the input power to the fibres under consideration and observed the
behaviour of the SNR accordingly. The evolution of the SNR as a function of the backreflected
power (Pgg) from the two sets of fibres is illustrated in Fig. 5.1. It can be clearly seen that
for a given input peak power (Pj,) to the fibres and considering their lengths of 100 m each,
the SNR of the REF is always higher than that of the SMF due to the intrinsic increase in the
backreflection coefficient (agr) of the former. Additionally, the evolution of the SNR with
respect to the input power (or backreflected power) of the REF is very similar to that of the
SME but at a noticeably faster rate. There are two distinct regimes of interest in terms of the
SNR improvement shown in Fig. 5.1. In the first region (Region A in Fig. 5.1), the SNR of the
system is improved linearly (slope of ~1 in the log-log graph of Fig. 5.1) with respect to the in-
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Figure 5.1 — Log-log graph showing the SNR as a function of the backreflected power for both
fibres. The encircled numbers mark SNR values at two different input peak powers for both
fibres (black circles for SME green circles for REF). The same number corresponds to the
same input power for the two fibres; (1) corresponds to an input power of ~18.9 dBm and (2)
corresponds to ~25.4 dBm.
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Figure 5.2 — (a) Log-log graph showing the backreflected power as a function of distance for
both fibres; (b) Semi-log graph showing the backreflected power as a function of the fibre
length for both fibres calculated using Eq. 5.6 highlighting the contribution of the loss term.

put/backreflected power to/from the fibre. This is mainly because o, in Eq. 4.11 is dominated
by the signal-independent noises, namely o, and oasg-ase. In the second region (Region B),
the SNR of the system is improved with a square-root dependency (slope of ~0.5 in the log-log
graph of Fig. 5.1) with respect to the backreflected power. At these powers, o, is dominated by
the signal-dependent noises. Under the given experimental conditions (1 m spatial resolution
and length of the fibres of 100 m each), a Py value of 0.002 mW (corresponding to an SNR of
~33.9 (15.3 dB in the dB-scale)) is the threshold below which the SNR of the fibres increases
linearly with respect to the input peak power/backreflected power.

As mentioned in the earlier paragraph and as can be seen from Fig. 5.1, the SNR of the REF is
always higher than that of the SMF irrespective of the kind of noises affecting the SNR. This
implies that a better SNR is achieved with such backreflection-enhanced fibres as long as the
contribution of the exponential term in Eq. 3.1 is lower than the enhanced backreflection
coefficient (apggr). In this particular kind of REE, having an agg of ~-64.1 dB/m and « of
~0.7 dB/km, a higher Pgp, is observed up until a fibre distance of ~8.5 km (Fig. 5.2 (a)). Beyond
this length, as a result of the increased loss in the REE the value of Pgg of the SMF will start to
be higher than that of the REE

It is interesting to further analyse the consequences of this change of regime for different sens-
ing configurations and thus to determine under what conditions the SNR could be impaired.
In an optimised configuration for a sensor of given fibre length, the input peak pulse power to
the fibre (Py,) is set at its maximum possible value, which is the critical power P allowed
below the onset of nonlinear effects in the fibres, mainly the effect of modulation instability
[119]. Assuming a spatial resolution of 1 m and varying the sensing fibre length, the threshold
value of Pggr (0.002 mW, under the present experimental conditions) is obtained when the
total length of the REF is around 300 m. Since agg of the SMF is lower than that of the REE
this value is reached when the length is around 50 m. This implies that when using P as
the input power to the fibres under consideration, they will be in the signal-independent
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5.1. Enhanced-signal associated noises

noise regime (Region A in Fig. 5.1) when the length of the fibres is greater than 300 m and
50 m for the REF and the SME respectively. For any length of the fibres that is shorter than
these values, at the P, the noise regime of the fibres can only be in Region B in Fig. 5.1.
The noise regime in Region B is therefore predominant only for short sensing ranges and is
observed at all positions over this fibre length, given the negligible effect of attenuation over
such short distances. As a corollary, a change of spatial resolution will modify the critical
length of the fibre proportionally (e.g. a 2 m spatial resolution will extend the limit lengths
shown in Fig. 5.2 (b) by a factor 2). These numbers are critically related to the noise level of the
optical amplifier and can certainly vary depending on the devices used in the experimental
setup. However, the noise level is observed to stay in a given range in most commonly-used
amplifiers and the numbers presented here can be safely considered as a good representation
of a general situation.

We also demonstrate a peculiar situation in which there is dissimilarity in the noise regimes
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Figure 5.3 — (a) Time-domain trace (optical power) along the distance of the fibre; (b) The
standard deviation of 20 time-domain traces corresponding to input peak powers of around
25.4 dBm. (c) Cross-correlation between the time-domain traces and the standard deviation
traces of (a) and (b); (d) Time-domain trace (optical power) along the distance of the fibre;
(e) The standard deviation of 20 time-domain traces corresponding to input peak powers of
around 33.2 dBm. (f) Cross-correlation between the time-domain traces and the standard
deviation traces of (d) and (e). Note: The blue traces before and after the fibres in (a), (b), (d)
and (e) represent the noise floor.
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Chapter 5. Temperature measurement using the REF and ¢-OTDR

between the REF and the SMF with the aid of Fig. 5.3 for a given input power. It ought to be
remarked that this situation may probably be the most common if a comparison is made
between the two fibres. Fig. 5.3 (a) shows the Rayleigh back-scattered optical intensity time-
domain traces, and Fig. 5.3 (b) shows the standard deviation traces of several consecutive
time-domain traces of the REF and the SMF for an input peak power of 25.4 dBm. It should
be mentioned that the two sets of fibres are adjoined such that the signals received at the
PD from the fibres experience the same experimental and detection conditions. Under these
conditions, the signal enhancement provided by the REF (estimated from the mean of the
time-domain trace) is nearly 7.4x (~8.7 dB) higher than that of the SMF (Fig. 5.3 (a)). The
REF/SMF standard deviation ratio is around 1.2x (Fig. 5.3 (b)), yielding an overall 7.9 dB
higher SNR for the REF when compared to the SME instead of a full SNR increase of 8.7 dB
higher. That is because at the used input peak power of 25.4 dBm, signal-dependent noises
are more prominent in the case of the REE whereas in the case of the SME the overall noise is
limited by the signal-independent noises of the system. This claim is evident from Fig. 5.3 (a)
and (b), and can be further substantiated by Fig. 5.3 (c) which shows the cross-correlation
between the time-domain trace and the standard deviation trace of Fig 5.3 (a) and (b). A clear
correlation peak is observed for the REE but as expected there is zero correlation for the SME
This rather simple correlation technique between the time-domain trace and the standard
deviation trace clearly points out whether the noises are signal-dependent or not. As can be
seen in Fig. 5.3 (b), the mean of the standard deviation of the SMF matches well with the mean
of the noise floor of the system confirming that for the given input power to the fibres, the SMF
is limited by signal-independent noises, whereas the REF is not. If we take a look at a different
scenario where the input peak power to the fibres is around 33.2 dBm (Fig. 5.3 (d) and (e)), we
will notice that in this case both fibres are limited by signal-dependent noises. This again can
be clearly observed in Fig. 5.3 (f) using the correlation between the signals of Fig. 5.3 (d) and
(e), where we can now see a significant correlation peak for the SMF as well. Unlike in the case
with lower power, in this case the SMF is no longer limited by the signal-independent noises
in the system and is now in the regime of signal-dependent noises.

This is a crucial inference because the SNR improvement provided by the REF is not always
exactly matching with the signal enhancement when put in comparison with the SMF at a
given input power. For this difference in the SNR to be maintained between the REF and
the SME both of them should share similar standard deviation of the measurement. Having
different sets of noises in the two different fibres can lead to an erroneous estimation in the
physical parameters like the temperature uncertainty when a comparison is made. Hence, the
present analysis of the enhanced signal from the REF highlights the need for the regulation of
the input power to such fibres and the optimisation of the interrogation setup to yield the best
performance.

Beside the analysis of the SNR with respect to the power, we also investigated the SNR depen-
dency on the number of time-averaged traces, and confirmed the square-root dependence
(slope of 0.5 in alog-log graph) in the case of the SME but the dependence was slightly different
for the REF (slope of 0.2 in a log-log graph). The range of averages between 1 and 2048 averages
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is applied to the traces, and already at 8 averages the difference in the slope is observed. This
again implies a slower rate in the SNR increase for the REE Since this result is quite surprising,
we speculate that this discrepancy is possibly occurring because of other sources of noises
that take place when the duration of the experiment is extended (e.g. signal distortions due to
environmental fluctuations). We further confirm our speculations by nullifying this anomaly
using a real-time data acquisition card (DAQ), thereby yielding a square-root dependence of
the SNR with respect to the number of averages for both fibres.

To sum up, the management of the number of time-averaged traces (if no real-time DAQ is
available) as well as the input power to such backreflection-enhanced fibre is vital to benefit
from its full potential. It should be considered that the higher intrinsic signal enhancement,
like in the REE is always accompanied by higher signal-dependent noises and any increment in
the input power (even though well below the onset of the nonlinear effects) will not necessarily
yield the expected SNR enhancement as explained earlier. Hence, addressing the signal-
dependent noises is crucial to understand how to utilise the full potential of such fibres.

5.2 Experimental Demonstration

Despite the fact that using such backreflection-enhanced fibres can be quite tedious due to
the continuously interfering system noises, they can be really beneficial in DOFS, provided
that the experimental conditions are optimised. One interesting characteristic offered by
backreflection-enhanced fibres, as a pure consequence of the enhanced SNR, is a fairly better
spectral shift quality as can be seen in Fig. 5.4. As shown, the REF is has a more distinct
correlation peak that is around 1.5x higher than the SME This quantity can be explained as the
measure of the correlation strength between two data sets, when interrogated using a ¢-OTDR
setup. Commonly, when a frequency-scanned ¢-OTDR system is employed, the correlation
strength can be significantly improved (at a given SNR), and large correlation errors can be
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Figure 5.4 — Local correlation as a function of the frequency shift at an arbitrary position in the
two fibres.
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mitigated when the frequency scan range of the probe pulse is sufficiently large [120]. Yet, a
large scan range requires a longer measurement time. However, if the SNR is high enough
with the aid of a fibre like the REE the scan range can be significantly reduced leading to much
faster measurements.

5.2.1 Temperature measurement

Under the same amplification and detection conditions, and by taking utmost advantage of the
qualities exhibited by the REE a distributed temperature measurement with the REF and the
SMF is performed with the setup shown in Fig. 5.5. The experimental setup is the same as that
presented in section 4.2.2 (i.e. the same specifications of the devices are used) except for the
fact that in this demonstration we are interrogating the REF followed by an SME We are adding
a hot spot of 5 m at each fibre end to perform the temperature measurement, and accordingly
the frequency-scan range and step are changed to 13 GHz and 17 MHz, respectively. At the hot
spot, the temperature is varied from 301.5 K to 309 K.

In an initial work conducted by us [121], we observed an unexpected disparity in the tempera-
ture uncertainty improvement. In that work, at first glance, it seemed that the improvement in
the temperature uncertainty was not following the inverse relationship with the increase in the
SNR, when we were conducting a comparison between the SMF and the REE As mentioned
in the previous section, for the given input power, the total noise of the REF was dominated
by the signal-dependent noise (thereby higher o,), whereas for the SMF it was the signal-
independent noise dominating. This apparently reduced the SNR difference between the two
sets of fibres below the intrinsic value of 8.7 dB. Such an erroneous estimation can be made
very commonly due to the lack of the awareness of the different noises playing the role for the
same input power.

Thus, in the present case this is mitigated by controlling the experimental conditions. The
input peak power launched into the fibres under test is 25.4 dBm and no averages were applied
to the traces, so as to avoid any environmental fluctuation, such that a proper 8 dB SNR
difference between the two fibres is attained. Since the frequency shift uncertainty of the
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Figure 5.5 — Experimental setup of a frequency-scanned ¢-OTDR using direct detection.
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Figure 5.6 — (a) Frequency shift versus the distance along the fibre; (b) Frequency shift as a
function of temperature with a slope of 1.29 GHz/K.

measurement, in a Rayleigh-based DOFS, is inversely proportional to the optical SNR of the
signal, it is expected that the temperature uncertainty of the REF will be much lower than
that of the SME for a given set of experimental conditions. Fig. 5.6 (a) shows the frequency
shift of the Rayleigh back-scattered intensity of the REF and SMF over a range of 10 K. It
shows the frequency shift of the temperature measurement as a function of distance and
highlights the position of the hot spot in the two fibres under consideration. The frequency
shift as a function of temperature is depicted in Fig. 5.6 (b). The linear fit of the plot yielded a
correlation coefficient of 0.99, and the sensitivity obtained from the slope, for both REF and
SME is 1.29 GHz/K. This implies that, despite the modifications of the fibre core due to the
presence of continuous Bragg gratings throughout the REE the thermo-optic coefficient of the
original silica fibre is not altered, thereby showing the same temperature sensitivity as that of
the SME

5.2.2 Model verification with REF

The frequency uncertainty (o 1) of the temperature measurement calculated from the traces for
an arbitrary fibre distance of 40 m (shown in Fig. 5.6 (a)) as well as the theoretical uncertainty
(red dashed lines) calculated using the expression in Eq. 5.7 are illustrated in Fig. 5.7. As can be
seen, in the case of the REE for a metric spatial resolution, the mean value of the uncertainty
is found to be 0.6 MHz, which is nearly 6.5x lower than that of the SME This significantly low
uncertainty value for the REF is a pure consequence of its ~6.5x (~8 dB) higher SNR, and this
can be corroborated by our model presented in section 4.3.1, in which we found out that, for a
Rayleigh-based sensing system using a rectangular input pulse, o ¢ is inversely-related to the
SNR as given by Eq. 4.19 which we will repeat here for convenience:
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Figure 5.7 — Experimental frequency uncertainty as a function of an arbitrary distance of 40 m
in each fibre; theoretical values (red dashed line).

where 7 is pulse width and M,, is the system SNR for optical power. The temperature uncer-
tainty, o, is in turn given as a function of o ras follows:

o
o= ?f (5.8)
where S is the temperature sensitivity (1.29 GHz/K) of the fibres under test. Using Eq. (5.8),
which provides a direct relation between o and o ¢, the temperature uncertainty obtained
when using the REF is as low as 0.5 mK, whereas that of the SMF is 3 mK which is the generally
known value for standard single-mode fibres for metric spatial resolution.

5.3 Summary

In this chapter, we investigated the performance of a state-of-the-art commercially-available
backreflection-enhanced fibre (REF). Its performance was analysed in comparison with a
standard SME since the only difference between those two fibres is the fact that the REF has
weak chirped gratings inscribed inside its core. From our experiments, we realised that when
using such REFs with highly-sensitive commonly-used interrogation systems (e.g. ¢-OTDR),
good care needs to be taken and enhanced-signal associated noises have to be properly con-
sidered to exploit the full potential of such fibres. We, accordingly, performed a temperature
measurement to corroborate our theoretical model presented in the previous chapter using
this REE Finally, we concluded that due to the high SNR of such fibres, we can obtain very low
temperature uncertainties which scale with the same amount of increase in the SNR following
an inverse proportionality.

With this chapter, we conclude the work of the first group that dealt with solid silica-core
optical fibres. In the coming chapters, we will present the work of the second group that
covers the investigation of state-of-the-art hollow-core optical fibres filled with a gas with the
ultimate aim of exploring their potential to be employed as distributed optical fibre sensors.
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Investigation of novel gas-filled
hollow-core optical fibres

Over the past 50 years, fibre optics technology has successfully resulted in significant ad-
vancements in the fields of optical communications, laser technologies and optical sensing.
The continuous thirst for reaching the ultimate performance of the optical fibres, and the
ambition to surpass the fundamental loss limit of ~0.15 dB/km in silica fibres has oriented
the research towards inventing and fabricating novel types of optical fibres. The current vast
growth in the field of hollow-core optical fibres and their rapid integration in lots of research
and industrial applications is remarkably impressive. The structure of these fibres highly
restricts the interaction of light with silica resulting in the propagation of light mostly in
air. Such fibres show great potential and versatility when it comes to telecommunications
applications because of their wide transparent window and the hope of possibly breaking the
loss limit. Besides, such fibres also provide a suitable platform for light-matter interaction
especially when filled with a fluid, for example. They are not subject to high optical power
damage as in the case of conventional silica fibres and can provide long interaction lengths
which enable efficient wave coupling. Therefore, they can be regarded as perfect candidates
for optical non-linearity and sensing applications. The first demonstration showing how
the hollow characteristics of such emerging fibres can be taken advantage of by creating a
suitable medium within the core of the fibres was presented in [122], where Raman scattering
in a hydrogen-filled hollow-core photonic-crystal bandgap fibre (HC-PCF) was measured.
Their work indicated that hollow-core optical fibres can be filled with a fluid, for instance,
and accordingly generate a viable medium where scattering can occur. In other works [13,
48, 123], Brillouin scattering in gas-filled HC-PCF and at the surrounding of nano-fibers was
demonstrated, where a manyfold Brillouin gain amplification over that observed in silica-core
fibres was reported.

Even though they proved themselves as good candidates for optical sensing and non-linearity,
HC-PCFs have never reached the expectation of offering extremely low back-scattering loss
for optical communication, and this is because of the limiting frozen-in surface capillary
waves that are excited by the background thermal noise [6]. This is when state-of-the-art
hollow-core anti-resonant fibres (HC-ARFs) found their way in, as they showed a loss as low as
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0.174 dB/km in both C and L band [7]. In particular, it was recently shown in [124] that for
nested anti-resonant nodeless fibres (NANF), the Rayleigh back-scattering is 40 dB lower than
that of a standard silica single-mode fibre (SMF). Since such fibres exhibit the same advantages
as those provided by HC-PCFs, it is of great interest to investigate the optical non-linearity of
such fibres and their capabilities to be used for optical sensing. In a nutshell, the goal of the
following two chapters is to investigate the potential of HC-ARFs as a platform for light-matter
interaction and for distributed optical fibre sensing.

6.1 Light guiding in hollow-core optical fibres

The guiding of light in optical fibres is always an interesting topic to explore and understand.
The guiding mechanism for conventional silica fibres, namely total internal reflection (TIR)
has been known for a relatively long time. If the fibre is subjected to modifications such as the
imprinting of Bragg gratings or using doping or changing from step index to graded index, etc.,
the guiding of light is preserved as long as the refractive index of the core is larger than that of
the cladding.

In 1991, the idea of trapping light in an optical fibre’s hollow core was proposed by Philip
Russell. He explained that light guiding can be achieved by creating a cladding made of a
periodic wavelength-scale lattice of microscopic holes “photonic crystal” which is encircling

Out-of-plane PBG 1 light guidance 19-cell PBGF

7-cell PBGF 19-cell PBGF

Theory in a hollow core with wide bandwidth

Kagomé HCF  Negative Curvature W Conjoined-tube ARF  Nodeless ARF
HCF

Single-ring ARF

Figure 6.1 — Illustration showing a timeline of the development of hollow-core fibres. In the
upper branch of the timeline we can see the evolution of hollow-core fibres whose light guiding
is based on the photonic bandgap, and in the lower branch we see the evolution of hollow-core
fibres whose light guiding is based on the anti-resonance phenomenon; figure adapted from
[125].
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a holey fibre core [126], and the light will be simply confined within this central hollow core.
Later on in 2002, Benabid et al. presented a new type hollow core fibres, namely Kagomé
hollow-core fibres (HCF) [122]. The name of this type of fibres originates from the Japanese
language, as it is referred to traditional Japanese baskets, called Kagomé, that have some sort of
an intertwined pattern from which the structure of the cladding lattice of this HCF is inspired.
Even though both types of fibres have hollow cores, their guiding mechanism is different, and
this is essentially attributed to the dissimilar cladding structures that the two types have. The
timeline for the development of the various hollow-core fibres is illustrated in Fig. 6.1. In the
following sections, we will, therefore, discuss the different light guiding mechanisms.

6.1.1 Hollow-core photonic crystal bandgap fibres

The first type of hollow-core optical fibres are hollow-core photonic crystal bandgap fibres
(HC-PCFs) and are often also referred to as hollow-core photonic bandgap fibres (HC-PBGFs).
Concerning this type of fibres (upper branch of Fig. 6.1), the light propagates in a central
hollow core by virtue of the presence of a photonic bandgap in the cladding region which is
formed by a periodic lattice array of capillaries. The periodic arrangement of two different
dielectrics in the cladding gives rise to a frequency band in which photons are forbidden
to propagate, thus remain tightly confined within the central holey core and cannot escape
through the cladding. The cross-section of the fibre is typically a honeycomb lattice with
a central hollow core. The dimensions of each unit cell of this lattice (e.g. the diameter of
the cladding air holes, the thickness of the silica struts, etc.) as well as the number of layers
forming the lattice are the parameters which determine the guidance frequency bandwidth
and the central frequency supported by such fibres. The typical bandwidth of the guidance
window of bandgap HC-PCFs is relatively small (~100-200 nm), and their lowest transmission
loss reported thus far reached 1.2 dB/km [6]. This type of fibres have proven to be useful
in a wide range of applications like spectroscopy [127-129], gas sensing [130, 131], optical
non-linearity and distributed optical sensing [48, 122], etc.

6.1.2 Hollow-core anti-resonant fibres

The second type of hollow-core optical fibres are hollow-core anti-resonant fibres (HC-ARFs).
Under this category come a lot of fibres which share the same guiding mechanism. As can
be seen in Fig. 6.1, Kagomé HCFs are the very first fibres that emerged from this category. At
first glance, the cross-sectional pattern seems to be very similar to the that of bandgap HC-
PCFs, however, the structure of the cladding of this fibre does not form a photonic bandgap.
Extensive studies were conducted to understand the ambiguity of such fibres and figure out
their exact light guiding mechanism [132]. Conclusions were drawn and it was agreed upon
that the light is guided by means of the anti-resonant reflection occurring within the thin
glass walls surrounding the core [133, 134]. Anti-resonant reflection is achieved based on the
principle of thin-film interference. This means that for a waveguide to confine light using
anti-resonant reflection, the surrounding should be structured such that a Fabry-Pérot etalon
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Figure 6.2 — Schematic showing the principle of anti-resonant reflection. Left figure: Simple
ray diagram showing the light being guided within the hollow core (with refractive index n;)
and reflected back from the interfacing silica glass wall (with refractive index n») of thickness t;
Right figure: Simple wavevector diagram for the light that is penetrating through the interfacing
silica wall; Figure adapted from [137].

is formed [135, 136]. In the anti-resonant HCFs seen in Fig. 6.1, we observe capillaries in the
cladding that have thin glass walls which form the Fabry-Pérot etalon. When the wavelength
of the light entering this cavity is close to the resonance wavelength of the Fabry-Pérot, the
light interferes with itself constructively, and is allowed to pass through the capillary walls and
does not reflect back into the core. However, when the Fabry-Pérot is not at resonance, the
entering light undergoes destructive interference, and get backreflected into the central core
of the fibre. This is referred to as anti-resonant reflection.

A simplified ray diagram of a ray of light entering the glass wall from the core and being
reflected back is shown in the left part of Fig. 6.2. The wavevector diagram showing the ray
penetrating through the interfacing silica wall is depicted in the right part of Fig. 6.2. It should
be noted that the wavevector diagram for the light that is exiting the silica wall back into the
hollow core will be essentially the same as the one depicted in the right part of Fig. 6.2 except
for the fact that it will be in the opposite direction. The wavevector in the core (k;) lies along
the fibre axis (z-axis) because the light exits the core and enters the silica walls at a glancing
angle. The resonance condition mentioned earlier occurs at specific frequencies for a given
wall thickness (t), and the resonance frequencies can be calculated using a formula derived
using the wavevector diagram. We start the derivation with the mathematical equation for
the resonance condition [137, 138]. When the light in the wall interacts with itself in the
transverse direction, it will only interfere constructively with itself if the total phase difference
in the transverse direction (along y-axis) between the wave that penetrates through interface
into the hollow core and the one that exits the core into the silica wall is a multiple of 2.
Mathematically this can be described as follows:

Qr=kis=2nm (6.1)

where ¢, the phase difference between the entering (into the core) and the exiting (from
the core) waves, and s is the total distance travelled by the wave in the transverse direction
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which is equal to s = 2t, since the wave passes the wall thickness twice, and m is an integer
representing the number of interferences. k; is the transverse component of the wavevector
in the silica wall. The propagation constant k; = ’kt’ is given by:

ke=\/ki— ki (6.2)

where k; = ‘H‘ = ny ko is the propagation constant of the light in the hollow core, and k» = ‘E| =
ny ky is the propagation constant of the light in the silica glass with kg = % as the propagation
constant in vacuum. By substituting these values into Eq. 6.2 and combining it with Eq. 6.1,
we end up with the following expression:

21/ n5ki — nik =2mm (6.3)

Using the expression for ky mentioned above, Eq. 6.3 can be rearranged as follows [138]:

2t
Am=—1/n5—n? (6.4)
m

where 1, is the resonant wavelength where the value of m represents the order of the reso-
nance. Eq. 6.4 is the key expression typically utilised during the design of ARFs. It provides
the designer with information about the location of all orders of resonant peaks. Ideally, the
resonant peaks should be very narrow, but in a real-life scenario they have a rather broader
bandwidth due to problems that may arise during the fabrication or inaccuracies in the mea-
surement of the silica wall thicknesses surrounding the hollow fibre core. For fibres with
complex patterns and structures like the Kagomé fibres, there may be several resonant peaks
present which cannot be calculated by Eq. 6.4. That is why the focus has been oriented towards
fabricating less complex patterns and structures that might be easier to predict using the sim-
ple models and approximations. Additionally, anti-resonant fibres have a smaller overlap of
the optical field with the glass surfaces, in comparison with photonic crystal fibres, which
reduces surface scattering. This, thus, explains the evolution timeline for anti-resonant fibres
illustrated in Fig. 6.1.

6.2 Hollow-core fibres used in this study

In this section, we will present the hollow-core fibres utilised to perform the experiments
in chapter 7. The scanning electron micrograph (SEM) images of the fibres are depicted in
Fig. 6.3. The fibres were either obtained through collaborations or were purchased. The
characteristics of each of the fibres will be presented below.
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Bandgap PCF Revolver ARF Conjoined-tube ARF

10 pm 20 ym
H

(b) H (c)

Figure 6.3 — Hollow-core optical fibres utilised in the experiments.

6.2.1 Bandgap photonic-crystal fibre (PCF)

The HC-PCF (HC-1550-02) used in this work is 50 m long and has been purchased from
NKT-Photonics. A scanning-electron microscope image of the fibre cross-section is shown in
Fig. 6.3 (a). The characteristics of the fibres are as follows [139]:

* Dimensions: The fibre has a hollow core which is about 10 um in diameter D as marked
on the scanning electron micrograph (SEM) in Fig. 6.3 (a)) and 79 pm? in area.

¢ Transmission band: The fibre has a transmission band between 1490 nm and 1680 nm
within which the loss is less than 30 dB/km.

e Propagation loss: The fibre loss at 1550 nm is about 16 dB/km.

6.2.2 Revolver anti-resonant fibre (RAF)

The HC-RAF used in this work is 2 m long and has been obtained within a collaboration with
Prof. Yingying Wang. A scanning-electron microscope image of the fibre cross-section is
shown in Fig. 6.3 (b). The characteristics of the fibres are as follows [140]:

¢ Dimensions: The fibre has a hollow core which is about 35 um in diameter D as marked
on the scanning electron micrograph (SEM) in Fig. 6.3 (b)) and 962 pmz in area. The
capillaries in the cladding have thin glass walls whose thickness is about ~0.45 pm.

¢ Transmission band: The transmission band of the fibre is from 850 nm to more than
1700 nm.

* Propagation loss: The fibre loss at 1550 nm is about 100 dB/km.
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6.2.3 Conjoined-tube anti-resonant fibre (CAF)

The HC-CAF used in this work is 21 m long and has been obtained within a collaboration
with Prof. Yingying Wang. A scanning-electron microscope image of the fibre cross-section is
shown in Fig. 6.3 (c). The characteristics of the fibres are as follows [141]:

* Dimensions: The fibre has a hollow core which is about 22 um in diameter D as marked
on the scanning electron micrograph (SEM) in Fig. 6.3 (c)) and 380 },lrn2 in area. The
capillaries in the cladding have thin glass walls whose thickness is about ~0.71 pm.

e Transmission band: The fibre is designed to be used at 1550 nm (lower loss) but has
a transmission band from 1302 nm to 1637 nm within which the loss is smaller than
16 dB/km.

* Propagation loss: The fibre loss at 1550 nm is less than 5 dB/km.

6.3 Optical and acoustic modes in hollow-core fibres

6.3.1 Optical multi-mode operation

Hollow-core fibres typically guide several modes [142] except for some limited options [143],
for instance like those fibres that have small cores [144] or those which have resonant elements
in the cladding [145]. The main reason lies in their significantly larger fibre cores which are a
consequence of the continuous fabrication attempts to reduce the propagation loss of these
fibres. Two types of modes can be distinguished, namely core modes and cladding modes.
While some fields may benefit from this feature, for instance by increasing the transmitted
capacity through mode division multiplexing (MDM) [146], single-mode operation is generally
favoured in lots of other applications like gyroscopes and gas cells. As we will see further
in chapter 7, when it comes to optical fibre sensing, at each end of the hollow-core fibre
used in the experiments, the light is collected using single-mode fibre pigtails. The coherent
superposition of all the fibre modes generates fluctuations in the beam profile and causes
the coupling ratio to the single-mode fibre pigtail to also fluctuate. These fluctuations may
be observed in the output power in both the time and the spectral domains and can affect
measurements performed at low frequencies.

The factor that determines to what extent the fibres can support higher-order optical modes
is the ratio between the size of the hollow core and the average size of the hollow capillaries
in the cladding, usually denoted by d/D where d is the capillary diameters and D the core
diameter. Consequently, the suppression of the higher-order modes can be simply optimised
using this ratio d/D. The modal indices for the linearly-polarised modes (LP;,, with / and
m as the azimuthal and radial orders of the modes) can be approximated by the Marcatili-
Schmeltzer expression [147]. The loss of these higher-order modes increases with the mode
order, typically by a few times for each subsequent mode group.

A lot of works in the literature have dealt with the problem of higher-order modes and their
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suppression. In [148], the authors present guidelines for the design of HC-RAFs and demon-
strate very strong higher-order mode suppression within all the low-loss guidance bands of
the fibre using a ratio d/D which is approximately equal to 0.68. This then leads to the first
higher-order core modes (LP;;) to be coupled with the cladding modes and form high-loss
super-modes and accordingly results in high confinement loss of the LP;; modes. The phase
matching between the LP;; and the cladding modes offers robust single-mode guidance
across the whole transmission window of the LPy; modes. In [143], it is shown that HC-RAFs
could be engineered in such a way to offer the possibility of a much greater extinction of the
higher-order modes, hence a better modal purity. In this case, the HC-RAF is called HC-NANF
which stands for nested anti-resonant nodeless fibres. In the same work, it is shown that in
the case when the fibres are kept straight, the fundamental mode experiences nearly 100 x
lower loss when compared to the lowest loss of a higher-order mode. The loss ratio can even
be further enhanced when the fibre is bent or specifically engineered to match the application
requirements. Concerning the HC-CAE in [141], it is shown that the fibre can support the
propagation of higher order optical modes which get suppressed after a length of about 15 m.

6.3.2 Overlap between optical and acoustic modes

In this section, we will study the optical and acoustic modes in our gas-filled hollow-core fibres,
as the overlap between the fundamental optical and acoustic modes indicates the efficiency
in the coupling between the light and sound waves. Later, in chapter 7, we will study Brillouin
scattering in gas-filled hollow-core fibres, and how the Brillouin gain scales inversely with the
acousto-optic effective area which we will study in this section.

The study is conducted by means of a finite element method simulation using the COMSOL
Multiphysics software, more specifically the two-dimensional "Electromagnetic waves" and
"Pressure acoustics" modules. The silica refractive index ngjjic, = 1.44 and the gas refractive in-
dex np, =1.0002697 at atmospheric pressure and ny, = 1.0093304 for 35 bar of N, were entered
into the calculation of the optical modes. The effective refractive index of the fundamental
optical mode ne¢ was calculated to be 1.0088004 at a wavelength of 1.55 um. At 35 bar of N,
the gas density p, = 29.6 kg/m? (using the ideal gas approximation) and the acoustic velocity
v, =358.5 m/s (as deduced from the Brillouin frequency shift of our measurement) were used
to calculate the acoustic mode in the fibre core, considering a sound hard boundary on the
hollow tube wall. The acoustic mode profile of the excited modes were calculated for an out-of-
plane wavenumber S, =8.107x10° rad/m (Bac = 2 x fop With Sop = 2n 1< as the propagation
constant of the optical mode [8]) at a resonant frequency of 465 MHz, which corresponds to

the measured Brillouin frequency shift at 35 bar of N, gas. Using the simulation, we calculated
the effective area of the fibres from which we deduced the mode-field diameter (MFD). The
MFD is a quantity that represents the transverse extent of electromagnetic field intensity of an
optical mode within an optical fibre’s cross-section. The effective area for nonlinear effects
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along with the MFD are expressed as follows [149]:

(ffs)g;’dedY)z 2 S
— MFD=—+/A 6.5
Is ‘Erd"dy VAt o

Aett =

where E denotes the transverse electric field vector and S represents the entire cross-section
of the fibre. The values for the physical core diameter and area along with the MFD and the
Aegs for the different hollow-core fibres are given in table 6.1.

For the analysis of the acoustic modes, a finite element method simulation was performed,
using the acoustic, frequency domain module in the gas and the solid mechanics, frequency
domain module for the silica capillaries. We will assume that the silica walls are rigid for the
acoustic wave under consideration, as it was shown in [13] that the theoretical solution of the
acoustic Helmholtz equation for cylindrical coordinates assuming a rigid silica wall and the
simulation are in good agreement. With this simulation, we can compute the acousto-optic
effective area A,o, indicating the excitation strength of the acoustic mode under consideration,
as given by [150]:

2

fIOptdA 2
Apo=|———"—]| - | P°dA 6.6
o (fP'IoptdA) f ( )

where Iop is the intensity profile of the optical mode under consideration, P is the pressure
profile of the dominant acoustic mode considered in the simulation and [ ... d A designates the
two-dimensional integral over the whole fibre cross-section. The acousto-optic effective area

along with the acousto-optic overlap (M) values for the different hollow-core fibres are given

Aao
in table 6.1. We simulate the overlap between the fundamental optical mode and 100 acoustic
modes. In Fig. 6.4, we show the fundamental optical modes for all the gas-filled hollow-core
fibres used in the experiments and the acoustic modes that have the largest overlap with the
fundamental optical mode. From the finite element method simulation, we obtained the

fundamental optical mode along with the overlapping fundamental acoustic mode for the

Table 6.1 — Values for the core diameters, the cross-sectional areas, the mode-field diameters,
the effective areas, the acousto-optic effective areas, and the acousto-optic overlap (flif) for
the bandgap PCE the conjoined-tube ARF (CAF), and the revolver ARF (RAF).

Parameter Fibre type
PCF CAF RAF
Core diameter (um) 10 22 35
Core area (um?) 79 380 962
MFD (um) 8 16 24
Aefr (Um?) 50 197 452
Ago (Um?) 80 340 905

Acousto-optic overlap 0.63 0.58 0.50
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Optical Mode Acoustic Mode Optical Mode Acoustic Mode

0

Figure 6.4 — Graph showing the fundamental optical mode along with the fundamental acoustic
mode for the fibres utilised in the experiments. The acoustic modes illustrated represent the
dominant acoustic mode with the highest acousto-optic overlap. (a) HC-PCF; (b) HC-RAF;
and (c) HC-CAF; Note: The circle in the centre of the anti-resonant fibres does not indicate
any boundary and is only used for visualisation purposes. The visual representation of the
fibres may be slightly misleading, therefore the correct dimensions of the fibres are indicated
in table 6.1.

HC-PCF which can be seen in Fig. 6.4 (a). We can see that there is only one acoustic mode
within 100 simulated acoustic modes that has a large enough overlap to be considered. Higher
order acoustic modes in gas-filled HC-PCF show an acousto-optic overlap effective area that
is more than two orders of magnitude larger and their coupling with the fundamental optical
mode is accordingly negligible. For the HC-RAE we obtained the fundamental optical mode
and the dominant acoustic mode with the highest effective overlap seen in Fig. 6.4 (b). By
dominant acoustic mode we mean the acoustic mode that shows the highest acousto-optic
overlap. The structure of a gas-filled RAF allows the excitation of acoustic modes in the gas (gas
modes) and in the silica capillaries (capillary modes). The capillary modes would dominate
at low gas pressure, and at high gas pressure the dominating modes would be the gas modes
[151]. Fig. 6.4 (c) shows the fundamental optical mode and the dominant acoustic mode for
the HC-CAE

6.4 Heat conduction in gas-filled hollow-core fibres

In section 2.3.5, we presented the acoustic attenuation in gas and how it is related to fundamen-
tal thermodynamic quantities like the thermal conductivity. Unlike the thermal conductivity
« of silica which is 1.3 W/(m K) at room temperature [152], the thermal conductivity for gases
is much lower and is about 25.9x10~3 W/(m K) for N, and 16.8x1073 W/(m K) for CO, as
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Figure 6.5 — Finite element method simulation to compare the heat conduction of standard
SME HC-PCE and HC-CAE (a) 3-D view of the surface temperature for an SMF (upper fibre),
a HC-PCF (middle fibre), and a HC-CAF (lower fibre); (b) Temperature profile in the cores
(central axis), along the z-axis of all three fibres. The single-mode fibre and the HC-PCF show
similar behaviour, whereas the HC-CAF shows a slightly sharper transition due to the lower
thermal conductivity of the gas in comparison to silica. Note: The dimensions of the fibres are
not to scale.

indicated further in chapter 7 in tables 7.3 and 7.4, respectively. In principle, the lower ther-
mal conductivity impedes the longitudinal heat propagation from a sharp hot spot to the
rest of the fibre and creates favourable conditions for achieving high resolution distributed
temperature sensing. A finite element method simulation has been conducted to compare
the heat conduction of a standard silica single-mode fibre along with two hollow-core fibres,
namely HC-PCF and HC-CAE A constant 343.15 K of temperature is applied on the surface of
the three coated fibres along a length of 2 mm, starting from their left far end as can illustrated
in Fig. 6.5 (a). For the three fibres, the coating is taken as a 58.5 m thick acrylate PMMA. For
the remaining length of the fibres, their surface is exposed to a 293.15 K convective natural
air flow. 35 bar of Ny gas is applied in the hollow portion of the HC-PCF and the HC-CAE The
results are presented in Fig. 6.5 (b) and show that the benefit is actually of limited extent in the
case of the HC-PCF when compared to the silica fibre. There is still a slight difference in the
curves, and this is directly attributed to the lower thermal conductivity of the N, gas when
compared to silica. For the case of the HC-CAE we can clearly observe a relatively sharper
transition when compared to the two other fibres. This can be explained by the fact that the
N,-to-silica area ratio of the fibre cross-section is higher in the case of the HC-CAF than in
that of the HC-PCE since the HC-CAF has relatively lower silica content than the HC-PCE

6.5 Summary

In this chapter, we present the characteristics of the fibres that will be employed for the
experimental demonstrations of the next chapter. With the help of the finite element method
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simulation, we calculate the acousto-optic effective overlap areas between the fundamental
optical and acoustic modes inside gas-filled hollow-core fibres. The values of the acousto-
optic effective overlap areas will be utilised for the theoretical estimation of the Brillouin gain
coefficient in the coming chapter. We take advantage of the low heat conduction coefficient in
gas and finally simulate the heat conduction in a standard silica fibre and compare it with a
HC-PCF and a HC-CAE From our results, we conclude that due to the higher silica content in
HC-PCFs, their behaviour in terms of heat conduction is probably very similar to standard
silica fibres. However, in the case of HC-CAE heat conduction is lower due to the lower silica
content inside the fibre.
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d Experimental demonstrations using
gas-filled hollow-core fibres

7.1 Gas cell preparation

The first step into starting the experiments using hollow-core optical fibres is the gas cell
preparation. It is a very crucial step because it has to be done meticulously to guarantee a
hermetically-sealed gas cell with very low loss. Two main factors need to be taken care of,
namely the transmission loss and the end-face reflections. We will further explain how the gas
cells were assembled for the experiments and provide some tips for the most efficient gas cell
making.

7.1.1 The coupling of light and gas

Several techniques have been demonstrated in the literature for the purpose of coupling light
and gas into hollow-core fibres. In [153], one end of the HCF was fusion-spliced with an SME
and the fibre was evacuated and then filled with the desired gas from the remaining open end.
Afterwards, the loose end was spliced with another SME thereby sealing the gas and creating a
compact and durable gas cell. In this case, however, no change of gas is possible and the cell
has to be destroyed and re-made to be used for another gas. Other studies [154, 155] showed
very low interconnection losses between hollow-core fibres and standard SMFs using gluing
instead of splicing to avoid any damage to the fibre’s micro-structures. In a different study
[156], low-loss micro-machining was performed on HCF to yield a milled channel through
which fluid can flow into the HCE This way low-loss splicing can be achieved and the change
of fluid is also possible without destroying the gas cell.

In the following sections, we will present the technique opted for to achieve the coupling of
light and gas. It is adapted from previous works [48, 157, 158].
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7.1.2 All-fibre gas cell

The gas cell realised in this work is an all-fibre gas cell. The end of the hollow-core fibre is finely
cleaved in a flat manner and the SMF end facet is cleaved with an angle. Ideally, the angle
should be as large as possible to minimise the Fresnel backreflections as much as possible.
However, a way too large cleave angle may also result in difficulty for light coupling. That is
why, the angle needs to be adjusted in such a way that the reflections are minimal and the
coupling loss is the smallest to ensure high transmission efficiency. Depending on the fibres
used, the proper angle needs to be chosen, but in general an angle of about 7° to 8° should
yield acceptable performance of the cell in terms of coupling loss and Fresnel reflections [159].
A perfect cleave needs several trials to be yielded, and after that the cleaved fibre ends will be
butt-coupled. To have a rough estimation on the possible loss due to mode field mismatch
amm between the two coupled fibres, the following expression is utilised [160, 161]:

7.1
= (7.1)

2 WHCF WSMF )
HCF

Amfm = —Zolog( 5
+ W5\

where wycr and wsyr are the mode field diameters of the hollow-core fibre and the SME
respectively. It should be noted though that the expression presented in Eq. 7.1 is used to
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Figure 7.1 - Illustration showing the making of the gas cell; (a) Alignment stage where the butt-
coupling is achieved; (b) Fibre inserted in ceramic ferrule used to for the ease of alignment
with the fibre tip showing; (c) Ferrule-to-ferrule junction which has a width in the order of um
showing the butt-coupling between the angle-cleaved SMF and the flat-cleaved HCE

94



7.1. Gas cell preparation

estimate the loss between two flat-cleaved end-facets. When there is an angle, the loss may be
slightly higher, but Eq. 7.1 can still be used as a rough estimation.

As can be seen in Fig. 7.1 (a), the two fibres to be butt-coupled are aligned on a translation
stage where each fibre end is inserted and glued into a ceramic ferrule which can be observed
in Fig. 7.1 (b). The ferrules are tucked in a ceramic sleeve which has a side opening that enables
us to properly align the fibres using a camera. This configuration of ferrule-sleeve-ferrule
will be further referred to as coupling joint. Fig. 7.1 (c) shows the two fibres being coupled
and highlights the size of spacing between the ferrules which is in the order of 10s of um.
The spacing between the fibres is adjusted according to transmission loss measured. The
coupling is performed on the two sides of the HCF to be able to measure the transmission
loss. The two coupling joints on each side of the HCF are then pulled and placed inside of
stainless steel tubes which form the hermetically-sealed gas-cell illustrated in Fig. 7.2. The
sealing of the tube ends is achieved using epoxy glue to avoid any gas leakage. This step needs
meticulousness to ensure that the glue covers the tubes properly. One way of gluing the tube
ends would be fixing the cell vertically, so that the glue can penetrate in the cell using the
gravitational force. However, it is recommended to use a rather viscous glue to ensure that
the glue does not reach the coupling joint and prevents the gas from entering through the
side hole of the sleeve. If after the glue hardens, one observes that there is gas leakage from
the cell, it is still possible to fix the leakage by applying small drops of epoxy while the cell
is being vacuumed. This way the epoxy glue gets sucked in into the leaking grooves. As can
be seen, the cell is made of stainless steel tubes which are connected to each other, three
valves, two gas inlets/outlets, and one pressure metre. This configuration helps controlling the
gas flow within the cell and achieving high purity of the gas by performing several rounds of
vacuuming and purging before reaching the steady-state condition of the gas. Especially when

Figure 7.2 — Graphic showing the final look of the gas cell assembly.
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using heavier gases such as CO, or SFg for example, nitrogen purging is necessary to avoid
the occurrence of inevitable gas mixing. It is highly crucial to make sure that the gases are
as pure as possible because any small impurities can have a dramatic effect on the acoustic
attenuation. The pressure metre in the cell is needed to keep track of the gas-cell pressure at
all times.

While preparing the gas cell, the transmission loss along with the Fresnel reflections are
measured at all times. Depending on the mode field mismatch governed by Eq. 7.1, the
coupling loss varies. We prepared several gas cells, and made sure to always attain a maximum
reflection of ~ —55 dB. The total insertion loss due to the coupling was measured to be between
~8 and ~12 dB. It should be noted that in our experiments, only one end is needed to conduct
the measurement, but it was necessary to perform the coupling on the two end of the HCF to
be able to measure the gas cell loss. The coupling between the fibres can be either done by
splicing or by butt-coupling as we do here, which facilitates the use of different gases in the
same cell. Depending on the application, one can choose the most suitable technique. It is
also possible to splice one end and have a coupling joint in the other end, and accordingly
take advantage of the best in both worlds.

7.1.3 Gas filling time

One important parameter to be taken into consideration while filling the cell with gas is the
filling time. When the density is sufficiently large (i.e. density at atmospheric pressure), the
gas flow in a HCF is in the hydrodynamic regime and the flow can be approximated by the
Poiseuille flow of an ideal gas using the following differential equation for a pressure P(z, t)
along the z-axis of the fibre [162]:

oP D? 8( ap)
P (7.2)

ot 32n,0z\ 0z
where D is the fibre core diameter and 7 is the shear viscosity. For a sudden applied pressure,

P at the two fibre ends and with a negligible initial pressure which is much smaller than P, the
filling time Ly is given by [163]:

32,12
tf: P0D2

(7.3)

where L is the fibre length. Using this equation, the approximate filling time of N, gas with
ns=18 x 10"%Pa-s inside the core diameters of different HCF are given in Table 7.1 for various
lengths. It is worth noting that the values in the table are calculated based on the ideal case
that the cores are circular. In reality, however, during the fabrication of the fibres, the shape of
the cores may differ and the values in the table may also change accordingly. As apparent from
Eq. 7.3, an increase in the shear viscosity results in a longer filling time. This means that for
other gases which have lower shear viscosities (e.g. CO3 has 1.2x lower shear viscosity than Nj
(ns=15x107%Pa-s), the filling time will be 1.2x faster. Furthermore, tf is directly dependent
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Table 7.1 - Typical filling times of different hollow-core fibres for various lengths. The gas used
is Ny at 40 bar for a fibre core diameter of D = 10 pm for the bandgap PCE D = 22 um for the
conjoined-tube ARF (CAF), and D = 35 um for the revolver ARF (RAF).

Length Filling time

PCF (10 um) CAF (22 pm) RAF (35 pm)
50 m 60 minutes 12 minutes 4.8 minutes
100 m 240 minutes 48 minutes 19 minutes
1km 16 days 3 days 9 hours 1 day8hours
5 km 1year 51 days 84 days 34 days
10 km 4 years 206 days 337 days 136 days

on L? and inversely proportional to D? and the pressure P. From the expression, it is obvious
that the length and the diameter of the HCF are the dominating parameters which influence
the filling time.

In this configuration which is mentioned above, the targeted pressure inside the HCF is the
same as that applied to the fibre. To reduce the filling time, however, it is possible to apply
higher pressure to yield the targeted pressure in lower time. For this configuration, the right
hand-side of Eq. 7.3 can be multiplied by a factor [162], so that the calculated time represents
the instant at which the pressure in the whole fibre is equal to the targeted pressure. This
indicates that a relatively high applied pressure, which is much higher than the targeted
pressure, will yield a much faster filling time. For example, if a pressure of 1000 bar is applied,
but it is intended to reach a uniform pressure of 35 bar inside the cell, the filling time of a 10 km
HC-PCF will only be a few days as compared to nearly 5 years. The same of course applies to
the other fibres, and due to their larger core diameters, the time it will take to uniformly fill
them will be even lower. It should be noted, however, that one should account for the time
that the gas will take to be uniformly distributed and stabilise in the entire fibre.

When it comes to gas evacuation, Graham’s law of effusion can be applied. Effusion describes
the process when gas molecules escape through a hole —smaller than their mean free path
—into vacuum. The lighter gases pass through the small openings more rapidly (at a higher
rate) than the heavier ones, as the rate of effusion is inversely proportional to the square-root of
the molar mass My, g = ﬁ In this case, when the gas cell is vacuumed, heavier molecules
will take slightly more time to be entirely evacuated. N, (M}, = 28 g/mol), for example, will
effuse 1.2x faster than CO, (M}, =44 g/mol).

7.2 Detection of spontaneous Brillouin scattering

After having prepared the gas cell and filled it with gas, we will now discuss how the mea-
surement of the Brillouin scattering is achieved. As already mentioned earlier, in this thesis,
we only use reflectometres for the measurements of the scatterings occurring in the fibres.
Reflectometres require solely one end of the fibre for the measurement which is a significant
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advantage with respect to other techniques that require the two ends of the fibres. Problems,
however, may arise if the back-scattered signals are too weak to be detected. In this section, we
will thus explore two commonly-utilised techniques for the detection of Brillouin scattering
which only rely on one end of the fibre for the detection of the signals.

7.2.1 Reflected power of spontaneous Brillouin scattering

Firstly, let us calculate the backreflected power coefficient R due to Brillouin back-scattering
(considering the Stokes process) which is given by [164, 165]:

Rp = Ype®#'? (Iy (Gp/2) - I (Gp/2)) (7.4)

where I,,, are the modified Bessel functions of the first kind of m-th order. The linear gain Gp
is described as follows:

Gp=g8sPpL (7.5)

with Pp as the input pump power and L as the length of the waveguide under test. The
parameter Yp in Eq. 7.4 is written as:

YBzg(ﬁ+1)gB hvp AvgL (7.6)

where 7 is the Planck’s constant, vp is the frequency of the input pump light, and I's =2r Avp
is the acoustic damping rate. The mean number of phonons 72 per acoustic mode (with
a frequency vp) at a temperature T is given by the following expression representing the
Bose-Einstein distribution:

g -1
i= (e -1) 7.7

where kp is the Boltzmann constant. Since we are dealing with small gains Gp << 1, which
is the case when the reflected light originates entirely from the scattering of the laser field
by spontaneously (i.e. thermally) generated phonons, we can approximate the reflection
coefficient to Rp = Yp and the reflected power to:

T
Pssz:RBPp:YBszz(fl-i-l)thAVBGB (7.8)

Using Eq. 7.8 and rearranging, while considering the possible losses (coupling and path losses),
we finally yield the Brillouin gain measured experimentally. The value of Psyps, however, needs
to be calibrated, and we will show how in section 7.3.
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7.2.2 Detection techniques for spontaneous Brillouin scattering

In this section, we explore two experimental techniques commonly employed to evaluate the
Brillouin interaction and are utilised for the detection of spontaneous Brillouin scattering
(i.e. single-ended measurement). There is, of course, a myriad of experimental methods
to measure Brillouin scattering, but here, and as for the rest of the thesis, we only consider
single-ended experimental setups.

Direct-detection experimental system

One of the detection techniques consists in shooting a high-power continuous-wave pump
light from port 1 of a circulator through port 2 into the waveguide under consideration. The
backscattered spontaneous Brillouin signal then passes through port 3 of the circulator and
can directly be measured by means of an optical spectrum analyser (OSA). The OSA can also
be replaced by using a stage containing an optical filter (to get rid of Rayleigh scattering or any
end-facet reflections) followed by a photo-detector (PD) for the detection of the back-scattered
light. It should be noted that this experimental implementation also detects signals at DC
frequency.

In a direct-detection system, the whole backreflected signal having a power of Pspp; is captured
by the photo-detector. The signal-to-noise ratio (SNR) in the electrical domain can be written
as [164]:

(i2(1))

i2)

SNR = (7.9)

where (i2(t)) is the mean-square signal current and (i ’[2h> describes the mean-square current
due to the photo-detector’s thermal noise which is the dominant noise at low light intensity.
These two quantities can be expressed as follows:

(i5 (1)) = Rppy Pg s (i5) = R5py Bpp (NEP) (7.10)

with Rpp as the photo-detector responsivity (in units A/W), NEP as the photo-detector’s
noise-equivalent power (NEP) and Bpp as the detection bandwidth.

Now, let us assume that we have an SNR = 1, and we are interested to find the minimum linear
gain possible for this SNR using a direct-detection scheme. By rearranging Eq. 7.8 to solve for
the linear gain and substituting the equations from Eq. 7.10, we yield the following equation:

2v/Bpp NEP

i = 7.11
Gumin, dd mhvp(+1)Avp ( )

As can be inferred from Eq. 7.11, the gain Gpj, can theoretically-speaking be as minimum
as possible yet still be detected if there is the choice to largely reduce the photo-detector
bandwidth. This, however, causes a significant increase in the measurement time. In real-life,
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Chapter 7. Experimental demonstrations using gas-filled hollow-core fibres

nevertheless, the minimum gain detected using this technique is limited due to the inevitable
detection of signals at DC frequency, as the gain will be buried under the low-frequency noise
if it is too small.

Homodyne-detection experimental system

In contrast to direct detection, a homodyne-detection system relies on the principle of two
signals beating at the photo-detector. In this case, a portion of the pump beats with the
backreflected spontaneous Brillouin signal and the detection is performed at the frequency of
the Brillouin frequency shift (BFS). In turn, if the BFS is very large, a fast photo-detector will
be required which may be an impairing factor when using homodyne detection compared to
direct detection which does not have this requirement.

Since in this scheme two signals are beating, namely the spontaneous Brillouin optical signal
and a strong local oscillator (LO) (a portion of the pump light), the photo-detector current will
then be expressed differently than for direction detection and will take the following form:

(i2(1)) = Rjp Pspas Pro (7.12)

where Py is the power of the local oscillator. It ought to be remarked that by using homodyne
detection and a low thermal-noise photo-detector, shot-noise-limited measurements can be
achieved as a result of the relatively high power of the local oscillator (just below the photo-
detector saturation). Accordingly, the shot noise ((iszh>) will be added to the SNR expression as
follows:
)
SNR= s (7.13)
(i) + (i)

where (iszh> =2 q Bpp Rpp P1o is the shot noise of the local oscillator with g as the electron
charge magnitude. Following a similar procedure as for direct detection, the minimum
detectable gain with a SNR equal to one is:

2Bpp NEP? . 44 Bpp
mhvp(in+ l)AVBPLO 7 Rpp(nn+ I)AVB

Gmin, hd = (7.14)
Using equations 7.11 and 7.14, in table 7.2 we summarise the minimum detectable gains for
direct-detection and homodyne-detection systems with a reasonable choice of parameters
for two different gases, namely 40 bar of N, gas and CO, gas. As apparent from the table,
with homodyne detection, the detection of gains as weak as Gpin, dd = 1079 can be achieved.
This is 10 million times better than direct detection. It should be noted, however, that the
photo-detector noise-equivalent power at high frequency is usually much higher than that
the low-frequency value indicated in the datasheet. Accordingly, and since the minimum
gain for homodyne detection shows a square dependence on the noise-equivalent power,
larger noise-equivalent power values can result in the raise of the minimum detectable gain by
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orders of magnitude. From this analysis, we can conclude that using a homodyne-detection
system is quite suitable for us to benefit from the detection of very small gains, as the Brillouin
frequency shift of gases is quite low as can be seen in table 7.2, so there is no limitation in
terms of photo-detector bandwidth. In the following section, we will present the homodyne
experimental setup employed in our Brillouin gain measurements along with the results of
the measurement.

Table 7.2 — Minimum gains calculated for direct-detection and homodyne-detection systems
for a Bpp = 10 Hz, an SNR = 1, an NEP = 20 x 10~2 W/v/Hz and a Rpp = 1 A/W for two different
gases.

Gas vp (MHz) Avg(MHz) Gminad (x10™)  Gin,na (x107'9)
N 465 13 1.3 1.4
CO, 325 4.1 4 4.6

7.3 Brillouin gain measurement

7.3.1 Gain measurement experimental setup

The experimental setup opted for in the measurements of the Brillouin gain spectra is that
corresponding to the homodyne-detection technique mentioned in the previous section.
Fig. 7.3 shows the experimental setup where the laser used is a Toptica CTL1550 external-
cavity diode laser (ECDL) with a 10 kHz linewidth. The light is then guided into two branches
using a 90/10 coupler. 10% of the laser light is amplified by an Erbium-doped fibre amplifier
(EDFA) which is followed by a polarisation controller (PC). The light hereafter passes from
port 1 of the circulator through port 2 into the HCF under test. The average power measured
at the input of the HCF is about 33 dBm. The HCF is filled with gas at different pressures. The
backreflected light is then transmitted from port 2 to port 3 and reaches a balanced-detection

HCF
90/10 9% EpEA PC_ 2 ;
ECDL &

90% 3

. Optical Connections

= = = El|ectrical Connections

Figure 7.3 — Experimental setup for the measurement of the Brillouin gain spectrum (BGS)
(ECDL: External-cavity diode laser, EDFA: Erbium-doped fibre amplifier, PC: Polarisation
controller, AOM: Acousto-optic modulator.
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Figure 7.4 — Examples of Brillouin gain spectra fitted by a Lorentzian distribution of two gases

at different pressures: (a) Ny gas and (b) CO, gas. Note that the curves are symmetric, and
there is no skewing on either side.

photo-detector (PD). The 90% of the light that is guided through the second branch (local
oscillator) passes through an acousto-optic modulator (AOM) which is connected to a radio
frequency (RF) generator whose amplitude is set to -22.5 dBm and its frequency to 110 MHz.
Accordingly, the frequency of the local oscillator is shifted by 110 MHz from the initial centre
frequency. This way, the Stokes and anti-Stokes Brillouin components can be distinguished
and do not fall on the same frequency in the spectrum. The light then passes through another
PC, then arrives at the PD. The average power measured at the PD is about -2 dBm. Heterodyne
beating between the two branches occurs at the PD, and the Brillouin gain spectrum (BGS) for
the whole fibre (as seen in Fig. 7.4) is acquired by an electrical spectrum analyser (ESA). The
settings of the ESA are set to be the following:

* Radio bandwidth (RBW) and Video bandwidth (VBW): 1 MHz

¢ Frequency span: 1 GHz

¢ Time averaging: 1000

¢ Mechanical attenuation: 0 dB

When two signals are coupled by a 50/50 coupler to beat at a balanced detector, the electrical
amplitude measured is:

Eox \/P1P; (7.15)

where P; and P, are the optical powers of the two signals beating at the photo-detector.
Accordingly, the electrical power is equal to:

Pgox E> < PiP, = Pp=a.P,P, (7.16)

where a. is a conversion coefficient, which should be constant given that the same photo-
detector and the same ESA are used. All the settings chosen in the ESA (e.g. RBW, VBW, scan
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7.3. Brillouin gain measurement

range, attenuation, sampling points, etc.) should remain the same. From the power spectrum
measured by the ESA, we can calculate the overall electrical power Pg by integrating over the
frequency range, which is written in the form of a discrete summation as given by the following
expression:

Pp=) Pp;Af=Af) Pg; (7.17)

where Pr ; and Af are the observed electrical power at each sampling point in the spectrum
and the frequency step between two sampling points, respectively. Hence, @ can be calculated
with a calibration process (see section 7.3.2), using a beating signal, whose beating frequency
is the same as the Brillouin scattering and the optical powers of the two optical signals P; and
P, are known. By substituting Eq. 7.16 into Eq. 7.17 and solve for a, we yield the following
expression:

CAFYPE®

ac= 7.18
c PP, ( )

Once a. is obtained, the power of the backreflected Brillouin signal can be calculated using
the optical power of the local oscillator Py and the measured electrical power spectrum Plsgpl.BS
as follows:

SpB
PPy P

. (7.19)
PioY PE?,I-Ib

P SpBs =

The value of Pspps is then substituted in Eq. 7.8 to calculate the linear gain G from which
the experimental Brillouin gain coefficient gp is obtained. The experimental as well as the
theoretical values of gp as a function of the gas pressure are presented in section 7.3.3.

~——. Optical Connections

30 . . :
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T
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PC 270}
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A 000 g
\ RF Generator = m -80
N &
~_ - \
\ —

I 90— : : - -
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= = = Electrical Connections =l
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Figure 7.5 — (a) Calibration setup; (b) Calibration spectra for the two different BFS of CO,
(around 325 MHz) and N, (around 465 MHz).
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Parameter Symbol Value
Molar Mass My, 28.014 g/mol
Shear Viscosity Ns 18 uPas
Bulk Viscosity Np 13 yPas
Thermal Conductivity KC 25.9 x103 W/(m K)
Heat Capacity (constant pressure) Cp 1041 J/kg K
Heat Capacity (constant volume) Cy 743J/kgK
Derivative of Cp dCp/dT 0.0082 J/kg K?
Derivative of Cy dCy/dT 0.0175J/kg K?
Second Virial Coefficient B -4.7x107% m®/mol
Derivative of B dB/dT 1.93 x10~7 m3/K mol
Second Derivative of B d?B/dT? | -1.5 x107? m3/K? mol
Third Virial Coefficient C 14x10710 mb/mol?
Derivative of C dC/dT | -2.5x107'2 m®/K mol?

Table 7.3 — Values used for the theoretical calculation using N gas at a constant temperature
of T=298.15K [30, 166-168].

7.3.2 Calibration setup

The Stokes and anti-Stokes powers are calibrated by using the calibration setup depicted in
Fig. 7.5 (a). A distributed feedback (DFB) laser diode is used whose signal beats with the signal
that is coming from the second branch of the Brillouin gain measurement setup (Fig. 7.3)
which has an ECDL as the laser source. The power from the DFB laser is adjusted by means of
an attenuator such that the DFB laser power reaching the 50/50 coupler is about -10 dBm. The
calibration is carried out by measuring the response of the photo-detector at the frequencies
of interest, and accordingly we tune the frequency difference between the DFB laser and the
ECDL to be around region of the Stokes beating frequency (465 MHz for N, gas and 325 MHz
for CO, gas). The beating spectra at these two frequency regions are shown in Fig. 7.5 (b). The
information about the powers from the calibration setup is used in Eq. 7.19 to calculate the
power of the backreflected Brillouin signal.

7.3.3 Results

Using the experimental setup presented in Fig. 7.3, we were able to acquire the Brillouin gain
spectra of different gas-filled fibres using N, gas and CO, gas. The experimental demonstration
was conducted using one hollow-core bandgap photonic-crystal fibre (HC-PCF), and two
anti-resonant fibres (ARFs) which are the hollow-core conjoined-tube ARE and the revolver
ARE We will further see in the coming section that the difference in the Brillouin gain values
with respect to different fibres is mainly attributed to the dissimilar core dimensions of the
fibres.
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Figure 7.6 — Graphs showing different parameters as a function of the gas (N») pressure: (a)
Brillouin gain; (b) Brillouin frequency shift; (c) Brillouin linewidth; and (d) Acoustic velocity.

Nitrogen (N») gas

Fig. 7.6 shows the graphs of a number of parameters as functions of the applied gas pressure.
As can be seen in Fig. 7.6 (a), the Brillouin gain is increasing with a square dependence
with respect to the increase of gas pressure. The circles represent the experimental values
obtained during the measurement (refer to section 7.3.1), and the solid lines correspond
to the theoretical estimation of the gain using Eq. 2.65. All values used for the theoretical
calculation are in included in Table 7.3. From Eq. 2.65, it is apparent that the Brillouin gain is
inversely proportional to the acousto-optic effective area of the fibres. A stronger acousto-optic
interaction occurs when the light and sound are confined within a smaller area. Accordingly,
depending on the core diameter, the gain will vary with respect to the different fibres if they
have different core sizes. The graph includes the Brillouin gain of three types of hollow-core
fibres, namely HC-PCE HC-CAE and HC-RAE The acousto-optic effective area has been
calculated theoretically (in section 6.2) with the aid of the finite element method (FEM) using
COMSOL Multiphysics software. Since the PCF has the smallest core diameter (D = 10 um), the
acousto-optic effective area is calculated to be Ay, = 80 pmz for Ny gas. It can be also observed
that the Brillouin gain provided by the HC-CAF is higher than that of the HC-RAE This ~2.75x
higher gain is directly attributed to the ~2.66 x smaller acousto-optic effective area A,, of the
HC-CAF (Ao =340 pmz) in comparison with that of the HC-RAF which is about Ay, = 905
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Table 7.4 — Values used for the theoretical calculation using CO, gas at a constant temperature

Parameter Symbol Value
Molar Mass M, 44.01 g/mol
Shear Viscosity s 15puPas
Bulk Viscosity Ny 4 pPas
Thermal Conductivity KC 16.8 x1073 W/(m K)
Heat Capacity (constant pressure) Cp 852.5]/kgK
Heat Capacity (constant volume) Cy 659]/kgK
Derivative of Cp dCp/dT 0.99]/kg K?
Derivative of Cy dCy/dT 0.95J/kg K?
Second Virial Coefficient B -121.1x107% m®/mol
Derivative of B dB/dT | 8.7x10" m3/Kmol
Second Derivative of B d’B/dT? | -8x1079 m3/K? mol
Third Virial Coefficient C 45.8x1071° m®/mol?
Derivative of C dC/dT | -17x107'2 m5/K mol?

of T'=298.15K [30, 166, 169].
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Carbon Dioxide (CO,) gas

The results for the CO, gas are shown in Fig. 7.7. It can be observed from Fig. 7.7 (a) that the
gains for the different fibres are larger for CO, when compared to N». This larger gain is a
result of its massive molecular structure in comparison with N». Theoretically, heavier gases
will exhibit higher Brillouin gains, which is caused by the molecules being denser as a result of
them occupying a larger area in the medium. Gases like CO», however, have a rather significant
drawback, namely the inevitable absorption lines in the infrared spectral region. This problem
is not encountered when gases like N, with a simpler molecular structure are used. Fig. 7.7 (b)
shows the Brillouin frequency shift in the case of CO; gas, and we can see that it is around
100 MHz smaller than that of N, gas. The Brillouin linewidth shown in Fig. 7.7 (c) for CO, gas
is about 3x narrower than that of N, gas. This difference can be explained by the different
thermodynamic quantities corresponding to each of the gases which are summarised in tables
7.3 and 7.4 for N, and CO, gases, respectively. More details about the acoustic velocity and the
graph in Fig. 7.7 (d) will be discussed hereafter.

7.3.4 Discussion

Since the acoustic velocity plays a crucial role in the determination of the Brillouin gain,
linewidth, and frequency shift, we would like to shed some light on it and understand how it
varies with respect to the medium in which the sound is propagating. Unlike light which is
a transverse wave that can propagate without having any medium, sound is a longitudinal
wave that needs a medium to travel and moves with a series of compressions and rarefactions.
When it comes to sound waves, there is essentially no real particle movement; particles simply
vibrate to and fro around their mean position passing the sound energy from particle to
particle while oscillating. Since the distance between molecules in solids is very small (solids
are more dense compared to liquids and gases), they can collide very quickly, hence transfer
energy much faster leading to significantly higher speeds of sound in solid media. This large
density of molecules in solids makes the medium fairly rigid (i.e. less compressible), and this
higher stiffness results in larger sound speeds. For a standard silica fibre at a wavelength of
1.55 um, for example, the speed of sound is around 5972 m/s. This value is about an order
of magnitude higher than the speed of sound in gases as we can see in figures 7.6 (d) and
7.7 (d) for N, and CO» gases, respectively. From these two figures, we can observe that the
acoustic velocity of Nj is about 100 m/s larger than that of CO,. We also see that with respect
to pressure, the acoustic velocity gets higher with higher gas pressure in the case of N, gas,
whereas it gets lower with higher gas pressure in the case of CO, gas. This can be explained by
the fact that massive molecules (e.g. CO, molecules) have more inertia to overcome, hence
take longer time to respond. For large molecules which have more mass, given a particular
volume, if the density becomes higher, molecules find it even more difficult to vibrate. Ergo,
the kinetic energy becomes less, and in turn, heavier molecules will have slower sound speeds
with respect to increased gas pressure. Lighter molecules, on the other hand, move faster (at a
given constant temperature), and since the speed of sound (v,) in gases is simply proportional
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Table 7.5 — Acousto-optic effective area and Brillouin gain values obtained for the three differ-
ent types of fibres used in the experiments for a pressure of 34.7 bar. The fibres used have the
following core diameters: D = 10 um for the bandgap PCE D = 22 um for the conjoined-tube
ARF (CAF), D = 35 pm for the revolver ARF (RAF). The typical Brillouin gain for a standard
single-mode fibre (SMF) with D = 8 um is about 0.28 m~ W1

Parameter Fibre type
PCF (10pm) CAF (22pm) RAF (35 um)
Acousto-optic area (pmz) 80 340 905
N> gas
Brillouin gain (m~!W™!) 0.285 0.079 0.029
COg gas
Brillouin gain (m~1w~1) 1.44 0.383 0.145

to the speed (on average) of the molecules (vys) using the following expression: v, = \/@ Vrms
with y, as the specific heat ratio, the sound accordingly travels faster. As per the last term
of Eq. 2.68 and following the ideal gas approximation, we can see that the acoustic velocity
v, is a function of the molar mass M, through an inverse square-root relationship, meaning
that sound speeds are slower for heavier molecules. To summarise, at a constant temperature,
the acoustic velocity is highly affected by two main contributions, namely the stiffness of the
medium and the density (whether due to the size or the number of molecules).

As we can see in figures 7.6 and 7.7, there is a strong agreement between the theoretically-
calculated and the experimentally-measured values. A noticeable disparity is, however, ob-
served for the theoretical and experimental acoustic velocity values for CO; gas in Fig. 7.7 (d).
In [13], the same dissimilarity was highlighted. One of the hypotheses in that work suggested
that this difference may be due to the silica portion existent in the PCF fibre used in the
experiments. Here, in our work we show that this disparity is still found despite the use of
anti-resonant fibres with very low silica content. It means that the cause of this discrepancy is
something related to a property of the gas itself and not the fibre used. One possible expla-
nation for this disparity, and especially because it appears for CO, gas only and not for Ny
gas, is the fact the bulk viscosity for CO, gas and possibly also other heavy gases like SFg is
frequency-dependent. The bulk viscosity is generally considered to be an elusive parameter
and requires continuous investigations. It is associated with the relaxation of the internal
degrees of freedom (i.e. rotational and vibrational) of gas molecules. Several works in the
literature concluded that the value for the bulk viscosity of CO, gas varies significantly from
low to high acoustic frequencies [170, 171]. It was shown in [172], that when using N gas,
vibrational modes are frozen at room temperature [173] for all cases whether measurements
are conducted at lower or higher acoustic frequencies, and accordingly the same value of
the bulk viscosity is yielded. This effect, however, is different when CO, gas is used. At room
temperature at low acoustic frequencies, vibrational and rotational modes are both excited
and take part in the energy exchange with translational modes during molecular collisions.
In this case, the bulk viscosity values are very large. In the other scenario when dealing with
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high acoustic frequencies, vibrational modes are frozen and the values of the bulk viscosity
decrease dramatically. It is, therefore, necessary to carefully study this effect and take this
frequency-dependence for CO, gas into consideration in the theoretical estimation. This
result is quite intriguing and thus indicates that Brillouin scattering in gas-filled hollow-core
optical fibres can be used as a potential tool to analyse gas properties such as the bulk viscosity
under different experimental conditions.

In table 7.5, we summarise the Brillouin gain values obtained for the different hollow-core
fibres with respect to the different gases used. The results are taken from measurements at a
constant pressure of 34.7 bar and a constant temperature of 298.15 K. As discussed earlier, we
can clearly see that the lower the acousto-optic effective area, the larger is the Brillouin gain.
There is a trade-off, nonetheless, between the Brillouin gain achieved and the time it takes
for the whole fibre to be filled with gas. We have seen in table 7.1 that smaller core-diameter
fibres take much longer time to be entirely filled with the gas, especially of course for longer
fibres. Therefore, the choice of fibre in this case highly depends on the application, and the
decision of, whether one needs very high Brillouin gains with short fibres or rather moderate
gains but longer fibres, has to be made.

Another interesting point worth elaborating is the choice of gas. As we see from table 7.5,
results show that using CO; gas results in larger Brillouin gains, but due to their large size
compared to N> gas, there is a trade-off, as CO, gas has absorption lines in the infrared spectral
region which are not a concern when using N, gas. There is additionally one more crucial
distinction when opting for either of these two gases. When using CO, gas, the pressure of
the gas cannot be increased indefinitely because at pressures larger than 40 bar, CO, gas
will change state and liquefy at room temperature. This problem is non-existent when N>
gas is used, and the pressure can theoretically be increased with no limitation as long as the
operating temperature does not reach the liquefaction temperature of N, gas which is between
63 and 77.2 K.

7.4 Distributed temperature measurement

Following the gain measurement, we proceed by conducting a distributed temperature mea-
surement, but before delving deeper into the experiment, we shall first understand the tem-
perature and strain sensitivities of the system.

7.4.1 Temperature and strain sensitivities

Temperature sensitivity

We have seen in section 2.3.6 that the acoustic velocity of a gas is temperature-dependent.
When it comes to temperature change, there are two contributions which result in the change
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of the acoustic velocity, and those can be described as follows:

_(Ovg v, OP
any=(2) ar[2%) Par 720

where the first term on the right hand-side corresponds to the first contribution enumerated
by 1, and the second term corresponds to the second contribution enumerated by 2 in the
listing below:

1. The change in the acoustic velocity due to a temperature variation at constant pressure,

(Gua

Ir )P, and this contribution is determined using the virial coefficients.

2. The change in the acoustic velocity due to a pressure variation that propagates through
the whole fibre, and this contribution is an unintentional inevitable consequence of a
change in the average temperature along the fibre.

As can be intuitively realised, the second contribution is not really desired, and this is simply
because it represents a non-local effect. This means that unrelated positions far away from
the hot spot may be unintentionally affected, and this would cause a bias in the temperature
measurement. It is, therefore, necessary to estimate the error which this bias results in. If we
assume that the increase in the pressure P due to a temperature change follows the ideal gas
law, and given that the pressure is the same everywhere, the local density in the fibre is written
as follows:

PM,,

= F(z) (7.21)

P
where M, is the molar mass, R is the gas constant, and T'(z) is the temperature profile along
the fibre distance z. Since the total mass M of the gas is conserved, we have the following
expression:

M

L
dz=— 7.22
fo pdz=— (7.22)

with A as the hollow area of the fibre. If we assume having a hot spot of length [, at a constant
temperature of Ty + AT while the remaining length of the fibre is at a constant temperature of
Ty, then by substituting Eq. 7.21 into Eq. 7.22 and equating the integral, we yield the equation

below:
B L(Ty+AT) (7.23)
O ToL+ AT(L—1p) ‘
We then differentiate Eq. 7.23 with respect to AT and get following expression:
oP I LT, Pyl
ntdo _Foln (7.24)

=P, ~
AT~ (ToL+ AT(L—1,))? ToL

For N, at different pressures, we found a change in the Brillouin frequency shift of 0.32 MHz/bar
(see Fig. 7.6 (b). Accordingly, for Py = 35 bar, Tp =298.15 K, L =50 m, [, =1 m, we obtain a
Brillouin frequency shift bias of 0.75 kHz/K, which can be considered to be an acceptable
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value, as the desired contribution, from the first term of Eq. 7.20, is in the order of MHz as
will be presented later on in this chapter. However, in a different case, where [, = 49 m, the
remaining 1 m of the fibre will experience a bias in the Brillouin frequency shift of 36.81 kHz/K.

For CO; at different pressures, the change in the Brillouin frequency shift of —1.1 MHz/bar
(see Fig. 7.7 (b). In turn, for Py =35 bar, Ty =298.15K, L=50 m, I;, =1 m, we obtain a Brillouin
frequency shift bias of —2.58 kHz/K. When [, = 49 m, the bias in the Brillouin frequency shift
is —126.55 kHz/K, which is quite significant and may lead to a large error in the temperature
measurement.

Strain sensitivity

When strain is applied along a gas-filled hollow-core fibre, the gas automatically adapts to the
available volume and has accordingly negligible sensitivity to the strain of the surrounding
structure. Since the Brillouin scattering interaction only occurs within the gas medium,
the whole system can thus be considered to be almost completely strain-insensitive. More
intuitively, if we assume a longitudinal hypothetical strain that is applied on the fibre, the
following negligible effects are the consequences:

* The effective refractive index of the optical mode will be modified due to the Poisson
effect causing the distortion of the cladding structure as well as the photo-elastic effect
leading to the change of the refractive index of the silica capillaries.

* The ssilica capillaries will shrink in size, whereas the fibre length will increase, leading to
a change in the volume available for the gas along the fibre.

The quantification of these effects for a longitudinal strain € applied on a 3-D slice of a HC-PCF
has been presented in [13] using a finite element method simulation, and the deformations
were analysed to estimate the corresponding change in the effective refractive index reg. To
calculate the local change in the BES due to a longitudinal strain along an optical fibre when it
subjected to a longitudinal strain €, the following expression is utilised:

dVB VB ﬁneff + VB al/a
de  neg O vy Oe

(7.25)

The first term in Eq. 7.25 can be straightforwardly estimated given the change in the effective
refractive index with respect to the strain applied is acquired from the simulation. In this
case, let us assume an applied longitudinal strain of 2% on a 35-bar N»-filled hollow-core fibre
whose BFS is v = 465 MHz, and we take the same value given in [13] for % =-1.7x1073,
the term will be calculated to yield:

vp On

—E e _ _791 kHz/e x 2% = —15.8 kHz (7.26)

Nett O
This value is obtained for one particular cladding structure, namely photonic-crystals. How-
ever, the value will probably differ for other structures, and the strain sensitivity with respect
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Figure 7.8 — Graphs showing the change in the BFS with respect due different parameters for
two gases (N2 and CO»); (a) varied pressure at a constant applied strain of 2% and a constant [
of 20 cm; (b) varied applied strain at a constant pressure of 35 bar and a constant / of 20 cm;
and (c) varied [ at a constant pressure of 35 bar and a constant applied strain of 2%.

to the refractive index change may be even smaller.

The second term deals with the change in the acoustic velocity. Since in this situation, the
temperature is constant and, the only source of change in the acoustic velocity will result from
a variation in the gas pressure. Accordingly, we write the following expression to estimate the
change in gas pressure occurring due to the applied strain:

ap_ AV (l)(l_g ) (7.27)
P v L Vp ‘

A

where TP and % represent the changes in pressure and volume with respect to their original

values, respectively. It should be mentioned that the opposite signs of % and % indicate
that a decrease in the volume is induced by an increase in the pressure and vice versa. €, = %
is the applied longitudinal strain with L as the total length of the fibre, and §/ as the length
of the elongation resulting from the applied strain. [ is the portion of the fibre over which
the strain is applied, and v, is the Poisson’s ratio which is typically equal to 0.17 for silica
glass. Accordingly, if we consider a hollow-core fibre of 50 m length filled with 35-bar N, gas,
and subject a portion of it, around [ =20 cm, by 2% strain (6! =€, L =1 m), the total pressure
change would be calculated to be: AP = —1.85 mbar. As the pressure-dependent Brillouin
frequency has been found to be of ~ 0.32 MHz/bar for N, (see Fig. 7.6 (b)), the total BFS
change due to the gas pressure variation would be AP x 0.32 MHz/bar = —0.59 kHz. Finally,
the total strain sensitivity in this case will be given as: ddLGB =-15.8kHz—-0.59 kHz = -16.39 kHz.
If we utilise CO;, instead of N in the previous example, the strain sensitivity will be different,
as in this case the sensitivity of the BFS with respect to change of pressure is ~-1.1 MHz (as
seen in Fig. 7.7 b). Consequently, the total BFS change due to the gas pressure variation
would be AP x —1.1 MHz/bar = 2.03 kHz, and finally the total strain sensitivity will become:
ddLeB =—-15.8kHz+2.03 kHz = —13.77 kHz. As can be inferred, the values of the strain sensitivities
are relatively small and can be considered almost negligible, given that the temperature
sensitivity, as will be shown later, is in the order of MHz. In Fig. 7.8, we can see a compilation
of graphs showing the change in the BFS as a function of varied pressure at a constant applied

strain of 2% and a constant [ of 20 cm (Fig. 7.8 (a)), varied applied strain at a constant pressure
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of 35 bar and a constant [ of 20 cm (Fig. 7.8 (b)); and varied [ at a constant pressure of 35 bar
and a constant applied strain of 2% (Fig. 7.8 (c)). The figures show the behaviour of the two
different gases at different conditions. By choosing the proper gas and gas pressure, it is
possible to conduct temperature measurements which are partially or even completely strain-
insensitive as demonstrated experimentally in the study by Yang et. al [48] using a hollow-core
bandgap photonic-crystal fibre. The same concept applies to anti-resonant fibres as well since
they contain even less silica content than hollow-core PCFs, meaning that the sensitivity may
be mostly dominated by the contribution of the gas only. This means that the cross-sensitivity
between strain and temperature, which has been a long-time problem for the optical fibre
sensing community, can be mitigated using this interesting platform based on the utilisation
of hollow-core fibres.

7.4.2 Experimental setup

The temperature measurement is performed using Brillouin optical correlation-domain (also
referred to as coherence-domain) reflectometry (BOCDR). The working principle is described
in detail in [50] and [51]. It is a technique which can reach high spatial resolutions and only
requires a single access to the fibre under test.

As shown in Fig. 7.9, the light from the DFB laser is split into two branches by means of
a 90/10 coupler, where 10% of the light is amplified by an Erbium-doped fibre amplifier
(EDFA) followed by a polarisation controller (PC). A circulator is then used so that the light
propagates from port 1 to port 2 into the fibre under test (21 m long) with a hot spot (2 m),
gets backreflected and passes through port 3 where it reaches a 50/50 coupler. The light in the
90% branch passes through a 1.6 km delay fibre, a PC and is combined with the spontaneous
Brillouin backscattering using the 50/50 coupler to beat at a 1 GHz photo-detector (PD). The
light is frequency modulated by tuning the current of the laser and the heterodyne beating at
the PD results in a correlation peak when the scattering light is in-phase with the reference

PC HC-CAF
DFB Laser goz1om.10% 1 2 amam» . ik
oo @ == =

1 90% | pela 3
\ L Y Hot Spot

% 50/50
—

RF Generator
,o o

Optical Connections

= = = Electrical Connections ~|=oo00

Figure 7.9 — BOCDR experimental setup used for the temperature measurement: DFB: Dis-
tributed feedback laser, EDFA: Erbium-doped fibre amplifier, PC: Polarisation controller, ESA:
Electrical spectrum analyser.
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light.When the two beating signals are in phase, the BGS can be measured, whereas when they
are out-of-phase, there will be no correlation peak and the BGS cannot be measured. Hence,
the position of the correlation peak may travel along the fibre when the laser modulation
frequency is altered. The BGS is then acquired by an electrical spectrum analyser (ESA) for
further analysis. Unlike in the experimental setup presented in [50], in our setup presented in
Fig. 7.9, only one EDFA was required and no optical filtering was needed since no Rayleigh
scattering was observed during the experiment. Additionally, since the Brillouin frequency
shift (BFS) is in the MHz range for the gas, no large bandwidth PD was necessary.

The light source used is a distributed feedback laser with a linewidth measured to be around
3 MHz at a centre frequency at 1550 nm whose frequency is directly modulated using a sinu-
soid generated by a radio-frequency (RF) generator. There are two fundamental parameters
of a BOCDR system which determine the overall performance of the sensor, and they are
governed by the two expressions mentioned earlier in section 2.4.2 which we repeat here for
convenience:

VgroupAVB
21 fn Af

_ Vgroup

D,, = 7.28 =
T (728) R,

(7.29)

where vgoyp is the group velocity. We can see from equations 7.28 and 7.29 that the mea-
surement distance and the spatial resolution are functions of the modulation frequency and
the modulation amplitude. The modulation frequency (f;;) is chosen to be 5.99 MHz and
the modulation amplitude (Af) is selected as 200 MHz which corresponds to 70 mV on the
RF generator, resulting in a spatial resolution of ~55 cm for a measurement distance that
covered the full 21 meters of our fibre under test. It should be also noted that the modulation
amplitude is also limited by the BES, and it has to be chosen in such a way that it is smaller
than half of the BFS. This is because if it is larger than this proper value, the BGS might buried
inside reflections from the coupling end faces. Since the BFS in our case is around 465 MHz, a
good enough margin would be around 200 MHz which is our choice.

To achieve that the correlation peak is moving along the fibre (21 m), the modulation frequency
was tuned within a range of 35 kHz from 5.971 MHz to 6.006 MHz. For the temperature
measurement, we only tuned within a range of 16 kHz (corresponding to 10 m of the fibre)
from 5.985 MHz to 6.001 MHz which is a range around the hot spot. At the hot spot, we placed
~2 m of the fibre on a hot plate and a thermocouple was used to measure the temperature
which was varied over a range of 12 K. The pressure in the gas cell during the temperature
measurements was chosen to be around 35 bar.

7.4.3 Temperature measurement results

The results of the temperature measurement are presented in Fig. 7.10. The longitudinal
distribution of the Brillouin frequency shift with respect to a distance of 10 m along the HC-
CAF is illustrated for varying temperatures. From the figure, we can clearly see that the hot
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Figure 7.10 — Graph showing the Brillouin frequency shift at different temperatures as a
function of distance.
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Figure 7.11 — Graphs showing gas sensitivities: (a) Nitrogen gas; (b) Carbon Dioxide gas.

spot is about 2 m in length. The spatial resolution is indicated as the length between the two
points marked on the graph which is calculated as 55 cm. Concerning the slightly different
positions causing more abrupt transitions; this simply is a consequence of the uncertainty
in the determination of the central frequency of the Brillouin gain spectra in the presence
of noise. Already from this graph we can infer the sensitivity and can see that it is around
2 MHz/K. This sensitivity is obtained for the case of utilising N, gas as the scattering medium.
The sensitivity was measured also when CO, gas was used as the medium, and it was around
1.1 MHz/K. The graphs showing the sensitivities for the two gases are depicted in Fig. 7.11
where the BFS is shown as a function of the different temperatures. The experimental data is
fitted linearly with a correlation factor of 0.99. It is worth noting that the sensitivity of the gases
to temperature changes remains mostly the same at different applied pressures as long as the
gas maintains its state of matter. In the case of gases like CO,, distributed sensing can only be
conducted within specific ranges of pressures at which the gas is not close to liquefaction.
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Measurement frequency shift uncertainty

A rigorous model for the measurement uncertainty for Brillouin-based sensors has been
presented in [89], and the expression governing the uncertainty is given by:

O'BZSNLR ZéBAvB (7.30)
where 6 is the frequency sampling step, and Avp is the Brillouin linewidth. In the current
experimental conditions, the SNR was calculated using Eq. 7.13 and was estimated to be
around 3 dB. 63 and Avg were obtained from the Brillouin gain spectra in the case of N;
gas and are given as 0.5 MHz and 13 MHz, respectively. For CO, gas, Avp is given as 3 MHz.
Accordingly, the frequency shift uncertainty is computed to be around 1.1 MHz for N, gas
and around 0.51 MHz for CO» gas. Using the different sensitivities of N, and CO, gases, the
temperature uncertainties yielded are 0.54 K and 0.47 K, respectively.

7.4.4 Discussion

An interesting result obtained from the temperature measurement is the fact that the tem-
perature sensitivity of the two gases used in the experiments varied with respect to the gas.
This variation may be linked to the different masses of the gases. In fact, N, gas is about ~1.6x
lighter than CO, gas, and the sensitivity obtained for N, gas is about ~1.8x larger than that
of CO; gas. This indicates that even lighter gases like methane for instance may show even
higher sensitivities. The sensitivity of the gas is again linked to the acoustic velocity which
can be considered the key parameter controlling the sensitivities of temperature and strain
in a Brillouin-based sensor based on gas-filled HCFs. Using Eq. 7.24, we can estimate the
bias that may be contributed due to pressure change in the gas medium as a result of the
sudden temperature change at the hot spot, and the calculation indicates that the sensor bias
in the case of N, gas is about 3.58 kHz/K and for CO it is about -12.29 kHz/K which can be
considered to be relatively negligible in both cases with respect to the overall temperature
sensitivity which is in the order of MHz/K.

Since our experiments contained a comparison between N, and CO, gases, we kept the pres-
sure well below the state at which CO; gas liquefies. Accordingly, the spatial resolution and the
temperature uncertainty were limited by the linewidth of the Brillouin gain spectrum. In the
case of Ny gas, however, there is no limitation in terms of how much pressure can be applied,
and accordingly the linewidth can be further reduced with the increase of pressure, and in
turn also the spatial resolution as well as the temperature uncertainty of the measurement.
The same applies to other lighter gas like Methane as an example. Even though such gases
exhibit lower Brillouin gains, they can potentially have very high temperature sensitivities
compared to heavier gases which exhibit larger Brillouin gains. The smaller gains can anyway
be also compensated by applying higher pressure, since these gases show no limitations in
terms of state changes.
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As we can clearly understand from these results, this platform is very agile and can be adapted
to different types of gases. It can be applied to various applications, and depending on the
type of study, the suitable gas, gas pressure, gas temperature, etc. can be chosen.
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Conclusions and perspectives

8.1 Thesis main contributions

In this thesis, we highlight the great capabilities of some novel speciality fibres that have
the potential to contribute to technological advancements in the field of distributed optical
fibre sensing. We, accordingly, demonstrate the use of several interrogation techniques to
investigate different scattering mechanisms and scattering media. The thesis is, therefore,
split into two groups of chapters depending on the scattering mechanisms and the scattering
media used.

Reflection-enhanced optical fibre sensors

The first group of chapters presents a comprehensive study on utilising reflection-enhanced
optical fibres (REF) based on fibre Bragg gratings to generate a larger directional backreflection.
Fibre Bragg gratings are essentially very similar to the inevitable density fluctuations, also
referred to as Rayleigh scattering centres, which are generated in a standard silica single-mode
fibre (SMF) during the fibre drawing process. The main difference is that ultra-weak fibre Bragg
gratings result in a directional reflection, and accordingly achieve a significant enhancement
of the backreflected signal without an increased loss of the same proportion.

The backreflected signal of a grating is measured in the same way as that of a back-scattered
Rayleigh signal. In turn, we utilised one of the currently emerging techniques which offers
extremely high sensitivity to external quantities, namely phase-sensitive optical time-domain
reflectometry (¢-OTDR). We performed a comparative analysis between the REF and an SME
and we formulated a theoretical expression that relates the most fundamental parameters of
Rayleigh-based systems when using cross-correlation for the frequency shift estimation, which
are the frequency shift uncertainty of the measurement along with the signal-to-noise ratio
(SNR) and the spatial resolution. The expression was validated experimentally, and we clearly
demonstrated the inverse relationship between the measurement frequency shift uncertainty
and the SNR, as well as the inverse square dependence of the measurement frequency shift
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uncertainty on the spatial resolution. This result can indeed be considered to establish a
figure-of-merit for Rayleigh-based systems which rely on the cross-correlation operation for
the estimation of the frequency shift.

A temperature measurement was finally conducted to point out the effect of the increased
SNR of the REF with respect to the temperature uncertainty of the measurement. We showed
that despite the modifications of the core of this special fibre, the sensitivity is the same as that
of a standard SME However, the temperature uncertainty in the measurement is 6x smaller
than that of a standard SMF which is a direct consequence of the 6x enhanced SNR.

We also tackled the problem of enhanced-signal associated noises, and how they can be
detrimental if not treated carefully. To that effect, we provided some guidelines on how to
employ such reflection-enhanced fibres to exploit their potential to maximum effect. We
highlighted that input powers, the number of time-averaged traces, and the measurement
time may have a severe impact on the performance of REFs if not chosen as per the guidelines
presented earlier. Even though such a fibre shows an 8 dB enhancement over the Rayleigh
scattering level, this enhancement may not necessarily translate into a full SNR enhancement
under improper experimental conditions, which reduces the benefit of such type of fibres.
However, as we indicated in our work, using these fibres with careful adjustment of the
experimental conditions will yield measurements with much lower temperature uncertainties
(0.5 mK) with respect to temperature uncertainties provided by standard SMFs (3 mK).

Gas-filled hollow-core optical fibre sensors

In the second group of chapters, we switched the focus to gas-filled hollow-core optical
fibres (HCFs). One particular kind of HCFs, namely anti-resonant HCFs, is rapidly emerging
owing to their significantly lower propagation loss as well as their quasi-zero dispersion and
nonlinearities. Their benefits extend over a plethora of applications which are not only limited
to data transmission and communications. Such fibres are capable of providing a suitable
platform for light-matter interaction especially when filled with a fluid, for example. They
have a higher optical power damage threshold when compared to conventional silica fibres
and can provide long interaction lengths which enable efficient wave coupling.

We, accordingly, obtained several hollow-core fibres through purchases and collaborations,
and demonstrated for the first time a Brillouin gain measurement in gas-filled anti-resonant
HCFs. The Brillouin gain spectrum was measured using a simple Brillouin reflectometer, and
the spectra were calibrated by means of an additional setup. We clearly highlighted the square
dependence of the Brillouin gain with respect to the gas pressure and corroborated the theory
by experimental results using gas-filled anti-resonant HCFs. Additionally, we performed a
finite element method simulation from which we obtained the acousto-optic effective overlap
areas (Aao) for all the fibres utilised in the experiments, and showed experimentally how the
Brillouin gain is inversely related to Aae.
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Basing on already-established theory, we provided some insights on the filling times of gas with
respect to the different fibre core areas, and pointed out that smaller cores require significantly
longer gas filling times. Due to the flexibility of our gas cell built to perform all the experiments,
we were able to change the gases in the cell, and accordingly presented results for two different
gases, namely N, gas and CO; gas. The experiments with the different gases pointed out
their dissimilar characteristics in terms of Brillouin gain and linewidth as well as the acoustic
velocity and accordingly the Brillouin frequency shift. We elaborated on how the choice of gas
is merely dependent on the users’ applications and explained the benefits and limitations of
the two gases used.

The final experiment was conducted to demonstrate the great potential of anti-resonant HCFs
to be utilised for fully-distributed temperature sensing. A Brillouin optical correlation-domain
reflectometer is used as the experimental setup with which a sub-meter spatial resolution is
achieved for a sensing length of 21 m. We showed that with the choice of gas, we can alter the
sensitivity of the system, and presented a 2 MHz/K sensitivity for N, gas, whereas for CO,, the
sensitivity is 1.1 MHz/K. Temperature uncertainties of 0.54 K and 0.97 K were yielded for N,
gas and CO gas, respectively.

8.2 Future work and perspectives

Now that we have summarised the main results achieved in this thesis, it is important to
point out how the work can be further extended and hopefully lead to more fruitful works.
Since throughout the thesis we have divided the work according to the scattering mechanisms
and media, we will proceed in the same manner and indicate the future work of each topic
separately. In the end, we will conclude with final overall perspectives.

Reflection-enhanced optical fibre sensors

Reflection-enhanced fibres will presumably receive increased attention for Rayleigh-based
distributed sensing in the near future owing to their relatively low propagation loss and the
directional enhanced backreflection they provide. With the enhanced SNR provided by the
REFs along with the theoretical model presented in this thesis, the frequency shift uncertainty
of any measurement relying on cross-correlation for the frequency shift determination can
be easily predicted just by knowing the SNR and the spatial resolution of the system. This,
in turn, will save a lot of time spent performing and repeating experiments, and will aid in
the optimisation of the system in terms of the number of time-averaged traces, the scanning
range, the scanning step, along with others.

Despite the advantages provided by the theoretical model, it ought to be remarked that it
should still be adjusted for measurement cases where large errors are present. Large errors can
be absolutely detrimental to the measurement and the current model may not provide accu-
rate results in that case. It can also be extended to a model which uses the least-mean-square
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operation instead of the cross-correlation operation for the frequency shift determination.
The least-mean-square approach has proven its capabilities to drastically minimise the proba-
bility of large errors, and establishing a theoretical model based on it can probably be more
comprehensive and may be valid in all situations.

Even though we have been quite focused on developing theoretical models to predict the
behaviour of the experiment, there is still an ongoing issue that cannot really be solved by the
models. It is the fact that the current experimental measurements are relative to reference
measurements and are not absolute. Absolute measurements are desired in many applications
which need the information to be quickly available and where a real-time measurement is a
requirement. In this case, one may think of machine learning as a tool to address this matter.
Each manufactured fibre can be characterised by a neural network tailored specifically to that
particular fibre. The characterisation can be initially achieved by training on a large data set to
develop a well-performing neural network. Then, transfer learning can be applied to adapt
the model to other fibres; in this case much smaller data sets would be needed. End users can
then benefit from readily-characterised fibres using machine learning and can accordingly
conduct reference-free measurements which will save them a significant amount of time.
While several works in the literature have already tackled this problem, this field is still under
investigation and development and further improvement is undoubtedly needed. Achieving
absolute distributed sensing and using reflection-enhanced fibres will be very beneficial to a
myriad of fields such as distributed acoustic sensing which is currently heavily employed for
the early detection of seismic activities.

Gas-filled hollow-core optical fibre sensors

The technology based on gas-filled hollow-core optical fibres is very promising and has great
potential to be integrated in a wide range of applications. We predict that the work in this
field will advance pretty rapidly especially with the continuous effort in the fabrication of
hollow-core fibres to reach a propagation loss comparable or even smaller than silica fibres. In
our work, we filled the hollow-core fibres with two gases, namely N, gas (light gas) and CO; gas
(heavy gas). It will also be interesting to fill the fibres with other types of gases, even mixtures,
and observe their sensitivities for distributed temperature measurements. We predict that
significantly high sensitivities may be reached if the proper gas is utilised. Other than gases,
there are liquids, plasma, or other potential fillings that may be interesting to be investigated
and explored further.

An interesting direction where improvement is necessary is the preparation of the gas cell. The
whole cell-making process can definitely be properly automated to yield the best performances
of the platform. Making the cell air-tight to make sure that no leakage occurs is relatively
tricky, and by automatising the fabrication process, the cell can be packaged and made into a
product to facilitate its use for research and potentially maybe industrial purposes.

Just recently, a work by our group presented the measurement of an intense Brillouin gain

122



8.2. Future work and perspectives

from the evanescent field at the surrounding of nano-fibre based on the same technology used
in this thesis. The nano-fibre was placed in a pressurised CO,-filled gas cell, which indicates
that this platform can be extended to study other types of media surrounding the nano-fibre.
Different liquids and solvents can be characterised and their viscoelastic properties can be
quantified using this technology which, with some changes, may also be potentially applied
to applications in spectroscopy and microscopy.

Our work on hollow-core fibres has been solely oriented towards the measurement of Brillouin
scattering, as it is the most prominent scattering process at high gas densities. Another exciting
idea would be the investigation of Rayleigh scattering at very low pressures with different types
of gases, more specifically heavy gases, whose mean-free path is relatively large. It has been
already demonstrated in the literature that Rayleigh scattering in hollow-core anti-resonant
fibres filled with air at atmospheric pressure is 40 dB lower than that of silica fibres. In this
case, however, the gas is in the hydrodynamic regime because already at atmospheric pressure
the gas exhibits high density and the mean-free path between the molecules may be really
small. Therefore, for this study, the pressure should be in the millibar range, i.e. molecular
regime of the gas. This though may be a bit challenging due to a number of concerns like
the vacuum requirements, the sensitivity of the interrogation technique and the end-facet
reflections. The facet reflections may be highly suppressed if the fibres are spliced with the
SMF pigtails rather than relying on butt-coupling. As for hollow-core fibres which have a larger
silica content like hollow-core bandgap photonic-crystal fibre, with Rayleigh scattering, even
at higher pressures, we can measure the time it takes the gas to stabilise inside the fibre, which
is not so easy to know if the gas does not have absorption lines as an indication. CO, gas, for
example, has absorption lines within the wavelength range of operation in our experiments,
but for N, gas, there are not. This means that one needs to roughly estimate the time it takes
for the gas to entirely stabilise in the fibre, which can be potentially determined using Rayleigh
scattering traces.

Overall perspectives

It is quite fascinating to observe the great capabilities of the novel optical fibres employed
in this thesis. In the field of distributed fibre sensing, there are various degrees of freedom
which do not only include the choice of fibre, but also other parameters such as the scattering
medium, the scattering mechanism, and the sensing technique. To make a well-informed
decision between the different parameters, one must thoroughly explore each of their strengths
and limitations. Our studies highlight how a combination of these parameters can be optimally
chosen for application-specific solutions.

The most prominent natural scattering process occurring in silica fibres is Rayleigh scattering.
Sensors based on Rayleigh scattering are known to be several orders of magnitude more
sensitive than their counterparts. Before conducting our experiments, it was unclear whether
the reflection-enhanced fibre used exhibits the same sensitivity as a standard single-mode
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fibre, which we later confirmed to be the same. Even though reflection-enhanced fibres
require an additional fabrication step, they show very similar characteristics with respect
to standard single-mode fibres, but can offer additional considerable advantages. Based on
our results, sensors based on reflection-enhanced fibres —when exploited efficiently —can
measure ultra-small changes of external quantities. Such sensors may be very valuable for
applications which require the detection of minute temperature changes like high-voltage
power lines to prevent any overheating of the cables. Additionally, they can be very beneficial
for the detection of natural hazards as early warning tools.

Despite the fact that solid-core fibres have been and are still heavily used in a plethora of
applications, hollow-core fibres are rapidly paving their way as promising candidates for
telecommunications applications as well as in the fields of lasing, sensing, along with others.
Within the category of hollow-core fibres, one has an even wider choice of fibres as a result
of the continuous quest for the fibres with the lowest possible propagation loss. The guiding
mechanism of photonic crystal fibres makes the overlap the optical field with the silica glass
relatively large (~0.1-1%), unlike in the case of anti-resonant HCFs (~0.01%). Accordingly,
Rayleigh and surface scatterings in anti-resonant fibres are extremely small and may be
difficult to be detected with conventional interrogation techniques.

On the one hand, anti-resonant fibres seem to be more promising for telecommunications
applications, as they have already shown exceptionally low propagation loss. On the other
hand, they might not necessarily be the preferred option if they are to be filled with any
substance (such as pressurised air) to perform studies on nonlinearity, lasing, and sensing
using inelastic scattering processes like Brillouin and Raman scatterings. This is because of
their large core dimensions which will result in smaller gains. In our experiments, we decided
to go for the measurement of Brillouin scattering in gas-filled hollow-core fibres because
Brillouin scattering is the most prominent scattering process in gases of rather higher density
(1 atm of gas pressure).

Anti-resonant fibres have relatively large core diameters, and in the case of Brillouin scattering
for instance, one yields lower Brillouin gains as a pure consequence of the larger acousto-optic
overlap effective area due to the large core effective area. Hollow-core photonic crystal fibres
in this case may be more desired, as their use would result in significantly large Brillouin gains.
Yet again, since anti-resonant fibres have lower silica content than photonic-crystal fibres, they
may be even less sensitive to strain changes, which is crucial to eliminate the cross-sensitivity
between strain and temperature occurring in silica fibres. If anti-resonant fibres are designed
and fabricated with very small core dimensions while still exhibiting low propagation loss
and containing low silica content, they would be considered to be very promising candidates.
However, our results also showed that the smaller the core dimensions are, the longer time it
takes for the hollow-core fibres to be filled with gas. Based on our studies, the most preferred
and optimal option would be an anti-resonant fibre with core dimensions which are not
too small or too large as in the case of the fibre that we used in our distributed temperature
measurement demonstration.
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Future work and perspectives

In all of our experiments, we opted for experimental setups which only require a single-ended
access to the fibres, so that any possible faults in the middle of the fibre do not interrupt the
whole measurement. Before conducting the measurement of Brillouin scattering for the first
time in an anti-resonant fibre, it was unclear to determine at which gas pressure it will be
possible to detect and observe a Brillouin gain spectrum. Our results indicated that already
at 6 bar of pressure in a 2 m long anti-resonant with a large core diameter, we were able to
acquire a clear Brillouin gain spectrum, and with a smaller core the detection will be at an
even lower pressure. This indicates, that for such studies of nonlinearity and sensing, there is
no real need for sophisticated setups which require access to the two ends of the fibres under
test. In other applications, however, like Brillouin gas lasing for example, the need for the
two ends of the fibres under consideration is justified because they are required to create the
lasing cavity.

An interesting quality of hollow-core fibres when compared to solid-core fibres is their flexibil-
ity in terms of the scattering medium. The variability of the medium enables an additional
degree of freedom which is the alteration of the scattering medium. We have seen in our study
that due to the different properties of gases, a sensor may exhibit different characteristics
according to the gas used. This advantage over solid-core fibres may be very valuable for
specific types of applications where comparative studies of different substances are carried
out under the same exact conditions by making sure that the environment of the substance
remains the same throughout the experiments.

The presented studies in this thesis provide a unique perspective on utilising the simplicity
in existing tools with precise adjustments and exploiting them to maximum effect to reach
outstanding performances. Our work helps the scientific community by elucidating the nature
of such speciality fibres to be employed for more advanced distributed optical fibre sensing
applications and to contribute to the advancement and progress of other fields as well.
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.\ Measurement frequency shift uncer-
tainty derivation

Similar to Radar applications, a phase-sensitive optical time-domain reflectometry (¢-OTDR)
measurement can be considered as a time-delay estimation (TDE) problem. In both fields
"Radar" and "Distributed Optical Fibre Sensing (DOFS)", the observer is interested to extract
the delays/shifts in the signals that get backreflected and detected by the receiver. The concept
is basically the same except for the fact that in TDE we directly use the time-domain traces to
extract the delay between the signals, but in the case of DOFS, the signals used for the shift
extraction are artificially-constructed and are not the direct time-domain traces. In this case,
it is not the time delay that is being retrieved, but it is actually the frequency shift between the
signals. This shift then indicates the amount of perturbation that the fibre is subjected to.

To calculate this delay/shift, a measurement is performed consecutively, and successive signals
will be acquired by the receiver and can be compared to a reference signal (with no delay/shift)
by means of different statistical estimators such as "cross-correlation".

The challenge encountered when dealing with the information received at the detectors is
the fact that the signals are mixed with some unwanted noise that makes it difficult to extract
the maximum wanted information from these signals. For instance, if a signal experiences a
specific delay/shift 7o, and is captured by the receiver, an inevitable unwanted random noise
n will accompany the wanted signal. This means that the true value of 7 is impossible to attain,
and will result in the acquisition of some signal y, which is the mixture of both the wanted
information and the noise n. Since the aim of the observer is to gain the most information
about the delay/shift 7 from y despite the presence of n, this mathematical problem can be
modelled with the use of probability theory. The theory of probability distributions is usually
a helpful approach to be utilised when random effects which can be measured numerically,
such as 7 in this case, take place.

The following derivation was presented for the fields of radar and sonar [109, 111], and with
slight modifications, it can be adapted to model the measurement uncertainty of Rayleigh-
based sensors which rely on cross-correlation in the estimation of the frequency shift between
two signals as shown in chapter 4.
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Appendix A. Measurement frequency shift uncertainty derivation

The waveform that is transmitted and reflected back to be captured by the receiver can be
simply written as follows:

y(x) =u(x—10) + n(x) (A.1)

where y(x) is the received signal, n(x) is considered as a random Gaussian white noise voltage,
and u(x) is the original signal with no 7¢ which is the true delay/shift between the reference and
the measurement signals. It should be noted that u(x) is considered to be the reference signal
which is already known and acquired before the measurement is conducted. Throughout the
derivation 7 will denote the true value of the delay/shift and 7 will represent all the values
that 7 can take.

To achieve the goal of knowing the true value 7 given y, Bayes’ theorem of inverse probability
will be applied:

_ p@)p:(y)

py(7) ()

(A.2)
where p (1) is the posterior probability, p(7) is the prior probability, p;(y) is the likelihood
function, and p(y) is the marginal likelihood function. Since p(y) is independent of 7, it will
be absorbed in k which is the normalising constant of the distribution that will be introduced
in the following equation:

py(®)=kp)p:(y) (A.3)

It is important to explain Eq.(A.3) as neatly as possible so that its relevance to our current
problem is clearly understood by the reader. We have already explained what each of the
probabilities mean in probability theory, but what do they actually represent physically?

The essence of this whole problem lies in finding out the posterior probability p, () which is a
distribution to explore the probability of attaining t given the signal y(x). This probability, as
itis clear from Eq.(A.3), relies on the prior probability (which gives prior statistical information
about the delay/shift), and the likelihood function (which should indicate the statistical
properties of the noise in the system).

The prior probability p(r) simply means that before conducting any measurement, we already
have some prior knowledge about the delay/shift that the signal will experience. It is important
to elaborate the previous statement with an example to have a better visualisation of the
problem, and for this reason we will explain further with the help of the "Frequency-scanned
¢-OTDR" interrogation system. When such a system is utilised for the experiment, the laser
frequency is scanned over a preset frequency-scan range. This range is selected in such a way
that it is at least 10-times larger than the amount of expected external perturbation so that the
correlation window is large enough to yield accurate peak determination. This means that
we kind of have an idea about the range of delay/shift which the signal might undergo, which
is why we can assume that 79 must simply take any value within this predefined frequency
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A.0.

range. Consequently, the prior probability of 7 is uniform over the scan range, since all values
which 7 can take are equally-probable.

As already mentioned earlier, the determination of the true value of 7 is not as simple as it
should be, and it is all because of the existence of the inevitable additive white Gaussian noise.
This is where the likelihood function comes into play.

The likelihood function p;(y) can be simply be taken as a Gaussian distribution in y and can
be formulated as:

l(y(x) - u(x—r))2
2 N

pr(y)=Kexp (A.4)
where K is the normalising constant of the distribution, N is the mean squared value of the
noise n. By substituting (A.4) into (A.3), the posterior distribution takes the form:

(A.5)

- — 2
py = kpmexp| - (M)

2 N

Eq.(A.5) can be extended more realistically by indicating that n is a random function that is
formed over the range X (be it a time interval or a frequency range or just any arbitrary range)
over which the signal voltage u is existing. Accordingly, the extended version of Eq.(A.5) is
given by:

1 X
py(@) =kp() exp(—ﬁfo (y(x)— u(x—r))zdx) (A.6)

By solving the quadratic equation and simplifying Eq.(A.6) (the term of y(x)? is absorbed in k,
as itis independent of 7), Eq.(A.7) is yielded:

1 X ) 2 X
py(r)_kp(r)exp(—ﬁfo u (x—r)dx) exp (Nfo yxux—-1)dx (A7)

The term in the second exponential of Eq.(A.7) is of particular significance because it includes
the multiplication y(x)u(x—7) integrated over X. It should be noted that the use of X is for the
generality of the problem, since it can alter according to the application. For instance, it can
be a time interval T or a frequency range F or any arbitrary unit. The expression represents the
cross-correlation function to measure the similarity between y and all the possible waveforms
of u. Asindicated earlier, u(x) is the reference signal acquired before the experiment to be used
for the similarity comparison with later acquired measurements. This term u(x — 1) simply
means that u(x) will be theoretically lagged to find out the value of T which is the closest to 7.
This shows that if all the message states 1 are equally probable, and if all the corresponding
signals u(x—1) have equal energy, the message state with the highest probability of occurrence
is the one which results in the maximum similarity, i.e., largest cross-correlation.

The rest of the expressions in Eq.(A.7) will not have any effect on the estimation, since they do
not involve y. Accordingly, only the term of interest will be used further in the derivation, and
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Appendix A. Measurement frequency shift uncertainty derivation

will be named as q(t) presented by the following expression:

2 X
c(1)= —f yx)u(x—-1)dx (A.8)
N Jo
Correspondingly, the posterior probability will take the following form:
py(1) =k p(r)exp(c(1)) (A.9)

Further in the derivation, the signal c(7) will be divided into its signal /(7) and noise h(r)
components, and their effect on p,(7) will be evaluated separately. Of course, this perspective
is only applied for purely analytical purposes, since in reality the received signal cannot be
split into its noise and signal components. It will be observed, however, that /(7) alone is
sufficient enough to determine the true value of 7 as well as the accuracy of finding it.

In that case, c(7) is written as:
c(m)=1(1)+ h(1) (A.10)

where /(1) and h(r) are the signal and noise functions, respectively, and are expressed by the
following equations:

2 X

l(T):—f ux—to)ulx—1)dx (A.1D)
N Jo
2 X

h(‘[)z—f nxXulx—1)dx (A.12)
N Jo

The maximum value of /(7) occurs at 7¢ and is given by:

I(tg) = M, = £ (A.13)
0)—= e—N .

where M, is the peak power electrical signal-to-noise ratio (SNR) with N as the mean squared
value of the noise, and E as the integrated square, or total energy of the signal described as:

E=[|u(x)|2dx=f|U(f)|2df (A.14)
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Using Taylor’s series !, [(t) can be expanded about 7 as follows:

'( 0) " (70)
(T—70) + o

1) = l(1g) + (T—70)%+...

)= 2 = M
To) = N Ve

du(x) (A.15)

I'(tg) = — dx:%(Zni)szU(f)zdf:O

1" _Ef d®u(x) _E -zf 2 2
l(ro)_N u(x) Tx dx_N(Zm) funHdf

I'(t¢) and 1" (1) are solved using the differentiation property of the Fourier transform and the
Parseval’s theorem !'. Using Eq.(A.14) in Eq.(A.15), I” (t¢) can be expressed by this equation:

2 . FAuNHrPdf af _ fAlupPas
"(10) = —@7i)°E f A.16
(to) N( i) |U(f)|2df n?) TGET ( )
where
o o JPAUWNPAS
B =A4n )—flU(f)lzdf (A.17)

is the normalised second moment (variance) of |U|? about zero. Here U( f) is the Fourier
transform of u(x).

Finally, /() will take the following form:
1
l(T):Me(l—5ﬁ2(1—10)2+...) (A.18)

The accuracy with which 7 can be determined is measured by the width of the peak of p, (1),
which occurs in the vicinity of 7.

Since h(7) should be extremely small at T = 79, an approximation can be made and the
contribution of /(7o) alone will be considered, thereby varying the posterior distribution

IThe higher order terms are negligible, thus will be dropped, since the values that 7 can take are very close to 7g,

meaning that 7 — 7¢ will become much smaller with higher exponents.
I

dﬂ
fg(x) - g(x)dx:(Zni)nfG(f)fG(f)df

where G(f) is the Fourier transform of g(x)
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Appendix A. Measurement frequency shift uncertainty derivation

to become:
py(1) =k p(r)exp(l(1)) (A.19)

Considering that p(7) is slowly varying and can be taken as a constant, the posterior probability
can be approximated as follows:

py(T) o exp —%Meﬁz(r —10)? (A.20)

The variance of the distribution is then given by:

2__1 (A.21)
0= —— .
T M.
Finally, the accuracy with which the true value of 7 can be determined, is given by the standard
deviation:
! ! (A.22)
0r= = .
TBVM,  BM,

where the parameter f represents the standard deviation of the power density of the signal
and M, represents the SNR in the optical domain calculated using the optical power. It should
be noted that the optical power of the signal is equivalent to the square root of the electrical
power.
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