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Abstract

A distributed optical fibre sensor is a system that exploits an optical fibre as the sensing medium to realise
continuous measurements in temporal and spatial domains. This type of sensor demonstrates a wide range of
applications owing to its advantages, such as lightweight, small size, low cost and immunity to electromagnetic
interferences. So far, fibre sensors have been applied in diverse fields and the scientific research on fibre sensing
keeps improving to meet new industrial demands. In this thesis, a novel distributed fibre sensor based on

coherent Rayleigh scattering is investigated to realise best accuracy measurements.

After introducing several optical effects related to fibre sensing, coherent Rayleigh scattering is thoroughly
studied. It is found to be essentially assimilated to a random walk process, thus its statistical properties are
theoretically analysed based on the mature theory on random walk. Then the spectral characteristics of the
Rayleigh backscattered light is investigated for different incident pulse shapes. The spectral distribution of the
trace amplitude turns out to be identical to the spectrum of the incident pulse. Meanwhile, a theoretical model is
proposed to describe the coherent Rayleigh trace in time and frequency domains. Experiments are carried out to
validate the theoretical analysis and the proposed model. Then the statistical properties and the visibility of the
coherent Rayleigh traces obtained by experiment and simulation are investigated for different detection
bandwidth. The minimum 3 dB bandwidth required to resolve all features of a coherent Rayleigh intensity trace
is determined to be 2 times larger than the bandwidth of the incident rectangular pulse.

Then coherent Rayleigh scattering is applied to distributed sensing using the optical time-domain
reflectometry technique. The working principle is explained by the restorability of the Rayleigh trace in time
domain and by a spectral shift in frequency domain, in total similarity with a fibre Bragg grating sensor. The
temperature sensitivity is calculated over a wide range from 300 K down to 4.5 K based on the thermo-optic
effect and the thermal expansion of the silica fibre. The experimental results in a standard fibre with acrylate
coating and a fibre specially coated with ORMOCER®™ confirm the high temperature sensitivity (over 1 GHz/K)
obtained by the theoretical analysis and demonstrate a temperature resolution in the milliKelvin range even
under cryogenic conditions, enabling this sensor for very precise measurements. The fibre with the ORMOCER™
coating exhibits a higher temperature sensitivity at room temperature than the acrylate coated fibre due to the
extra strain induced by the temperate change in the coating and a more stable sensing behaviour because the

polymers forming the coating stabilise the mechanical and thermal responses of the fibre.

The sensors based on coherent Rayleigh scattering are also applied to retrieve the phase birefringence
distribution along polarisation-maintaining and standard single mode fibres since it is able to measure the small
refractive index changes induced by birefringence. The minimum detectable birefringence reaches 3x10°’ when
the spatial resolution is 2 m and even smaller value can be resolved using longer optical pulses. In addition, this
birefringence measurement is capable of distributed temperature and strain sensing in a PANDA and an
elliptical-core polarisation-maintaining fibres since the birefringence is sensitive to environmental variations.

The experimental results demonstrate that this method is one order of magnitude more sensitive than a fibre



sensor based on Brillouin scattering. Moreover, discriminated temperature and strain sensing is realised by a

combination of this birefringence measurement and a standard COTDR sensor.

This thesis is concluded by a discussion of further research directions on coherent Rayleigh scattering based
distributed sensing.

Keywords : fibre optics, Rayleigh scattering, distributed fibre sensing, birefringence measurement



Résumé

Un capteur réparti a fibre optique est un systéme qui exploite une fibre optique en tant que milieu sensible, pour
réaliser des mesures en continu le long de la fibre dans les domaines temporel et spatial. Ce type de capteur
démontre une large gamme d'applications en raison de ses avantages propres, tels que poids 1éger, petite taille,
faible colt et immunité aux interférences électromagnétiques. A ce jour, les capteurs a fibres ont été employés
dans des domaines trés divers et la recherche scientifique sur les capteurs a fibre s’efforce constamment de
trouver des solutions innovantes pour répondre aux nouvelles exigences de l'industrie. Dans cette thése, un
capteur réparti a fibre, basé sur la diffusion Rayleigh cohérente, est mis en ceuvre pour réaliser des mesures de

meilleure précision, a la pointe de la recherche.

Aprés avoir présenté les effets optiques qui importent pour les capteurs a fibre, la diffusion Rayleigh
cohérente est étudiée en profondeur. Sa réponse se trouve étre fondamentalement assimilable a un processus de
marche aléatoire; ainsi, ses propriétés statistiques sont théoriquement analysées dans le cadre de la théorie bien
établie de la marche aléatoire. Ensuite, le spectre de la lumiére Rayleigh rétrodiffusée est étudié pour différentes
formes d'impulsion incidente. La distribution spectrale de I'amplitude de la trace se révele étre identique au
spectre de l'impulsion incidente. En paralléle, un modele théorique est proposé pour décrire la trace Rayleigh
cohérente dans les domaines temporel et fréquentiel. Des expériences ont été réalisées pour valider 1'analyse
théorique et le modéle proposé. Ensuite, les propriétés statistiques et la visibilité des traces Rayleigh cohérentes
obtenues expérimentalement et par simulation sont étudiées pour différentes bandes passantes de détection. La
bande passante minimale a 3 dB, requise pour résoudre toutes les variations d’intensité sur une trace Rayleigh
cohérente, est établie comme devant étre 2 fois plus élevée que la largeur de bande de l'impulsion rectangulaire

incidente.

Ensuite, la diffusion Rayleigh cohérente est appliquée a la détection répartie continue en utilisant la
technique de réflectométrie optique dans le domaine temporel. Le principe de fonctionnement est justifié par la
possibilité de restaurer la trace Rayleigh dans le domaine temporel par un décalage spectral dans le domaine des
fréquences, en similarité totale avec un capteur a réseau de Bragg en fibre. La sensibilité a la température est
calculée sur une large gamme allant de 300 K a 4,5 K, basée sur 'effet thermo-optique et la dilatation thermique
de la fibre en silice. Les résultats expérimentaux, dans une fibre standard avec un revétement d'acrylate et d'une
fibre spécialement revétue dORMOCER®, confirment la grande sensibilité & la température (au-dessus de
1 GHz/K) obtenue par l'analyse théorique et présentent une résolution de température dans la gamme du
milliKelvin, ce qui permet a ces capteurs d’effectuer des mesures trés précises, méme dans un environnement
cryogénique. La fibre avec le revétement ORMOCER® présente une réponse thermique supérieure a température
ambiante, par rapport a une fibre revétue d'acrylate. Ceci est dii a la contrainte supplémentaire induite dans le
revétement par le changement de température, en sus d’une réponse thermique plus uniforme provenant d’une

meilleure stabilité mécanique et thermique des polymeéres formant ce type de revétement.

Les capteurs basés sur la diffusion Rayleigh cohérente ont été également mis en ceuvre pour extraire la

distribution de biréfringence de phase le long des fibres & maintien de polarisation, ainsi que des fibres



unimodales standards. Ceci est rendu possible en raison de la capacité de ces capteurs a mesurer de faibles
variations d'indice de réfraction, telles que celles induites par la biréfringence. La biréfringence minimale
détectable atteint 3 x 107 pour une résolution spatiale de 2 m, et une encore meilleure résolution peut étre
obtenue en utilisant des impulsions optiques de plus longue durée. Par ailleurs, puisque la biréfringence est
sensible aux variations des conditions ambiantes, cette mesure de biréfringence peut évaluer la distribution de
température et de contrainte le long de fibres a maintien de polarisation, de type PANDA ou a cceur elliptique.
Les résultats expérimentaux démontrent que cette méthode est d'un ordre de grandeur plus sensible qu'un capteur
a fibre basé sur la diffusion Brillouin. De plus, les effets de température et de contrainte ont été discriminés en

combinant cette mesure de la biréfringence avec celle obtenue par la technique standard COTDR.

Cette thése se termine par une discussion sur les nouvelles orientations de recherche pour les capteurs
répartis basés sur la diffusion Rayleigh cohérente.

Mots-clés : fibre optique, la diffusion Rayleigh, distribuée de détection de la fibre, la mesure de la biréfringence
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Chapter 1

Introduction

Optical fibre is a very thin piece of glass that can guide light inside based on the total internal reflection. In 1966,
Charles Kao envisioned that it is possible to fabricate an optical waveguide with substantially lower attenuation
[1]. Since then, the optical fibre has been under intensive investigations and being applied to different fields.
Besides its ultra-low loss, the optical fibre demonstrates other advantages, such as large bandwidth, immunity to
electromagnetic (EM) interference, low cost, small size and light weight. As a result, it becomes the foundation
of current telecommunication systems and Charles Kao was jointly awarded the 2009 Nobel Prize in Physics for

"ground-breaking achievements concerning the transmission of light in fibers for optical communication".

All the intrinsic advantages also make the optical fibre an ideal medium for sensing, especially in harsh
environments. The optical fibre sensor can be seen as an optoelectronic system that exploits the optical fibre to
transmit signal (extrinsic sensor) or measure physical, chemical, biological or other quantities (intrinsic sensor)
by detecting the variations of optical properties, such as intensity, frequency, polarisation and phase. The fibre
sensor has attracted researchers’ interests since its first advert in 1960s [2]. The fibre sensing technique grows
fast and gets commercialised due to the low price of the involved optoelectronic components thanks to the
significant development in the field of the fibre communications [3]. Nowadays, fibre sensors are being widely

used in the fields of civil engineering, energy industry, military surveillance, among others.
Fibre optic sensors can be loosely classified between point sensors and distributed fibre sensors.

The point sensors, such as fibre Bragg gratings (FBG), measure the environmental variations only at its
precise location. Most of the point sensors are based on the interference, thus they demonstrate high sensitivities.
And many sensors can be multiplexed to acquire the interested parameter over a certain range, but this will

increase the system complexity and cost.

For distributed sensors, the whole fibre acts as a continuous sensing medium, thus a single distributed fibre
sensor (DFS) is equivalent to a large quantity of point sensors connected together, substantially reducing the cost.
Because of this advantage, the annual market reached about $ 550 million in 2010, much larger than the market
of point sensors [4]. Distributed sensing is usually realised by techniques such as optical time domain
reflectometry (OTDR) or optical frequency-domain reflectometry (OFDR). Time domain measurements provide
a metre or sub-metre spatial resolution over several tens of kilometre sensing range; while the spatial resolution
of the frequency-domain methods is in the millimetre or sub-millimetre range but their sensing distance is
usually limited within several kilometres. Recently, distributed sensing could also be realised in
correlation-domain [5]. Generally, this method offers intermediate spatial resolution and sensing distance
between the techniques of OTDR and OFDR.



1. Introduction

Currently, most of the DFS are based on the various natural scattering processes in the fibre, i.e. Rayleigh,
Brillouin and Raman scatterings. Traditional OTDR techniques based on the Rayleigh scattering are able to
measure the fibre attenuation and monitor the fibre links in communication networks. Raman scattering based
fibre sensors are widely used to measure the temperature distribution along an optical fibre, and its typical
sensing distance range is 10 km. The sensors based on Brillouin scattering have the ability to retrieve the
temperature and strain profile over a range exceeding 100 km. In the 1990s, a novel OTDR scheme using a
coherent light source was proposed [6], which is called phase-sensitive OTDR (#OTDR) or coherent OTDR
(COTDR) because this system utilises the coherence properties of light. The sensing system is based on the

phase interference of the Rayleigh scattered light and is widely used in vibration and intrusion detection [7].

All the distributed fibre sensors mentioned above have been commercialised and are being intensively
employed in different fields. The application area of the distributed fibre sensing therefore keeps expanding due
to the advantages of the optical fibre. Meanwhile, higher standard requirements stimulate the development of
fibre sensing. For example, different sensing techniques have been proposed to enhance the sensing distance
over 100 km, improve the spatial resolution down to micrometre scale and increase the number of resolved
sensing points beyond 2 000 000 [8-10]. In addition, the already existing techniques are modified for new
applications. The COTDR sensor was applied to measure temperature and strain distribution in 2006 [11] and

achieved a much higher measurand resolution than the DFS based on Brillouin and Raman scatterings.

In this dissertation, a thorough investigation of the COTDR sensing system is carried out to essentially
determine its full operational characteristics, widely ignored of at the beginning of this work. A part of this thesis
is dedicated to theoretically and experimentally analyse the received signal in time and frequency domain in
order to determine the minimum photodetector bandwidth in a COTDR sensor. Another part focuses on

analysing the sensing performance of this system and expanding its application field.

The content of this thesis is specified hereafter:

Chapter 2 presents different optical effects inside the fibre that are of importance for an OTDR system. The
spontaneous light scattering processes inside the fibre, i.e. Rayleigh, Brillouin and Raman scatterings, are
theoretically described. Then some fundamental concepts of distributed fibre sensing are introduced and the
working principles of the OTDR sensors based on different scattering processes are explained. In the last section,
several common nonlinear optical effects in the fibre, such as Kerr effect, stimulated Brillouin scattering and
stimulated Raman scattering, are introduced and their impact on the sensing performance of different OTDR
systems is presented.

In Chapter 3, the scattering process in a COTDR system is explained using the random walk theory and a
theoretical model is built to simulate the temporal trace obtained in this system. Then, the statistical property of
the signal acquired by coherent detection and direct detection is analysed. The spectrum of the signal is
investigated with different incident pulse shapes and the minimum detection bandwidth is determined with the
help of the proposed model. Finally, pre-amplification and Brillouin amplification methods are studied to

improve the sensing distance of a COTDR sensor.

Chapter 4 is devoted to characterising the thermal response of a COTDR sensor. By modelling the optical
fibre as a weak FBG, the temperature sensitivity is obtained at room temperature and cryogenic environments
based on the FBG sensing theory. A standard single mode fibre (SMF) coated with acrylate and a fibre with
ORMOCER" coating are tested simultaneously in a COTDR sensor with a precise optical frequency control. The

experimental results demonstrate a high temperature resolution in the order of mK, although the resolution



1. Introduction

becomes worse at 77 K due to the reduced sensitivity under cryogenic conditions. In order to enhance the
sensing performance at cryogenic environment, two thermal models are established for electrical and optical
heating that can increase the fibre temperature. The model on electrical heating is experimentally validated by a

Brillouin sensor under room condition.

In Chapter 5, the COTDR technique is applied to measure the phase birefringence profile along
polarisation-maintaining (PM) fibres and standard SMFs. A minimum measurable birefringence of the order of
107 is obtained due to the high accuracy of the COTDR technique. And a novel DFS is proposed based on this
birefringence measurement because temperature and strain will change the local birefringence. In addition, the
cross-sensitivity between temperature and strain, a common problem in most DFSs, is worked out by using the
combination of the birefringence measurement and the COTDR sensing technique.

In Chapter 6, conclusions are drawn on the main achievements in this thesis and a few perspectives on the
COTDR sensing are presented.






Chapter 2
Fundamentals of Optical Time Domain

Reflectometry

The OTDR is a very important technique that has been widely used in optical communication and fibre sensing
since its first demonstration in 1976 by Barnoski and Jensen [12]. This method is based on light scattering inside
the fibre. While light propagates through a medium, several scattering processes will occur based on different
light-matter interactions, thus the incident light is deflected into all directions in a bulk inhomogeneous material
[13]. However, only forward and backward directions are considered in the optical fibre because the diameter of
the cross-section is usually negligible compared with the fibre length.

In an OTDR system, an intense optical pulse is launched into an optical fibre and the optical power of the
backscattered light is measured as a function of time. The term OTDR usually refers to the technique based on
Rayleigh scattering, which is able to measure the fibre attenuation distribution and locate the fault. With a
polarisation analyser at the detection part, the traditional OTDR becomes polarisation-OTDR (POTDR) that
measures the state of polarisation (SOP) of the backscattered light [14]. In addition, there is another OTDR
technique, so called 9OTDR or COTDR, that is based on the interference of Rayleigh backscattered light within
the pulse width as mentioned in Chapter 1 [15]. The acronym COTDR is used in this thesis to highlight this
technique is based on coherent interference of the Rayleigh backscattered light. The OTDR technique can also be
realised by measuring Raman or Brillouin backscattered light, named Raman OTDR [16] and Brillouin OTDR
(BOTDR) [17], respectively. All of the techniques mentioned above have been commercialised for distributed

sensing.

In this chapter, the fundamentals and applications of different OTDR techniques are discussed, the related
optical phenomena inside the fibre are introduced and their impacts on the OTDR systems are presented. Firstly,
light propagation in a medium is generally described and two features of light, polarisation and coherence, are
presented in section 2.1. Then all the spontaneous light scatterings inside an optical fibre are introduced in
section 2.2. In the following section, the working principles of different kinds of OTDR techniques are explained
and their applications in distributed sensing are discussed. Finally, several nonlinear optical effects are

introduced and their influence on the sensing performance of different OTDR systems is discussed in section 2.4.

2.1 Light propagation and some properties

In an OTDR system, an optical pulse passes through the optical fibre and the backscattered light due to different

scattering processes is detected. Thus understanding the propagation of light in the medium is very important to
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analyse the working principle of any OTDR system. In addition, the coherence and the polarisation of light are

introduced because they have the impact on the OTDR performance.

2.1.1 Perturbed wave equation

Light as an electromagnetic field is governed by the well-known Maxwell’s equations [18]. The propagation of
the lightwave in a medium can be described by the perturbed wave equation derived from Maxwell’s equations
as [19]:

1 OE_ 0’Pol.

V2E - - , 2-1
2o 2-1)

where ¢ ~ 3x10° m/s is the light speed in vacuum, E is the electric field of the light, Pol. is the polarisation field
induced by the electrical dipoles in the medium, ¢ represents time, s = 1/goc” is the magnetic permittivity in
vacuum and g is the dielectric permittivity in vacuum. In the linear regime, the polarisation Pol. is proportional

to the electric field E: Pol = ¢gyE, where y is the linear dielectric susceptibility.

In an isotropic and homogenous medium, the tensor y reduces to a scalar so that the polarisation depends

linearly on the electric field: Pol.;, = gqyE [19]. Thus Eq. 2-1 can be rewritten as:

VE-——"=0, (2-2)

with the refractive index n = (¢/ey)"* = (1+x)"? and ¢ is the dielectric constant of the medium. But the medium is
neither isotropic nor homogeneous in reality. Thus the additional polarisation field Pol.y introduced by the

dielectric susceptibility variation Ay should be considered and the expression of polarisation becomes [19]
Pol.=Pol,, +Pol., =g, yE+A¢E, (2-3)
where Ae = gyAy is the dielectric fluctuation. Applying Eq. 2-3 to Eq. 2-1, the perturbed equation becomes:

25 0*Pol.
VZE_n_a_EzﬂO%.

(2-4)
The right-hand side of the equation accounts for the birefringence, mode coupling, nonlinear effects, etc., but

only the scattering processes are considered in this chapter.

The tensor A¢ in Eq. 2-3 represents the medium fluctuations that cause different kinds of light scatterings
and it is the sum of two parts: a scalar contribution Ae-dy, and a tensor contribution Aeik(‘). The scalar contribution
is induced by the thermodynamic fluctuations inside the material such as pressure, temperature and entropy
changes, which account for Brillouin and Rayleigh scattering [19]. On the other hand, the tensor contribution can
be further decomposed into the symmetric part Ae; and antisymmetric part Agy”. The symmetric part is
induced by the fast reorientation of molecules and leads to Rayleigh-wing scattering. The anti-symmetric part is

due to the molecular vibrations in the presence of the electric field and gives rise to Raman scattering [19].

2.1.2 Coherence of light

Coherence is one of the most important properties of light and is of great importance in a COTDR system. A

perfectly monochromatic light is considered as coherent because the phases at different locations or different
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times have a fixed relationship. In reality, all lasers demonstrate a certain linewidth, so that the light in practice is

partially coherent.

The degree of coherence can be quantified by the correlation of the phase at different points in terms of time
or distance, corresponding to temporal coherence and spatial coherence, respectively. In the general case, for
stationary and nonstationary waves, the coherence is defined as [20]:

R[E* (Zlafl)E(ZPtZ)J

\/RUE(zl,tl )|2]R[|E(zz,t2 )H ’

where (z;, #;) and (zp, t,) represent two different points in space-time domain and R represents the

Coh(zl,tl;zz,tz):

auto-correlation function. For a stationary wave, Eq. 2-5 can be simplified, so the degree of temporal coherence
is expressed as [21]

R[E*(1)E(r+7)]

R[E(1)E"(1)]

Coh(r) =

5 (2_6)

where 7 is the delay time.

It is obvious that the temporal coherence equals to 1 when 7= 0. And the coherence usually decreases as the
delay time 7 increases. The coherent time 7. is conveniently defined as the delay time that makes the coherence
equal to 1/e. And the coherent length L. can be expressed based on the coherent time: L. = z.-¢/n. The coherence
is inversely proportional to the spectral width of a light source, thus a narrower optical spectrum leads to higher

coherence.

2.1.3 Polarisation of light

In the quasi-plane wave approximation, the complex amplitude vector of monochromatic light can be
decomposed into two orthogonal components in a plane tangential to the propagation direction. The phases and
amplitudes of the components are generally different. Polarisation is a vector to describe the evolution of the two
components over the course of an optical cycle [22]. Light is linearly polarised if the phase difference between
the two components is 0 or an integer multiple of «, and it is circularly polarised when the phase difference is an
odd integer multiple of n/2 and the amplitudes of the components are the same [23]. Otherwise, the light is
elliptically polarised.

In an ideal fibre with perfect circular cross-section, the linearly polarised light oscillating in the orthogonal
directions would propagate with the same velocity, as long as the material of the fibre is homogeneous and
isotropic. In reality, the cross-section cannot be perfectly geometrically symmetric and the fibre shows
anisotropy, leading to birefringence that is the refractive index difference between the principle axes in the

optical fibre and expressed as:

B=n, —n,, (2-7)
where ny, ny are the refractive indices for the two principle axes. The axis with larger refractive index is usually
called slow axis because the light travels slowlier along this axis, while the other one is called fast axis. The

birefringence can also be induced by bending, twisting, and environmental perturbations such as temperature and
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strain. Nowadays, the typical birefringence of a SMF is in the scale of 107 [22] due to the fibre spinning
technique and there is no particular axis in such a fibre. As a result, the SOP of the light travelling inside a
standard optical fibre will change randomly due to the stochastic orientation of the principle axes and the

extrinsic perturbations, as shown in Fig. 2-1.

SR\ N
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Figure 2-1. State of polarisation changes randomly in the standard fibre.

The existence of birefringence leads to a velocity difference between the orthogonally polarised light waves.
In this case, the optical pulse would be broadened after a transmission over a long distance if it contains both
polarisation components. This is called polarisation mode dispersion that causes delay between different

polarisations and undermines the performance of optical fibre communication systems [22].

A Slow axis
‘ ‘ @ &——1—> Fast axis
N

Bow-Tie fibre PANDA fibre Elliptical core fibre

Figure 2-2. Different types of polarisation-maintaining fibres.

Polarisation-maintaining (PM) fibres are proposed to preserve the polarisation of the light. During the
fabrication, an asymmetric stress or asymmetric doping is introduced intentionally into the fibre, so that light
coupling between the orthogonally polarised modes becomes difficult. Different types of PM fibres have been
developed in the last 30 years and the cross-sections of some common ones, Bow-Tie, PANDA and
elliptical core fibre, are shown in Fig. 2-2. The PANDA fibre is mainly used in fibre communication and the

other types are widely used in the field of fibre sensing [24].

The birefringence of an elliptical core fibre is the sum of the geometric birefringence By, expressed as [25]

!
B, ~ 0.227’Z[1i—1](;11 -, (2-8)

b

where [, and /, are major and minor core radii of the elliptical core fibre, n; and n, are refractive indices of the
core and cladding, respectively; and of the birefringence B, induced by the core-cladding thermal expansion

difference in the asymmetrical core, which can written as [26]:

2 i AT -1} (p,, —
= 2u : (l—i]Bm with B, = 7 1 (pll p12) , (2-9)
u +v L 4(1—\/u2+v2)
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where v = |k|(n? —n®)V2- (I, + 1,)/2,u = |k|(n?> —n2)2- (I, + 1,)/2, k is the wave vector so that |k] is
the corresponding wave number y is the thermal expansion coefficient of the fibre, AT represents difference
between the ambient temperature and the softening temperature of the glass, p;; are strain-optic constants. B,

may be considered as a characteristic constant of glass. .

On the other hand, the birefringence of a PANDA fibre is induced by the stress-applying parts, and can be
expressed as [26]

[ -1 3 4
B=4B —211-—(/ -1 , 2-10
mll+lz|: b4(1 2):| ( )

where b is the radius of the cladding, and /; and /, are the outer and inner radii of the stress-applying parts,

respectively.

2.2 Spontaneous light scattering

It is safe to claim that currently all types of scattering processes inside the fibre have been applied to distributed
fibre sensing. Hence it is important to understand the light scattering mechanisms in order to investigate the

working principles of different DFSs.

In general, light scattering can be categorised as spontaneous and stimulated processes. In the spontaneous
case, the material responses are unmodified by the incident light. On the other hand, the optical property of the
medium would change if the optical intensity is beyond a certain threshold, leading to stimulated scattering. This

section focuses on the spontaneous scattering because it is at the origin of the OTDR technique.

In another way, scatterings can be classified as elastic and inelastic scatterings. In the elastic case, there is
no energy exchange between the incident light and the medium. However, the scattered light loses or gains
energy compared with the incident light and experiences a frequency shift in inelastic scatterings. The inelastic
scatterings can be further classified as “Stokes-type” scattering, in which the incident light frequency is
down-shifted; and “anti-Stokes-type” scattering, in which the frequency is up-shifted.

Rayleigh scattering

ing Brillouin scattering

w |

Raman scattering Raman scattering
Stokes scatterings Vo Anti-Stokes scatterings v

Figure 2-3. Different scattering processes inside the optical fibre.
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The spectrum of the scattered light inside the optical fibre is plotted in Fig. 2-3. Rayleigh, Brillouin and
Raman scattering processes demonstrate different amplitudes and different frequency shift compared with the
incident light frequency vy. And the inelastic scattering, i.e. Brillouin and Raman scattering, show both Stokes
and anti-Stokes components. All the scattering types shown in Fig. 2-3 will be introduced in the rest of this

section.

2.2.1 Rayleigh scattering

Rayleigh scattering is caused by the non-propagating fluctuations of medium density and temperature. It can be
seen as the radiation of the dipole induced by the applied EM field in the small molecules [27]. As shown in Fig.
2-4, the incident electrical field causes the electrons inside small particles to oscillate, resulting in dipoles that

radiate EM field with the same frequency as incident wave into all directions.

N

EM field EM radiation
Oscillating
dipole

S %,

Figure 2-4. Radiation of the oscillating dipole caused by incident electric field.

The diploe moment induced by a monochromatic plane wave traveling in z direction can be written as [28]:

p=2xp,(0)E, cos{w(f—iﬂ, (2-11)

c

where p.(w) is the dipole polarizability and w represents the angular frequency. And the instantaneous irradiated

power is related to the second derivative of dipole moment with respect to time ¢ [28], expressed as:

2 \? 4 4/ 4
Pw{ : j%(‘;”] .o 3pg(w)E;COSZHt_iﬂ:Mp;(szPL (2-12)
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where Sp is the Poynting vector. Equations 2-11 and 2-12 show that both the induced dipole and the radiation
power oscillate at the same frequency of the applied EM field. Thus Rayleigh scattering is an elastic process in

which the scattered light keeps the same optical frequency as the incident light.

Equation 2-12 shows a linear relationship between the total radiated power and the modulus of Poynting
vector which represents the power in unit area. Thus the constant of proportionality in Eq. 2-12 has the

dimensions of an area [28], which is called scattering cross section and is written as

o(o) _ ol e ACIE (2-13)
3(47[5002)
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2.2 Spontaneous light scattering

for a single atom according to Eq. 2-12. In the case of a continuous medium that contains M atoms per unit

volume, the cross section is expressed as

3

87’ 8
U'(a)):—zr Z P (a)) :—f 5 (nz —1)2, (2-14)
3,4 3ATM
0

where A represents the wavelength of incident light, and using the dependence of mean polarisability on the atom
density M and the refractive index of the medium [28]:

P. =%(ﬂ2 -1). (2-15)

It is clear that Rayleigh scattering is stronger at shorter wavelength because Eq. 2-14 shows the dependence of

cross section on 1™,

As explained in Section 2.1.1, Rayleigh scattering has its origin in the dielectric variation Ae caused by the
fluctuations of density (Ap) and temperature (A7) [19]:

Ag = 8_5 Ap+£a—€j AT . (2-16)
op ), or ),

For silica fibres, the second term on the right-hand side of Eq. 2-16 can be ignored because it contributes to less
than 2% to the change on the dielectric constant [29]. The density fluctuation is determined by the entropy s and
pressure p, which are independent thermodynamic variables, and can be expressed as

Apz(a—pj Ap+(a—’0j As. (2-17)

The first term on the right hand of Eq. 2-17 represents the adiabatic density fluctuations that causes Brillouin
scattering. And the second term is the isobaric density fluctuations induced by the entropy variations, which
leads to the Rayleigh scattering inside the optical fibre.

The entropy fluctuation is described by the diffusion equation [19]:

pcp%—l(vaszo, (2-18)
where ¢, is the specific heat at constant pressure and «x is the thermal conductivity. The solution to Eq. 2-18 is
As = Asye %197 with the damping rate § = KIqIZ/(p . Cp) and ¢ is the wave vector of the pressure wave [19].
With the solution of Eq. 2-18, the dielectric constant fluctuation can be obtained based on Egs. 2-16 and 2-17, so
Rayleigh scattering can be described by the perturbed equation expressed as Eq. 2-4 for a given electric field.

2.2.2 Spontaneous Brillouin scattering

Brillouin scattering is based on the propagating pressure of the medium and it can be described as the interaction
between photon and acoustic phonon in the view of quantum mechanics. Unlike Rayleigh scattering, Brillouin
scattering is an inelastic process in which the incident light is scattered with a frequency shift due to Doppler
effect.

11



2. Fundamentals of Optical Time Domain Reflectometry

As mentioned above, Brillouin scattering is caused by dielectric change arising from the thermodynamic
quantity variations. Thus, the equations of the dielectric change used to analyse Rayleigh scattering are also valid

to describe spontaneous Brillouin scattering. Inserting Eq. 2-17 into Eq. 2-16, the expression of the density

_(22) (20) ppuf22) (22 _
53] (5 (3]~ a9

As mentioned in the previous section, the first term on the right-hand side of Eq. 2-19 represents the dielectric

fluctuation becomes

fluctuations at constant entropy and is responsible for Brillouin scattering. But the second term, accounting for

Rayleigh scattering, is neglected in this section.

The pressure variation is crucial to describe the Brillouin scattering according to Eq. 2-19 and it is governed

by the following equation [19]

2
:?—Pw%g_WWMmo, (2-20)
t

where V, is the velocity of sound and I is the damping parameter. The acoustic velocity depends on the
properties of the material and can be expressed by the thermodynamic variables [19]:

v, =F= L @2-21)
p \Cp

where K is the bulk modulus and C; is the adiabatic compressibility. The parameter I is written as [19]

1{4 K
'=—|—n.+n, +—(y -1 2-22
I {3 T + 1y C, (Vr )} ( )

with #, the shear viscosity coefficient, 7, bulk viscosity coefficient, C, is the compressibility at constant pressure

and y, the adiabatic index.

The solution to Eq. 2-20 is expressed as [19]:
Ap = Ap, exp[i(—q~r—QBt)J+c.c. , (2-23)

where Qp = V,|q| is the frequency of the pressure wave and c.c. represents the complex conjugate. Considering a
monochromatic incident optical field Ey(z,f) = Ao(z,t)exp[i(k-r—wf)] + c.c., the perturbed wave equation, as

shown by Eq. 2-4, is rewritten as [19]:

2 azE }/C 2 *
viE-" =—ff{ —Q) 4 (k—q)-r—i(w-Q
R 2 (a) ) A,Ap exp[z( q) r l(a) B)t]’ (224)

—l—(a)+Q)2 AOApexp[i(k+q).r—i(a)+QB)t]+c.c.}

where * denotes the conjugation, 4y, @ and k represent the amplitude, angular frequency and wave vector of the
incident light, respectively, and y, is the electrostrictive constant. The light-matter interaction gives rise to new
frequency components for the Brillouin scattering due to the polarisation of the material. The two terms on the
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2.2 Spontaneous light scattering

right-hand side of Eq. 2-24 represent respectively the Stokes part at frequency ® - Qp and anti-Stokes part at
frequency ® + Qg.

During the scattering process, the coupling between the incident wave, the scattered wave and the acoustic

wave must obey the dispersion relations [30]:

QB
Va

n n n
|k| =o— |kS| =0~ |kaS| = Was |q| =
c c c .

(2-25)

where the subscript s and as denote Stokes and anti-Stokes parts, respectively. Additionally, the momentum
conservation must be satisfied for all the involved waves, as shown in Fig. 2-5. As a result, the wave vectors in
Brillouin scattering process follow the relation:

k. =k-q k =k+q (2-26)

s

for Stokes and anti-Stokes components, respectively.

Figure 2-5. Momentum conservation for (a) Stokes and (b) anti-Stokes components of Brillouin scattering.

Since the frequency Q of the acoustic wave is much smaller than the optical frequency, the wave vector of
incident and scattered light are approximately the same: |k| = |k | = |k,s|. As a result, the acoustic wave vector is
expressed as |q| = 2|k|sin(6/2) based on the geometric relation shown in Fig. 2-5. With the dispersion relations

shown in Eq. 2-25, the frequency of the acoustic wave at scattering angle 6 is [19]
14
Qp =2nw—*+sin (g} ) (2-27)
c 2

According to Eq. 2-27, there is obviously no induced frequency shift for the forward scattering (6 = 0), but the
acoustic frequency reaches the maximum at the backward direction (8 =), which is the case in a standard
optical fibre.

From the quantum mechanics point of view, Brillouin scattering is the interaction between photons and
acoustic phonons. For Stokes process of Brillouin scattering, an incident photon is absorbed and gives rise to an
acoustic phonon and a new photon at lower energy. But a photon with higher energy is generated in the
anti-Stokes process as the incident photon and an acoustic phonon are annihilated. According to energy
conservation, the angular frequencies of the generated photon are expressed as

o, =0-Q, W, =0+, (2-28)

s
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2. Fundamentals of Optical Time Domain Reflectometry

for Stokes and anti-Stokes components, respectively. Equation 2-28 shows the scattered light experiences a
frequency shift that equals to the acoustic frequency, the same as the result obtained from Eq. 2-24. Thus the
Brillouin frequency shift in the fibre is expressed as

Q,(0=r) v
:—:2 _a' 2-2
Ve 2z " A (2-29)

The typical value of Brillouin frequency shift in optical fibre is 10.8 GHz at 1550 nm considering the acoustic
velocity in silica ¥, = 5900 m/s [31] and the refractive index n = 1.46.

2.2.3 Spontaneous Raman scattering

Raman scattering is a process in which the molecules inside a medium deflect inelastically the incident wave,
discovered by C. V. Raman in 1928. Spontancous Raman scattering is a thermally activated process and is
usually explained by the energy level diagrams as shown in Fig. 2-6, for Stokes and anti-Stokes processes,
respectively. An incident photon with angular frequency w could excite a molecule from ground state to the final
state at a higher energy level E, through a virtual state, shown in Fig 2-6a. The transition of virtual state to
excited state produces a new photon with frequency w, = w—Q,, based on the energy conservation law, where
Q, is the frequency related to the vibrational mode. On the other hand, the incident photon can absorb the
quantum energy from the molecule that is at the higher energy level E,, as shown in Fig. 2-6b. In this case, the
frequency w,, = w+Q, of the emitted photon is higher than that of the incident photon, so this is an anti-Stokes

scattering.
@ ( —_ T T ™ ® fo—_—
n A n
Q) (O ® Mg
E]_ El
EO EO '

Figure 2-6. Energy level diagrams for Raman (a) Stokes and (b) anti-Stokes scattering.

The strength of spontaneous Raman scattering is dependent on the average number of thermally activated

phonons in the material, which is governed by the Bose-Einstein distribution [31]:

N, = 1/ [exp(hv%(ﬂj —1} : (2-30)

where 4 is the Planck constant, Ky is the Boltzmann constant, vy = Qa/27 is the Raman frequency shift and 7 is

the absolute temperature in Kelvin.

In the Stokes process, the incident photon is annihilated and gives rise to a phonon so the scattering strength
is proportional to N, + 1. However, the scattering efficiency is proportional to N,,. in the anti-Stokes process

because an incident photon and a phonon are annihilated to create a new photon.
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2.3 Optical time domain reflectometry

2.3 Optical time domain reflectometry

2.3.1 Working principle of an optical time domain reflectometry

The general setup for a typical OTDR system is shown in Fig. 2-7. The optical pulses from an intensity
modulated laser diode are injected into the optical fibre. The backscattered light from the fibre is guided into a

photodetector through a circulator or a coupler. Then the received signal is digitalised and processed.

Laser | 5| Coupler/
diode r circuliator RS
\
S—
Data > H
acqusition

Figure 2-7. Typical OTDR system.

While the optical pulse is traveling along the fibre, light is deflected into all directions at the
inhomogeneities in the fibre and most of the Rayleigh scattered light travels out of the fibre core because the
scattering angle is too large with respect to the fibre axis. Thus only a small portion of scattered light is
recaptured by the fibre and propagates backward. As a result, the optical power of the Rayleigh scattered light at
an infinitesimal small region is dependent on the power loss due to Rayleigh scattering at that section and the
recaptured factor of the fibre [32]:

dPys (2)=S-P(z)oyedz, (2-31)

where the optical power P(z) at position z is expressed as P(z) = P(0)-exp(—az) with the input optical peak power
P(0) and the total loss coefficient of the fibre a, ags is the fibre loss due to Rayleigh scattering and the recapture

factor S is expressed as [32]

G 32 (NA)Y 3 () (2-32)
C(jayy ow sER )

where W, is the spot size of the light beam, a is the radius of the fibre core, V'=2maN.A./A is the normalised
frequency of the fibre, N.A. = (n,—n,?)"?
and the cladding, respectively.

is the numeric aperture, n; and n, are the refractive indices of the core

Based on Eq. 2-31, the received optical power of the light backscattered at position z in a traditional OTDR
system with spatial resolution Aw, which will be explained later, can be derived as:

P (2) =4S -y () P(0)exp| -2 ar(x) e | = w- Ry - P(0)exp| 2 a(x)e |, @33)

where Ry = S"ogs is the equivalent Rayleigh reflection coefficient. It is obvious that the received optical power
decays exponentially along the fibre due to the fibre loss, which eventually limits the sensing distance. But
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2. Fundamentals of Optical Time Domain Reflectometry

Eq. 2-33 shows that longer optical pulse leads to higher power of the backscattered light thus improves the
sensing distance.

As the manufacturing technique develops, the attenuation coefficient a of current optical fibre at 1550 nm
could reach 0.2 dB/km =~ 4.5x10”° m™'. And Rayleigh scattering loss coefficients in different fibres are measured
to be very close to 0.2 dB/km at 1550 nm [33], so that ags is approximately same as a. As a result, the Rayleigh
reflection coefficient Ry is calculated to be —72.3 dB/m at 1550 nm for a current standard SMF with a typical
recapture factor S = 0.13 % [34].
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Figure 2-8. Propagation of an optical pulse in the fibre and its Rayleigh scattered light at time (a) to, (b) to*+t* and (c) to+t,/2.

For all distributed sensors, spatial resolution is an important parameter, which refers to the minimum
distinguishable distance between two points along the fibre. The spatial resolution for the OTDR system is
explained in Fig. 2-8. An optical pulse with temporal width z,, is propagating through an optical fibre at a group
velocity v, = ¢/n,, where n, is the group refractive index of the fibre. The reflected pulse is excited at every
scattering point and propagates backward. Figure 2-8a shows the optical pulse is reflected when its leading edge
reaches a location at time 7 = ¢,. Then the pulse continues traveling and another RP is exited at time ¢ = ¢,+¢". But
the optical pulse reflected at time #y and #,+¢” would overlap if 0<t’<z,/2 as presented in Fig. 2-8b. The reflected
pulse can only be distinguishable when their reflection time difference is larger than z,/2, shown in Fig. 2-8c.

Thus the spatial resolution is expressed as

Aw = - v, = (2-34)

Assuming the group refractive index of the fibre is 1.5, a pulse duration of 10 ns corresponds to a 1 m spatial
resolution. Equation 2-34 shows that narrower pulses leads to better spatial resolutions; however, a lower optical
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2.3 Optical time domain reflectometry

power is received in the case of narrower incident pulses, resulting in short sensing distances for a given
detection system according to Eq. 2-33, so there is a trade-off between the sensing distance and spatial resolution
for OTDR systems.

Equation 2-33 shows the received optical power decays exponentially as a function of distance. Thus the
power in log scale becomes linearly dependent on the distance and the slope represents the fibre attenuation
coefficient according to Eq. 2-33. This result is confirmed by a standard OTDR trace of 50 km SMF measured
by a commercial equipment (Anritsu MT9083A2), as shown in Fig. 2-9. The slope is measured to be
~ 0.2 dB/km, the same as the standard fibre loss.
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Figure 2-9. An OTDR trace of 50 km fibre measured by Anritsu MT9083A2.

Although the analysis above focuses on the OTDR based on Rayleigh scattering, it can be applied directly to
the Brillouin and Raman OTDR systems by replacing Ry with the equivalent Brillouin or Raman coefficient.

And the shape in Fig. 2-9 can be seen in all types of OTDR in the ideal case.

2.3.2 Temperature sensing based on the standard OTDR

As presented in Eq. 2-31, the power of the backscattered light in an OTDR system is dependent on the local
conditions of the fibre, such as Rayleigh scattering coefficient and the recapture factor. The standard OTDR can

be applied for distributed temperature sensing because these parameters may be temperature dependent.

The distributed temperature sensing based on a standard OTDR was first realised in a liquid-core optical
fibre [35], in which the scattering coefficient is temperature dependent. A measurand resolution of 1K is
obtained over a 100 m fibre with 1 m resolution. But the liquid core requires strict working conditions to avoid

unreliable measurement.

Later, OTDR sensing was realised in solid core fibres with a cladding very sensitive to temperature [36].
The refractive index difference between the core and cladding is subject to the temperature variation, which
would change the coupling rate from core into the cladding and lead to a different power of the backscattered

light. This method could reach a temperature resolution of = 5 K.

2.3.3 Polarisation optical time domain reflectometry

As mentioned in Section 2.2.3, the polarisation will change as the light propagating along the standard fibre

because of fibre asymmetries originating from the imperfect manufacturing and external perturbations. A
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2. Fundamentals of Optical Time Domain Reflectometry

polarisation OTDR is based on monitoring the SOP for the backscattered light by inserting a polarisation
analyser in the traditional OTDR system [14]. In a simpler scheme, the polarisation analyser is replaced by a
polariser so the SOP change of the backscattered light is converted into optical power variations. The POTDR
technique has been widely used in the field of fibre communication to characterise the polarisation property of

the fibre such as polarisation mode dispersion and polarisation dependent loss.

Since the polarisation is vulnerable to environmental variations, POTDR has also been applied to distributed
sensing. For example, it is widely used in intrusion detection and vibration measurement as the SOP change
induced by environmental perturbations leads to a received power variation in the simpler scheme [37]. In
addition, POTDR is able to measure the magnetic field because the direction of polarisation for the linearly

polarised light rotates in the magnetic field according to the Faraday effect [38, 39].

2.3.4 Coherent optical time domain reflectometry

As science and technology progress, lasers with narrower linewidth have been proposed and applied to the
traditional OTDR system. Contrary to common sense, a light source with better coherence leads to a worse
OTDR signal, the obtained trace presents a jagged appearance instead of a smooth line as shown in Fig. 2-9 [40].
Later, it is found out that this speckle-like shape is dependent on the phase responses of the backscattered light
and cannot be averaged out [41].

At first, the interference of the Rayleigh backscattered light was considered as noise in the OTDR system
[42]. Later, researchers realised that this phenomenon originating from the random interference process has a
potential for sensing applications. So far, COTDR has been applied to vibration, temperature and strain

distributed measurement [15, 43]. Thorough investigation will be presented in the following chapters.

2.3.5 Brillouin optical time domain reflectometry

Brillouin OTDR refers to the traditional OTDR system that measures the Brillouin backscattered light. Equation
2-36 obviously presents the Brillouin coefficient depends on temperature. Actually, it is also strain dependent
because the refractive index, fibre density and acoustic velocity are related to strain. Thus the optical power of
the Brillouin backscattered light can be used to measure environmental variations. The temperature and strain
sensitivities based on the Brillouin power are 0.36 %/K and -8x10™* %/ue, respectively [44]. The obtained
Brillouin signal needs to be normalised by the Rayleigh scattered light to compensate for the bending or splicing
loss. In practice, the intensity ratio between Rayleigh and Brillouin scattered light, known as Landau-Placzek

ratio, is measured in BOTDR system to monitor environmental variations [45].

Distributed sensing can also be realised by measuring the Brillouin frequency which is proportional to the
speed of the acoustic wave, as presented by Eq. 2-33. Since the acoustic velocity depends on the material density
p according to Eq. 2-25, which is sensitive to temperature and longitudinal strain, the Brillouin frequency shifts

in response to local environmental variations.

To obtain the Brillouin frequency shift, coherent detection is usually used in the BOTDR system. The
Brillouin backscattered light is mixed with an optical local oscillator (LO) and their beating is detected by the
receiver. By scanning the LO frequency, the Brillouin spectrum is precisely obtained and the Brillouin frequency
shift can be determined by a Lorentzian fitting [44]. In this case, the sensitivity is measured to be 1.07 MHz/K

and 0.048 MHz/pe, respectively for temperature and strain [44]. The spontaneous temperature and strain sensing
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2.3 Optical time domain reflectometry

can be realised in a BOTDR system combining the measurement of the Brillouin frequency and the
corresponding optical power.
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Figure 2-10. Reported result on the temperature dependence of (a) Brillouin frequency shift and (b) Brillouin linewidth of a
standard single mode fibre [46].

Although the Brillouin sensor works well at room temperature, the frequency shift, intensity and spectrum
width all behave unexpectedly under cryogenic conditions due to the nonlinearities of acoustic velocity and
attenuation at low temperature [47]. For example, the Brillouin frequency shift and the gain spectrum width
measured in a standard SMF over a wide temperature range from 4.5 K to 1000 K are presented [46] in
Fig. 2-10a and 2-10b, respectively. The Brillouin frequency is at around 13 GHz because the measurement is
taken at 1319 nm. It clearly shows that neither the frequency shift nor the linewidth is linearly dependent on the
fibre temperature at low temperatures. Particularly, the relationship of Brillouin frequency and temperature
becomes non-monotonic below 150 K, as shown in Fig. 2-10a. Thus the temperature cannot be determined easily

in this range because the Brillouin frequency corresponds to more than one temperature value.

2.3.6 Raman optical time-domain reflectometry

In a Raman OTDR system, the Raman backscattered light is detected by a standard OTDR technique. As stated
in Section 2.2.3, the strength of the spontaneous Raman scattering is proportional to the average number of
thermally activated phonons, and the optical power of the anti-Stokes component is Pag™ N, while for the
Stokes component it is PsoC N, +1 because of the different resulting number of phonons. According to Eq. 2-30,
Nave 1s related to the fibre temperature and Raman frequency shift. Raman frequency shift is dependent on the
material and it is measured to be 13.2 THz in fused silica [48], leading to N, = 0.14 under ambient conditions.
Thus the Stokes component is about 8 times larger than the anti-Stokes part and it is also less temperature

dependent since Nyye << 1.

The power of the anti-Stokes component in Raman scattering is measured to be quasi-linearly dependent on
temperature [16]. In practice, the ratio between optical power of spontancous anti-Stokes and Stokes/Rayleigh
waves is used to retrieve the temperature information in order to compensate extra loss induced by bending or
splicing like in the BOTDR technique. For example, the ratio between anti-Stokes and Stokes waves at a given

fibre position z is expressed as [49]:
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P ((Z) =C, exp [—(aAS —as)z} exp [— IgVRTj’ (2-35)

B

where Cy is a constant related to the receiver response, a,s and og are the fibre attenuation coefficients for the

anti-Stokes and Stokes components.
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Figure 2-11. Normalised ratio of anti-Stokes and Stokes waves as a function of the fibre temperature.

For the Raman sensor, there is no cross sensitivity between the temperature and strain because the Raman
scattered light depends only on temperature, which is an advantage compared with other OTDR sensors.
However, spontaneous Raman scattering is essentially a thermal activated process so the scattered light becomes
weak at low temperature, especially for the anti-Stokes component. This trend would definitely undermine the
sensing performance of the Raman sensor at cryogenic condition. The result is plotted as a function of
temperature in Fig. 2-11. Although the ratio changes linearly at room temperature, it becomes a quasi-parabolic
function for temperatures from 200 K to 100 K and starts to vanish quickly below 100 K. This trend is confirmed
by the reported results in silicon [50]. The optical power ratio between anti-Stokes and Stokes waves is
normalised to its value at 300 K to make the comparison easier. The weak Raman scattering at cryogenic
temperature leads to low signal-to-noise ratio (SNR) of the measurement and results in a degraded temperature

resolution.

2.4 Nonlinear processes in the fibre

If the intensity of the light is above a certain threshold, the optical properties of a material will change due to the

presence of an intense light. As a result, the polarisation becomes a nonlinear function of the electric field [51]:
Pol.= ¢, ( AV E+ 4 EE+ 4 EEE +.. ) : (2-36)

where »” is the ith-rank tensor of susceptibility. The first rank of susceptibility is related to the linear part of the
polarisation and corresponds to the refractive index and the linear absorption of the material. And the third-rank
term dominates the nonlinear part of the polarisation for standard optical fibres because the second-rank
susceptibility is zero due to the centro symmetrical character of silica [S1]. The contribution of higher-rank terms

is negligible. The third-rank susceptibility accounts for the stimulated scatterings and Kerr effect.
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2.4 Nonlinear processes in the fibre

In this section, several nonlinear effects that have impacts on the performance of different OTDR systems
are presented. Generally speaking, the OTDR sensing distance is limited because the peak power of the optical
pulse should be under a certain threshold to avoid nonlinear effects. But some nonlinearities can provide in-line

amplification to increase the sensing distance and can even be applied directly for distributed sensing.

2.4.1 Self-phase modulation

While an intense optical pulse is traveling along the fibre, the refractive index would be changed by the product
of the light intensity and the nonlinear part of the refractive index n, which is related to the third order
susceptibility tensor. This index variation induces phase shift to the optical pulse and leads to a spectrum change
of the incident light.

Self-phase modulation will shift the optical frequency of the incident pulse by [52]

_nzdén __ nz oP(1) (237)

A, ot Ayl O
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where 4, is the effective cross section area, z is the propagation length of the optical pulse and P(t) is the power
of the optical pulse in time domain. This frequency shift would cause trouble for the OTDR system with
coherent detection because the frequency difference between the Rayleigh backscattered light and the LO should
be very stable. In addition, self-phase modulation would induce spectral broadening of the optical pulse, which

will broaden the Brillouin gain spectrum, leading to the measurement error in the Brillouin sensing [53].

2.4.2 Modulation instability

Modulation instability (MI) is a widely observed phenomenon in the fields of nonlinear optics and fluid
dynamics. In optics, it is the result of the interplay between the Kerr effect and dispersive effect, leading to the
breakup of a continuous wave beam into a train of ultrashort pulses in time domain. And MI manifests itself in
frequency domain by two gain sidelobes located symmetrically with respect to the incident light wavelength.
During light propagation, the optical power would be exchanged quasi-periodically between the incident light

and the generated sidelobes [51].

The detrimental effects of MI have been observed in many sensing systems. In a BOTDR system, the
generated sidelobes contaminate the Brillouin spectrum and lead to a measurement error [54]. In addition, these
sidebands broaden the incident light spectrum, degrading the coherence of the optical pulse. As a result, the

interference fading occurs in a COTDR system [55].

2.4.3 Four-wave mixing

Four-wave mixing (FWM) is an interaction among at least two light beams with different frequencies
propagating in a nonlinear medium, which will create new frequency components through the third order
nonlinear polarisation. FWM originates from the nonlinear response of bound electrons in a material to the
applied EM field [51]. The beating of incident lightwaves modulates the refractive index of the medium which

creates waves at different frequencies. Actually, it is another sequence of Kerr effect, just like MI.

To maximise the efficiency of FWM, a phase-matching condition must be satisfied, which depends on
chromatic dispersion. Thus FWM has been applied to map chromatic dispersion along the fibre with the help of a

Brillouin based sensor to probe the optical power of the generated wave [56].
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2.4.4 Stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) in optical fibres is based on electrostriction, which is the tendency of
materials to compress in the presence of electric field. The induced electrostatic pressure would cause density

variations in the material, generating an acoustic wave which deflects the incident light.

There are three waves interacting in the optical fibre for the SBS process: a strong pump E, (incident light),
a counter-propagating weak probe E,,, (incident or scattered light at Stokes frequency shift) and the acoustic
wave. The interference of pump and probe light creates an optical intensity wave oscillating at the frequency
difference between the pump and probe waves. And the intensity wave introduces electrostriction, leading to a
density change of the material. The density change causes refractive index variations so that the propagating
density wave works as a moving fibre Bragg grating (FBG) resonating at the pump frequency. The frequency of
the light scattered by the moving grating is down-shifted compared to the incident light frequency due to the
Doppler effect. The scattered light adds constructively to the probe light and the amplified probe would enhance

the acoustic wave.

The pump and probe waves counter-propagating in the optical fibre are defined as

E,=e¢,4, (z, t) exp [i(kpz - a)pt)} +c.c.
; (2-38)
E, =e,A4,, (z, t) exp [i (—kpm.z - a)pmt)] +c.c.

where e, and e, represent unit polarisation vectors for pump and signal waves, 4, and 4,,, are respectively the
corresponding complex envelops of pump and probe light. The nonlinear polarisation for the pump and probe are

expressed as [19]:

P =g AsE, . (20) =6, 25 Ap(20)E, ., (2.1), (2-39)

p.pro.
Po

with the density variation Ap related to the acoustic wave [19]:
Ap(z,t):Qa (z,t)exp[i(qz—Qt)]+c.c., (2-40)

where Q,(zt) and Q= w,~w,, are respectively the slowly-varying envelope and angular frequency of the

acoustic wave. The density variation obeys the following equation [19]:

O*Ap 3
or

A
rv2 8P i, v (2-41)
at a e

with I"" the damping parameter and F.. the electrostrictive force In the presence of pump and probe light, the term

on the right-hand side of Eq. 2-41 can be expressed as [19]
V.F = 77}/e‘12A,, (z,t) A;m_ (z,t) exp [i(qz - Qt)] +cc., (2-42)

where # = |e, e, | is the polarisation mixing efficiency. Equations 2-38, 2-39 and 2-41 connect pump, probe and

acoustic waves together.
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2.4 Nonlinear processes in the fibre

The pump and probe waves are governed by the perturbed equation with the nonlinear polarisation shown as
Eq. 2-39 and the acoustic wave can be obtained by Egs. 2-40, 2-41 and 2-42. Using the slow varying envelope
approximation, the second space and time derivatives of the wave amplitudes are neglected. Hence the three-
wave coupling process is presented as [19]

04 (z,t 04, (z,t '
P (Z )+ " £ (Z ) = lwp}/e A 7o (Z’I)Qa (Z’[)
Oz c Oz 2nepy "

_ aApro. (Z’t) +£ 6Apr(). (Z’t) _ iwsig.}/e
oz c oz 2ncp,
, 00, (z,t) 20 8Qaa(tz,t)

A4, (2,1)0, (z.t) : (2-43)

=2iqV;

. +1,40,(z.t)=2y7.4° 4, (2.1 E,, (z.t)
with T’y = Qp*—Q*—iQI'; the detuning factor. The coupled equations in Eq. 2-43 fully describe the interaction of
pump, probe and acoustic waves inside the optical fibre. Since there is no analytic solution to the coupled

equation, numerical method or some approximation, e.g. small gain, can be used to make Eq. 2-40 solvable.

Stimulated Brillouin scattering can be applied directly to distributed fibre sensing and different sensing
schemes have been proposed to achieve long sensing distance or higher spatial resolution [57]. The above
analysis shows that the optical power of intense pump light would transfer to the counter-propagating weak light
through the SBS process if their frequency difference is close to the Brillouin frequency. Thus SBS can be
employed as an amplifier and it has been applied to the COTDR system and Brillouin sensor to increase the
sensing distance [58, 59].

2.4.5 Stimulated Raman scattering

If the incident light is over a certain threshold, it would periodically modulate the material susceptibility with the
vibrational mode of the molecule for Raman scattering [31]. Thus the spontaneous process becomes stimulated
and a lot of optical power is transferred from the incident light to the Stokes component. And this process is

governed by the following coupled wave equation [51]:

dl
d_ngRIp[S_aSIS
¥4
: (2-44)
dl_":_&g Il —al
dz o R p~s pop

s

where /, w and a represent optical intensity, angular frequency and fibre loss for pump p and Stokes components

s, respectively, and g is the Raman gain coefficient.

Stimulated Raman scattering has been applied to in-line amplification in fibre communication [60]. In
addition, different schemes of Raman amplifier have been proposed to improve the sensing distance of DFS
based on Rayleigh and Brillouin scattering [61, 62].
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Chapter 3
Properties of Coherent Optical

Time Domain Reflectometry

In a traditional OTDR system, an incoherent light source is used and the obtained signal is a smooth trace as
presented in the previous chapter. When lasers with narrower linewidth are employed, whose coherent length is
longer than the pulse width, the detected trace gets more “noisy” [42] because some backscattered light will sum
up coherently. In a COTDR system, the coherent length of the light source is longer than the optical pulse width,
so that there is only interference among the light backscattered from different inhomogeneities inside the optical
pulse. The obtained trace demonstrates a stochastically varying amplitude, as shown in Fig. 3-1, due to the

random variation of refractive index along the fibre.

7

N
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Figure 3-1. Typical coherent Rayleigh trace.
The jagged shape shown in Fig. 3-1 carries meaningful information about the local refractive index, which
is dependent on the environmental conditions. Hence coherent Rayleigh scattering becomes a powerful

technique in the fields of fibre sensing due to this interference process [43]. It is important to understand this

process and the characteristics of the obtained Rayleigh signal to make use of it.

In this chapter, the temporal and spectral characteristics of coherent Rayleigh trace are investigated. Firstly,

the coherent Rayleigh trace is found to be essentially a random walk process and is simulated by a 1-D model in
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3. Properties of Coherent Optical Time Domain Reflectometry

section 3.2. The theoretical analysis and simulation result show that the shape of the COTDR trace is dependent
on the refractive index and the optical frequency.

Based on the mature theory of random walk, the statistical property of Rayleigh backscattered light is
analysed, revealing that its amplitude and intensity obey Rayleigh and exponential decay distributions,
respectively. The simulation result turns out to be the same as the theoretical analysis and is confirmed by the

experiment in section 3.3.

Then the spectral features of the coherent Rayleigh trace are investigated in section 3.4 and its power
spectrum density (PSD) shows a dependence on the incident optical pulse shape. The theoretical result is
experimentally validated for rectangular and sinc incident optical pulses. And the optimal bandwidth of the
photodetector in a COTDR system is determined according to the frequency spectrum of the coherent Rayleigh
trace and its temporal features, i.e. statistic distribution and visibility of the traces obtained at different
bandwidth.

In the last section of this chapter, the sensing range of a COTDR system is improved by pre-amplification
and Brillouin amplification, and their performances are compared.

3.1 Theoretical model for coherent Rayleigh scattering

A COTDR system is almost the same as a standard OTDR, such as the one shown in Fig. 2-7, with the difference
that the coherent length of the light source must be longer than the pulse width. In this case, the electric fields of
the backscattered light inside the optical pulse will superpose together. As a result, the detected signal
demonstrates stochastic varying amplitude due to the random distribution of refractive index along the fibre, as
shown in Fig. 3-1.

| EFEREEED

Pulse width w Sampling period Aw Scattering point

Figure 3-2. Discrete 1D model for coherent Rayleigh scattering.

The inhomogeneities in the fibre core can actually take any shape, but the optical fibre is modelled as a
unidimensional medium consisting of scattering points with uniform size Az for simplicity, as shown in Fig. 3-2.
It is assumed that the input light is linearly polarised and always normally incident on the interface of two
scattering points. The refractive index of each point is expressed as n(z) = n,. + An(z), where n,,. is the average
index along the fibre and An(z) is the local index variation due to the fibre density fluctuation. This statistical
property of the index variation is governed by the correlation (An(z)An(z")) = o,exp(— |z — z'|/zg) with the
variance 0%, < 1 and the index correlation length zz ~ 10 nm [63]. The index variance is dependent on the

optical wavelength, fibre attenuation coefficient and the correlation length [64]:

3t
2(27) w2,z

ave

(3-1)

2 _
O =

Because the scattering size is considered in the order of the optical wavelength [65], so |z — z'| > zg. As a result,

the correlation can be approximated as (An(z)An(z")) = 62,6(z — 2).
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3.1 Theoretical model for coherent Rayleigh scatterings

The inhomogeneities will scatter the incident light and induce a phase change. The complex amplitude
vector of the light reflected from the scattering point at z is expressed

E,(z)=Eyr, (z)e ) (3-2)

where E, is the input optical field, a is the fibre loss coefficient, r,(z) is the complex reflection coefficient and

the optical phase ¢ is expressed as:

@ =J-Ozﬂdx=27r%.[oznw (x)dx, 3-3)

where f is propagation constant, ¢ is the light speed in vacuum, v is the optical frequency. It is obvious that the
scattered light at z is dependent on the optical frequency v and the effective refractive index distribution .4 in
the range [0, z]. In the 1D model, the refractive index along the fibre has to be replaced by the effective
refractive index to simulate the COTDR trace.

The reflection coefficient r.(z) in Eq. 3-2 is usually modelled as a circular complex Gaussian (CCG)
random variable with delta correlation [40]:

<re (Z)re(z')>:”025(2—2'), (3-4)

where 7¢ is the ensemble average of r.(z) and is dependent on the fibre loss and recapture angle. Thus, the
amplitude |E(z)| of the backscattered light Ey(z) is statistically independent of |[Ey(z")| unless z = z'.

The reflected light at each scattering point will interfere within the pulse width w, so that the backscattered

signal E at location z is the summation of electrical field of the light backscattered in the range [z, z+w/2]:

E(z):R+j-/:ef‘"ejzj‘“ﬁ(x)dePE(m)-Eore (z+m-Az)ej , (3-5)

M' Az_l.’”mmﬂ(x)dx
m=1

where R and / are the real and imaginary part of E respectively, M’ = w/(2Az) represents the number of scattering
points inside the pulse, E, is the peak of optical pulse field, Pg is the normalised pulse shape. The typical pulse
duration of the COTDR system is in the meter scale so that the fibre loss within the pulse width is neglected.
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Figure 3-3. Scheme of random process in case of (a) destructive and (b) constructive resultant.

The amplitude of the backscattered light can be simulated by Eq. 3-4 using a randomly generated effective

refractive index An,;(z), while the reflection coefficient can be calculated based on the Fresnel equation.

Because the light is assumed to be normally incident on scattering points, the phase change induced by scattering
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3. Properties of Coherent Optical Time Domain Reflectometry

is either 0 or 7w, determined by the refractive indices of successive inhomogeneities. However this method is very
inefficient and time-consuming because there exist millions of scattering points contributing to the Rayleigh
scattering interfering inside the pulse width. In addition, an exhaustive simulation considering each scattering
point is unnecessary since the time-domain Rayleigh trace is sampled by the acquisition system at discrete points
with a sampling interval Aw, so that each data point contain the interference resulting from the Rayleigh light

backscattered from thousands scattering points.
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Figure 3-4. The simulated coherent Rayleigh trace shows dependence on (a) optical frequency and (b) refractive index.

As a result, the workload reduces greatly by substituting the index An,;(z) at each scattering points by an
equivalent factor An,¢¢(z) at each sampled location z;. Since the number of scattering points inside the sampling
interval is still very large, the index variation is assumed to follow a Gaussian distribution as justified by the
central limit theorem [65]. The refractive index variation could also be assumed to follow Gaussian distribution

for the same reason. In this way, a coherent Rayleigh trace can be simulated through Eq. 3-4.

Since coherent Rayleigh scattering is essentially an interference process, it should be dependent on optical
frequency and the refractive index of the fibre. The simulation takes both parameters into consideration by the
optical phase as expressed by Eq. 3-2. And the simulated traces exhibit this dependence, a small change of the
optical frequency or the refractive index would result in totally different traces, as shown in Fig. 3-4a and 3-4b,

respectively.

3.2 Temporal properties of coherent Rayleigh traces

The spiky appearance of Rayleigh signal originates from the random fluctuation of refractive index along the
fibre. The coherent Rayleigh scattering DFS is based on the fact that any environmental perturbation that
modifies the index would change the temporal shape, as shown in Fig. 3-4b. On the other hand, the coherent
Rayleigh scattering introduces noise to fibre communication [66] and sensors, e.g. gyroscope sensor [67]. In

either case, it is very important to analyse the temporal characteristic of coherent Rayleigh trace.

3.2.1 Theory of the statistical properties of COTDR traces

The previous section reveals that coherent Rayleigh scattering is a random walk process, thus the characteristics
of the coherent Rayleigh trace can be analysed based on this mature theory. Three assumptions are usually
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3.2 Temporal properties of coherent Rayleigh traces

adopted to investigate the summation of phasors in random walks [68]. And these assumptions are also valid for
the coherent Rayleigh scattering:

1. The phase ¢ of reflected light E; at each scattering point is considered to be uniformly distributed in the

range [—n, ] after taken mod of 27;

2. The amplitude |E(z)| and phase ¢(z) of the backscattered light Ey(z) are statistically independent of the

corresponding parameters at another position;
3. The amplitude |[E(z)| and phase ¢(z) are statistically independent of each other.

The statistical property of amplitude in COTDR traces is analysed here, then the intensity distribution can
be derived accordingly. From Eq. 3-4, the real and imaginary part of E can be expressed as [69]

)
I

M= i M=

E, (m)|cos(¢m)
(3-6)

E, (m)|sin(¢m)

1

3
I

where M’ is the number of scattering points within the pulse width and ¢,, is the phase of the scattered light
E(m).

As stated above, the optical phase ¢, of the scattered light E; is uniformly distributed in the range [-r, 7],
leading to the expected value of sing,, and cosg,, equal to zero. In addition, the amplitude |E(z)| and phase ¢,,(z)

are assumed statistically independent. Thus the expected value EV of real and imaginary parts is expressed as:

; (-7

EV[Z|E )|cos (¢ )J:mf;EVUES(m)HE[COS(%)]:O
EV{Z|E )|sin(¢, J:iEV[

respectively. The real and imaginary parts of the scattered light can also be proved uncorrelated in the same way:

E[Rl]zﬁEVUEX( ”Ev[cos )sin( ZEVUE ”EVBsin(z%)]:o. (3-8)

m=1

The statistical independence between amplitude and phase simplifies the expression of the variance of R:

M'-1

o, [ J i EVUEY (m)”Ev(n |:|EV[cos cos(¢ )] (3-9)

m=1 n=m+1

According to the assumptions above, the phases of light scattered at different positions are uncorrelated,
resulting in EV[cos(g,,)-cos(4,)] = EV[cos(@,,)]-EV[cos(4,)] = 0. Thus only the condition m = n is considered in
Eq. 3-9, leading to [70]:

E,(m) }EV[COS 4,)]= ZEV[

m=0 m=1

| } (3-10)
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3. Properties of Coherent Optical Time Domain Reflectometry

Likewise, the variance of / is expressed as:

o = ﬁ;EV[ E, (m)|2}EV[sin2 (4.)]= %iEV[

Es(m)r}:o-;. (3-11)

The backscattered light E; is usually taken as a CCG variable so that the real and imaginary parts are
Gaussian random variables [71]. As there is no correlation between the real and imaginary parts and their

expected value equal to zero, the joint probability density function (PDF) for R and / can be expressed as:

1 R +1°
PDF,, (R.1) = gy exp[— 502 ] (3-12)
J J

with ;7 = 65> = o/°. The joint probability density function for amplitude and phase of the Rayleigh signal can be
obtained from Eq. 3-12 by the relation R = |E|siné and / = |E|cosf [68]:

OR/O|E| or/00

PR olfo|E| alfo

|E|.0

(|E|.0) = PDF,, (R.1)

2 2
2ro; 5

= PDF,,(R,I)-|E| = £ exp[— |2E|2 ] (3-13)
o

for |[E|>0and 6 € [—m, r].

Then the density function for the amplitude is calculated based on Eq. 3-13:

PDF (|E|):I” |E| exp —ﬂ Q:Hexp —ﬂ (3-14)
2 -7 27:0'3 20 O'i 207

2
J J

which is a Rayleigh distribution with a scale parameter ;. The density function of the optical phase is obtained:

] !
207 |E| =5 (3-15)

in the range [—m, . It is obvious that the joint probability density function for amplitude and phase shown in Eq.

2
0 270

PDF, (0) = J‘Oc |E| exp [—

3-13 is the product of pig(|E|) and py(6), so the resultant amplitude and the phase are statistically independent
variables [68].

Then the Rayleigh intensity trace is analysed, which can be obtained by direct detection as the backscattered
light beats with itself at the photodetector. Hence it is expressed as

I(z)= |E(Z)|2 _ 252 (m)+ 22 i. E (m)E,(n). (3-16)

Since the intensity and amplitude |E| are positive values, Eq. 3-16 shows that the relation between intensity and
amplitude is monotonic, so that the density function of the intensity trace can be obtained from the amplitude
PDF [70]:

PDF, (1) = PDE, (V1) %

o (47). wi

=——PD
21
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3.2 Temporal properties of coherent Rayleigh traces

Inserting the expression of amplitude density function pyg(|E|) into Eq. 3-17, the intensity PDF is finally

expressed as:

JI

1 1 1 1
PDF,(I)=—-exp| - = exp| — 3-18
1() o; p[ 20'?}%/7 20, p( 20'fj G-18)

which obeys an exponential distribution with a scaling parameter:

20° :fEVUES(m)H:ﬁ:EV[I(m)J:M-Z, (3-19)

m=1

where I is the average intensity of the scattered light within the pulse width. Hence the PDF for the intensity

trace can be rewritten as

1 I
PDF, (I)= T exp[—M"T j . (3-20)

The analysis above shows that the amplitude and intensity of COTDR traces obey Rayleigh and exponential
distributions, respectively, based on the random walk theory. And it agrees well with the reported analysis by
different methods [40, 41, 72].

3.2.2 Simulation and experiment for the temporal property of coherent Rayleigh
trace

The statistical property of coherent Rayleigh traces obtained in the previous section is investigated by the
experiment shown in Fig. 3-5. A distributed-feedback laser (DFB) working at 1550 nm with ~ 1 MHz linewidth
is chosen as the light source. The continuous wave (CW) is converted into 10 ns wide rectangular pulses,
corresponding to 1 m spatial resolution, by an electro-optic modulator (EOM) driven by a 2.3 GS/s arbitrary
waveform generator (AWG). Another EOM is employed as an optical gate to enhance the extinction ratio of the
optical pulse [73]. In order to optimise the modulation performance, two polarisation controllers (PC) are
employed before the EOMs to adjust the SOP of the light. The optical pulse is boosted by an Erbium-doped fibre
amplifier (EDFA) and the amplified spontaneous emission (ASE) noise is suppressed by a band pass filter (BPF)
with 100 GHz width. The optical power of the pulse is adjusted (< 400 mW) by a tunable attenuator to avoid
modulation instability [55]. Finally, the pulse is launched into a 1-km SMF through a circulator. The weak
backscattered light is amplified by another EDFA and a narrow-band (5 GHz) FBG is employed to suppress the
ASE. The intensity of the Rayleigh backscattered light is acquired by a photodetector with 1 GHz bandwidth and
the temporal trace is displayed on a 4 GHz oscilloscope.

The statistical property of the simulated traces is also analysed here to compare theory with experiment.
While the average effective refractive index is considered equal to 1.46, the equivalent effective refractive index
variation An;¢¢(z) and the scattering coefficient is randomly generated at each sampling point based on a zero
Gaussian probability distribution. The standard deviation of the reflection coefficient is believed to be the
reciprocal of the scattering points inside the optical pulse [74]:

1 2Az 22

ol =— ~ 2 %1.55x107°, (3-21)
M’ w w
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3. Properties of Coherent Optical Time Domain Reflectometry

when the optical wavelength is 1550 nm and the spatial resolution is 1 m (w = 2 m). And the effective index
variation is about 7.5%107 at 1550 nm for a standard fibre, according to Eq. 3-1. Other parameters are taken
identical to the experiment; however, the fibre loss is neglected due to the short distance. The integral step for Eq.

3-3is 0.1 m corresponding to 1 GS/s sampling rate.

: Tunable
* EDFA BPF attenuator

Q0 500, om
DFB EOM Optical

PC PC gate

—— Optical Oscill
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Figure 3-5. Experimental setup to validate the temporal property of the coherent Rayleigh trace. DFB: distributed feedback
laser, EOM: electro-optic modulator, EDFA: erbium-doped fibre amplifier, AWG: arbitrary waveform generator, PC:
polarisation controller, BPF: band pass filter, FBG: fibre Bragg grating.

According to random walk theory, the amplitude and intensity of a coherent Rayleigh trace obey to Rayleigh
and exponential decaying distributions, respectively, regardless of the pulse shape. The probability density of the
simulated amplitude normalised to its average value is shown in Fig. 3-6a. The solid line represents the Rayleigh
distribution with a scale parameter of 0.79. This value is close to the theoretical result \/7 ~ 0.7 based on Eq.
3-22. 1t is obvious that the simulation result is clearly Rayleigh distributed. The modulus of the light amplitude is
equal to the square root of the obtained signal. And Fig. 3-6a shows that the experimental results can be
considered as Rayleigh-distributed. Actually, several similar experiments with coherent detection have
confirmed the Rayleigh distribution of the amplitude of the COTDR trace [40, 65, 67].

\ \ \ 1

(@) | XX | ® Simulation (®) | e Simulation
0.8F---- L*”’L’”’T’” X Experiment || ; X Experiment
';‘ ! — Rayleigh fitting 0.8 - o —‘Exponential decay fit‘tingi
s, 3 1
2 0.6~~~ R A A -~ | |
2 S R T S SRR EEEE EEEEEEE B
3 A A R
Z o4 e R #
= o Boa g
8 A B |
£ 02 | | & |
o v X i K o2bdr - e ]
S X
| | !
-
0 0

R . 1 2 3 4
Normalised amplitude [a.u.] Normalised intensity [a.u.]

Figure 3-6. Probability density of coherent Rayleigh trace in (a) amplitude and (b) intensity.

Both experiment and simulation results demonstrate a clear exponential decaying trend of the normalised
intensity of Rayleigh signal as shown in Fig. 3-6b, presenting a good agreement with the theory. There are some
small deviations that can be explained by the limited number of simulation points and the noise in the
experiment. The “negative” intensity of the experimental results is probably due to noise perturbation. On the

other hand, the simulation result demonstrates a clear exponential distribution because it is noise free.
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3.3 Spectral properties of coherent Rayleigh traces

3.3 Spectral properties of coherent Rayleigh traces

Although the temporal Rayleigh trace carries the environmental information for distributed measurement, the
spectral properties also play a very important role in the COTDR sensor. The coherent Rayleigh trace
demonstrates a fast oscillation, so that a low speed receiver would smooth the stochastic varying trace and
change the statistic feature of obtained signal, thus useful information may be lost. Actually, the COTDR signal
is believed to oscillate vary fast, so that the photodetector bandwidth should be several times broader than the
incident pulse spectrum [73]. But a large bandwidth usually introduces more noise and finally deteriorates the
sensing performance. Hence, it is crucial to investigate the frequency spectrum of the COTDR trace to determine
the optimal bandwidth.

3.3.1 Theory of the spectral feature of COTDR trace

The number of scattering points inside the pulse width is very large (over thousands) due to the small size of
the fibre inhomogeneities. Thus the summation in Eq. 3-5 can be replaced by an integration [75], so the
backscattered field is rewritten as:

E(z):J.LPE[x_ZJ'EOeaZ 'r(x)ejmdx:HE(Z)@PE (%j, (3-22)

w

where ® denotes convolution, L is the fibre length, Hx(z) = Ey'r(z)e™ is the fibre response under a continuous
incoming light Ey, and z is the fibre position that obeys 0 <z < L. The fibre loss is neglected here for simplicity.
It is clear that the backscattered light in a COTDR system is the convolution of the input pulse and the fibre
impulse response, the same as the standard OTDR system [76]. In addition, the fibre acts as a low-pass filter
with a very small bandwidth for the incident pulse.

Since the reflection coefficient at different scattering points follows a delta correlation as shown by Eq. 3-3,
the fibre response Hy(z) also obeys a delta correlation: (Hg(2)H;(z")) = I,7¢6(z — z") with Iy = (E,E}).
According to the expression of the impulse response Hg(z), it is statistically independent of the pulse shape Pp.

Thus the autocorrelation of the backscattered light field is expressed as:

z+5zz I j zz)><PE(z+5z—zl)PE(z—zz)>a’zldz2
=10r02-J. <PE z+6'z z Pg(Z—ZI)>dZI , (3-23)

= 10r02 Ry (z+5z,z)

where RE the autocorrelation of pulse shape and this value is dependent only on dz for a given pulse. Thus, Eq.
3-23 demonstrates that the autocorrelation of the backscattered light is a function only on the time interval which

is determined by Jz.

In addition, the coherent Rayleigh scattering is a cyclostationary process synchronised with the incident
optical pulse. And the pulse spatial width is usually several metres, much smaller than the whole fibre length.
Consequently, the expected value of the backscattered light amplitude can be approximated as time independent
[77]. As a result, the coherent Rayleigh scattering can be seen a wide-sense stationary process [75, 77], so that

Wiener-Khinchin theorem can be applied.
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3. Properties of Coherent Optical Time Domain Reflectometry

According to the Wiener-Khinchin theorem, the PSD of the coherent Rayleigh trace E(z) is the Fourier
transform of the autocorrelation of the backscattered light. Hence the spectrum of the Rayleigh trace E(z) is
expressed as

S (f)= Iy -SE = I -|F (P )|

, (3-24)

where f represents the frequency, S% is the PSD of the pulse and F() denotes the Fourier transform. For a given
COTDR system, I, and 7¢ can be considered as constant. Consequently, the spectrum of the reflected light keeps

the same spectral shape as the optical pulse.

There is another way to derive the PSD of the Rayleigh trace. As Eq. 3-22 indicates, the obtained trace can
be seen as the optical pulse linearly filtered by the intrinsic impulse response. Thus the spectral property of the
backscattered field is finally described as: Si(f) = |F(Pg)|*S;" based on the PSD definition with the PSD of the

fibre response SH = I, - & [70].

The autocorrelation of the backscattered light intensity is expressed as:
Ll . "
R, (z + 52,2) = Io Io <E(z1 )E (z1 )E(22 )E (22 )>a’zldz2 . (3-25)

The ensemble average in Eq. 3-25 can be simplified by applying the Gaussian moment theorem
(E(2)E"(21)E(2)E™(25)) = (E(2)E" (2)XE(22)E™ (22)) + (E(2)E"(2,)XE(22)E"(2,)) [78], because the
electric field is a CCG variable. So the autocorrelation of the intensity trace is calculated to be [75]:

R, (z+62,2)=I3r} +|Ry [ (3-26)

The Wiener-Khinchin theorem is also valid for the Rayleigh intensity trace [75]. Thus the PSD of the scattered
light intensity is obtained [77]:

S, (f) =Ly 8(f)+Se (f)®Sp(f). (3-27)

The spectrum shape of the intensity trace is dependent on the self-convolution of the amplitude spectrum and is

finally determined by the pulse shape.

To demonstrate the dependence of the Rayleigh spectrum on the optical pulse shape, the PSD of the
backscattered light is analysed in the case of a rectangular pulse

1 t < 2
rect| —— | = | |_ Trec/ (3-28)
Trect 0 |t| > Trect / 2
and a sinc pulse
1 t=0
sinc(¢) = | sin (27t/7, ) 0 (3-29)
271—t/Tsinc

where 7, and z,;,. are the full width of the rectangular and sinc pulses, respectively. But the spatial resolution of
a distributed fibre sensing system is determined by the full width at half maximum (FWHM). There is no
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3.3 Spectral properties of coherent Rayleigh traces

difference between the full-width and FWHM for a rectangular pulse. However, the FWHM of a sinc pulse is
just ~ 60 % of the full width. As a result, the full width of a sinc pulse must be 66.6 % larger than a rectangular
pulse t,., to achieve the same spatial resolution.

With the Fourier transform of the pulse shape, the amplitude PSD of the backscattered light is retrieved
from Eq. 3-21:

2

rec Sln TrTVeC f
SE t(f) = 10}”02 Trect ( : ) (3-30)
Tf
for the rectangular pulse and
S (f) = 10”02 25““ -rect(Tsmcf) (3-31)
s

for the sinc pulse. It is interesting to notice that the amplitude spectrum of the COTDR signal present a
sinc-squared shape for the rectangular input pulse and a rectangular shape for the sinc input pulse.

The PSD of the Rayleigh intensity trace is obtained by applying Egs. 3-28 and 3-29 to Eq. 3-25. For a
rectangular pulse, the self-convolution of the sinc squared function is calculated according to Ref. [79]. And the
corresponding PSD results in:

S (1) = 3 {o()+

T rect \1 B sin (2777}66[]')‘ . (3-32)
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In the case of a sinc pulse, the self-convolution of the rectangular function results in a triangular function,
leading to the expression:

2
Ssinc (f) o 137’04 6(f>+%[1_ %J |f| < 2/Tsinc (3 33)
1 - . -
0 |f| > 2/Tsinc

The FWHM of the Rayleigh intensity spectrum for a rectangular pulse is difficult to find because there is no
analytic expression for Eq. 3-32. But it can be determined from the spectrum graph. Compared with a
rectangular pulse, sinc pulses demonstrate high spectrum efficiency in COTDR systems, because all the
Rayleigh signal is confined in the frequency range £2/ty;,. for a sinc pulse but it spreads over the full spectrum

for a rectangular pulse.

3.3.2 Experiment and simulation of the spectral properties of COTDR trace

The experimental setup to acquire temporal Rayleigh traces can also be utilised to obtain the spectrum of
coherent Rayleigh traces using different optical pulses that can be precisely shaped by a high speed AWG. Since
the reflected optical pulse at fibre ends may contaminate the spectrum of Rayleigh light, the input of the SMF is
spliced to a circulator and the other end is wrapped around an object with small diameter to avoid Fresnel
reflection. The Rayleigh backscattered light is split into two branches for different analyses, as shown in Fig.
3-7. In the upper branch, the oscilloscope in Fig. 3-5 is replaced by an electric spectrum analyser (ESA), so that
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3. Properties of Coherent Optical Time Domain Reflectometry

the spectrum of the COTDR intensity trace can be obtained. In the lower branch, the light enters an advanced
optical spectrum analyser (OSA) with 5 MHz resolution. There is a built-in tunable laser inside the OSA acting
as a local oscillator (LO) and its beating with the input light is shown. Consequently, the Rayleigh signal is
obtained by coherent detection and the corresponding amplitude spectrum is directly displayed by the OSA, even
though the setup shown in Fig. 3-5 cannot detect the amplitude of the backscattered light in time domain.

Backscattered
light

----- > ESA

Splitter
OSA

Figure 3-7. Detection scheme to obtain the spectrum of coherent Rayleigh trace. ESA: electric spectrum analyser, OSA:
optical spectrum analyser.

The FWHM of the rectangular and sinc pulses is set at 10 ns, corresponding to full widths of 10 ns and
~ 16.6 ns, respectively. The generated optical pulses are visualised by a fast oscilloscope and shown in Fig. 3-8.
It is obvious that the high speed AWG is able to generate rectangular and sinc pulses with a good quality. The
overshoot of the rectangular pulse in Fig. 3-8a is due to the limited bandwidth of the photodetector. And the
measured sinc pulse confirms the theoretical analysis that the FWHM is about 60 % of the full width, as shown
in Fig. 3-8b.
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Figure 3-8. Generated (a) rectangular and (b) sinc optical pulse.

The simulation condition is the same as in the last section except that the optical phase of the resultant light

E shown in Eq. 3-3 is simplified as:

z+m z+m- 2 f N
ZL Mﬁ(x)dx:2jz pe ””e//c(ég)vdéa:4ZVZ[):neﬁ,(z+i-Az)-Azz4”ZAZ(m'nm+A”¢//)a (3-34)

because M is usually large enough to approximate the average refractive index by n,,. within the interval from z
to z+(m—1)Az. The rectangular and sinc pulses are simulated by 10 points and 16 points, respectively, for a
1 GS/s sampling rate.

With the optical pulse shown in Fig. 3-8, the spectra of coherent Rayleigh traces are obtained by the
detection scheme presented in Fig. 3-7. The simulated spectrum can be also retrieved by Fourier transform of the
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3.3 Spectral properties of coherent Rayleigh traces

corresponding COTDR traces generated based on the model. Thus the theoretical, simulated and experimental
results can be compared with each other.
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Figure 3-9. (a) Amplitude and (b) intensity spectra of a COTDR trace with a 10-ns rectangular input pulse.

The spectra of the COTDR trace with a 10 ns rectangular incident pulse are presented in Fig. 3-9. It shows
the evidence that the simulation and experiment agree with the theory. The amplitude spectra of the COTDR
trace obtained by simulation and experiment demonstrate a sinc-squared shape as predicted by the theoretical
analysis, as presented in Fig. 3-9a. And the obtained trace spectra demonstrate the same shape as the rectangular
pulse spectrum acquired by the ESA. Although there exists some information at higher frequency, most of the
power is confined in the range from DC to 100 MHz. According to the rectangular pulse spectrum shown in
Fig. 3-9a, the 3-dB bandwidth of a photodetector to acquire the 10 ns rectangular pulse is about 44 MHz. In
addition, the 3-dB bandwidth of the intensity spectrum is ~ 60 MHz according to Fig. 3-9b, corresponding to a
FWHM bandwidth of 120 MHz. Simulation results with different pulse width reveal that FWHM bandwidth of
intensity trace equals to 1.2/z. for rectangular pulse, the same as the reported result in Ref. [75]. Figure 3-9
present that the bandwidth required to detect the coherent Rayleigh trace is broader than the bandwidth to obtain
the incident optical pulse.
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Figure 3-10. (a) Amplitude and (b) intensity spectra of a COTDR trace with a 10-ns sinc input pulse, inset is the intensity

spectrum in linear scale.
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The agreement between the theory, simulation and experiment is also validated in the case of sinc pulse
with 10 ns FWHM (.. = 17 ns). The spectra of the amplitude and intensity Rayleigh traces demonstrate
rectangular and triangular shape, as shown respectively in Fig. 3-10a and the inset of Fig. 3-10b. The simulation
result in Fig. 3-10 shows the gradual power decrease outside the pulse spectrum width, which may be explained
by the limited simulation points. The experiment result shows the optical power at higher frequency which is the
ASE from the pre-amplifier.

The amplitude spectrum obtained by the experiment demonstrates a quasi-trapezium shape and its FWHM
of is about 111 MHz which is a bit smaller than the theoretical analysis above (~ 120 MHz), as shown in
Fig. 3-10a. This might be explained by the suppression of the sidelobes due to the second EOM to enhance the
extinction ratio of the pulse. As shown in Fig. 3-10b, the 3 dB width of the intensity spectrum is measured to be
~ 63 MHz and it is interesting to point out that this value is slight larger than the value presented in Fig. 3-9b.
Consequently, a rectangular pulse is more spectrum efficient than a sinc pulse in a COTDR system.

3.3.3 Effects of photodetector bandwidth on the COTDR trace

The previous section reveals that the spectrum of a COTDR trace is dependent on the optical pulse shape and it
is possible that spectrum of the Rayleigh trace is broader than the pulse spectrum. In other words, the temporal
trace could oscillate much faster in some cases. As a result, the photodetector bandwidth should be wide enough
to acquire all the information from the COTDR trace, but should not be too broad considering the introduced
noise and the cost. Hence the effect of the receiver bandwidth needs to be investigated to find the optimal value.

In practice, the amplitude is usually obtained from the beating between the COTDR trace and a LO at a
different frequency by coherent detection. Thus the bandwidth of the photodetector is always sufficiently large.
For example, some researcher claim that the electrical bandwidth required for coherent detection should be at
least twice as large as the received signal [80]. Consequently, it is unnecessary to investigate the influence of
receiver bandwidth on the Rayleigh amplitude trace. But it is still unclear what would be the receiver bandwidth
to ensure a given spatial resolution in COTDR systems with direct detection.

Both experiment and theory show that the Rayleigh trace with rectangular input pulse is more vulnerable to
the photodetector bandwidth because it covers a broader spectrum. Additionally, a rectangular pulse is the most
employed pulse shape in distributed fibre sensing to avoid self-phase modulation [53]. Thus the influence of the
receiver speed is analysed only for the rectangular incident pulse.

The last section reveals the relation between the pulse width and the FWHM of the Rayleigh trace, which is
supposed to be the minimum acceptable bandwidth for the photodetector. Here the effect of the bandwidth on the
temporal trace is investigated to validate that this relationship actually determines the optimal bandwidth.

A receiver with a limited bandwidth would smooth the Rayleigh trace, leading to a change of its statistic
feature. This influence is studied by simulation and experiment in the case of a 10 ns rectangular incident pulse.
To obtain the trace using different photodetector bandwidths, the simulated trace is filtered by averaging
neighbouring points while the experiment trace is processed by the internal digital filter of the oscilloscope. The
probability distributions of the Rayleigh trace normalised to its average for different bandwidths are shown in
Fig. 3-11, and there is no obvious change of the statistic properties until the filter bandwidth reduces below
125 MHz, which is very close to the twice of the 3-dB bandwidth of the spectrum depicted in Fig. 3-9b. When
the bandwidth is too narrow, the trace will be smoothened so much that the density peak shifts to the average

intensity position, as shown in Fig. 3-11d, and the intensity trace no longer follows an exponential distribution.
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Figure 3-11. Probability distribution of COTDR intensity trace with 10-ns incident pulse obtained with a photodetector
bandwidth of (a) IGHz, (b) 250 MHz, (c¢) 125 MHz and (d) 50 MHz.

The smoothened trace becomes more uniform along the fibre so that the visibility V' = (Inax—Tmin)/ (TmaxTTmin)
of the trace, an important factor to evaluate the quality of the COTDR trace [73], will also be reduced. Figure
3-12 shows that the visibility obtained from experiment and simulation decreases when the bandwidth becomes
smaller. Although the visibility changes little with a 125 MHz filter, it drops a lot when the 50 MHz filter applies,
representing that the stochastic varying Rayleigh trace turns to be flattened because of the averaging of the
limited bandwidth.

And it has to be pointed out the visibility never reaches 1 in the experiment, as shown in Fig. 3-12b, which
is probably due to the noise in the experiment. However, the visibility of the simulated trace is almost 1 along

the fibre when the bandwidth is 1 GHz because no noise is introduced to the trace in the simulation.

Figure 3-12 shows that the visibility becomes worse when a narrow bandwidth is applied; and this trend is
presented more evidently in Fig. 3-13, in which the visibility averaged along the fibre is plotted as a function of
the bandwidth. Obviously, the visibility remains comparatively high when the photodetector bandwidth is above
125 MHz, which is again close to three times of the 3 dB bandwidth of the intensity trace spectrum; but it starts
to decrease rapidly when the bandwidth is under this value, meaning that the coherent Rayleigh trace losses

contrast due to the low bandwidth.
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Figure 3-12. Influence of bandwidth on the visibility of the coherent Rayleigh trace obtained by (a) simulation and (b)
experiment.

The distributed fibre sensor based on coherent Rayleigh scattering needs to detect the trace shape change
induced by the environmental variations. Thus a fast photodetector is necessary to keep the sensing performance.
The analysis above in time and frequency domain demonstrates that ~ 120 MHz is the minimum requirement for
the 3-dB bandwidth of a detector to obtain a comparatively high quality COTDR signal with 10 ns rectangular
pulse. And based on the simulation results with different pulse widths, this conclusion can be generalised: a 3 dB
bandwidth needed to detect the COTDR intensity trace is at least equals to 1.2/7. in the case of an incident

rectangular pulse with a ... temporal width.
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Figure 3-13. Averaged visibility of the simulated and experimental coherent Rayleigh trace under different bandwidth.

3.3.4 Conclusions

In this section, the spectral property of the coherent Rayleigh trace is investigated and the optimal detection
bandwidth is determined. The power spectrum density of the COTDR trace turns to be dependent on the input
pulse shape. The trace spectrum with rectangular and sinc incident pulse is calculated and validated by
experiment and simulation. It shows that the 3-dB bandwidth of the intensity trace with a square incident pulse is
0.6/t Then the effects of bandwidth on the statistic distribution and visibility of the intensity trace are
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3.4 Sensing range increase for COTDR

investigated by experiment and simulation. The result confirms that a bandwidth of 1.2/, is needed to acquire a
coherent Rayleigh trace with an acceptable quality, obtained by direct detection, which is around three times as
the bandwidth to detect the incident rectangular pulse.

3.4 Sensing range increase for COTDR

Although the optical power of a coherent Rayleigh signal varies randomly, the tendency average of the
backscattered optical power decreases exponentially like in a traditional OTDR system, described by Eq. 2-34.
The reflected light becomes weaker as the sensing distance increases simply due to the fibre attenuation. As a
result, a low SNR is expected at the far end of the fibre and the fibre loss finally limits the sensing distance. For
example, Fig. 3-14 shows a coherent Rayleigh trace for a 50-km long fibre with 2 m spatial resolution. The
received signal seems totally vanished after 20 km and the Fresnel reflection cannot be seen at the far end of
fibre, as shown by the inset, proving the received trace at the very end is actually the noise floor.
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Figure 3-14. Coherent Rayleigh trace for 50 km fibre. Inset, zoom in of the end of the fibre.

A simple way to maintain a comparatively high SNR for a long sensing distance is to increase the peak
power of the optical pulse. But the peak power is limited by the nonlinear effects inside the fibre. In a COTDR
system, the optical power should stay below the threshold of modulation instability, otherwise signal fading will
occur [55]. Employing longer pulse is also a feasible method but this will degrade the spatial resolution as
analysed in the last chapter. In addition, averaging the obtained signal can enhance the SNR at the expense of
measurement time, which would undermine vibration sensing performance of the COTDR system. Actually, for
any distributed fibre sensing system, SNR, measurement time, spatial resolution and the sensing distance are
interrelated parameters.

The trade-off amongst all the mentioned parameters is considered to be the fundamental rule limiting the
DEFS performance. Thus extra effects are needed to increase the sensing range and one of them is the optical
amplification. As optical amplifier such as an EDFA is the most popular component to boost the optical signal.
Besides, Raman amplification is widely used in fibre sensing and optical communication, but it introduces
relative intensity noise and the pump requires high power. Recently, the Brillouin amplifier has also been

proposed to elongate the sensing distance [59], which requires less optical power but show large excess noise.
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3.4.1 Pre-amplification for a COTDR system

The pre-amplification, increasing the signal light before the receiver, has been applied to DFS based on Brillouin
scattering and gains great successes [81]. Actually, the experiment shown in Fig. 3-5 utilizes this technique
because the backscattered light power is too low for the 1 GHz photodetector. But compared to the pre-amplifier
in a Brillouin sensor, the weak signal in a COTDR system requires the EDFA to work at very low input power
and to introduce little ASE noise.

A coherent Rayleigh trace is obtained for a 50-km long SMF by the experimental setup shown in Fig. 3-5
and the pulse width is set to 20 ns. In the last section, it is proved that a photoreceiver with a bandwidth twice
broader than the pulse spectrum is enough to detect the coherent Rayleigh scattering trace. Thus a 125 MHz
photodetector is employed for this long distance measurement. This comparatively low speed receiver is good at
detecting weak signal because it introduces less noise and has higher transimpedance gain. Two EDFAs with the
same noise figure of 5 dB but different minimum input power (—10 dBm and 3 dBm) are used to amplify the
backscattered light. The EDFA with low input power also introduces low noise. And two FBGs with different
reflection spectrum width (5 GHz and 10 GHz) are employed to filter out the ASE from the pre-amplifier. The
narrow FBG demonstrates a stronger reflection than the broad one does.
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Figure 3-15. Pre-amplified 50 km coherent Rayleigh trace under different condition. Inset: end of the fibre. (a) high noise
EDFA and broad FBG, (b) high noise EDFA and narrow FBG, (c) low noise EDFA and broad FBG, (d) low noise EDFA and
narrow FBG.
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3.4 Sensing range increase for COTDR

Pre-amplified COTDR traces under different conditions are shown in Fig. 3-15, and it is clear that the
signal gets significant enhancement, compared with the trace in Fig. 3-14. Thanks to this amplification, it is
possible to reach 50 km sensing distance as all the insets present a distinguishable trace end. And the obtained
traces exhibit an obvious exponential decaying trend due to the fibre loss. Since the backscattered light is too
weak, an EDFA requiring high input power cannot work properly, thus Rayleigh signal shown in Fig. 3-15a and
3-15b is less enhanced than the traces in Fig. 3-15¢ and 3-15d, which are amplified by the low noise EDFA.

All the acquired coherent Rayleigh traces exhibit a constant voltage due to a direct current (DC) from the
photodetector caused by the ASE from the pre-amplifier. More ASE is blocked by the narrow FBG so that the
DC level in Fig. 3-15b and 3-15d is lower. However, the traces filtered by the narrow FBG seem noisier than the
broad FBG filtered trace, as shown by the insets of Fig. 3-15. This is probably due to a misalignment of the
amplified trace to the FBG reflection spectrum centre. If the incident light is well aligned to the centre, the
acquired traces should demonstrate a higher voltage than the traces filtered by the broad FBG. But Fig. 3-15
show a totally opposite situation, lower signal amplitudes are observed in the case of using the narrow FBG,
confirming this misalignment. Thus, the ASE from the EDFA, instead of the amplified trace, is more strongly
reflected at the centre of the FBG spectrum, resulting in a noisier trace.
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Figure 3-16. Visibility of the coherent Rayleigh trace pre-amplified by (a) high noise EDFA and (b) low noise EDFA.

To compare the performance of the pre-amplification under different conditions, the visibility of the
amplified traces is plotted in Fig. 3-16. In this case, the DC voltage is removed from all traces. High visibility is
achieved at the beginning of the fibre, but the signal contrast starts to degrade after 20 km because of the lower
SNR. In general, the visibility shown in Fig. 3-16b is slight higher than that in Fig. 3-16a, especially at the far
end of the fibre, demonstrating again that EDFA with lower input power is more suitable to amplify the
backscattered light. But the traces filtered by the narrow FBG show no evident better visibility than the broad
FBG filtered traces, which may also be explained by the misalignment. Consequently, it is important to use low
noise amplifier and position the amplified trace to the reflection spectrum centre of a narrow FBG to obtain a
COTDR trace with good quality.

3.4.2 In-line Brillouin amplification for a COTDR system

In the stimulated Brillouin scattering process, the optical power from a strong optical beam would transfer to the
counter propagating light at the Stokes frequency. Thus the weak signal can be amplified via SBS as long as a
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phase matching condition is fulfilled. As the SBS works more efficiently than the Raman amplification does, a
moderate pump power is enough for the Brillouin amplifier instead of high optical power which is necessary in

Raman amplification.

Brillouin amplification was first introduced to the COTDR system in 2014 [59]. The Brillouin pump is
launched into the far end of the fibre and the counter-propagating optical pulse is amplified. This backward
amplification method requires the access to both fibre ends. Later a forward amplification scheme is proposed
where the optical pulse and pump are launched at the same end [82]. In this case, the Rayleigh backscattered
light is amplified, and the frequency component of the Rayleigh signal can be selectively amplified by changing
the frequency offset between the pump and the Rayleigh backscattered light. But the co-propagating pump and
optical pulse may introduce MI or four-wave mixing, degrading the trace quality.

Backward amplification

—— Optical

------- Electical @

Figure 3-17. Experimental setup of the COTDR with Brillouin amplification. LD: laser diode, EOM: electro-optic modulator,
EDFA: erbium-doped fibre amplifier, SOA: semiconductor optical amplifier.

Both Brillouin amplification schemes are realised using the experimental setup shown in Fig. 3-17. The CW
light from a laser diode (LD) is split into two branches. In the upper arm, the light passes through an EOM
driven by a radio frequency (RF) source. Two sidebands are generated and the carrier is suppressed by tuning the
DC voltage applied to the EOM. The generated sidebands are amplified by an EDFA and the one at higher
frequency is selected by a tunable FBG (10 GHz) to act as the Brillouin pump. The optical power of the pump is
comparatively low, about 3 dBm, due to the high amplification efficiency of the SBS process. In the other branch,
the CW light is converted into optical pulses of 20 ns width with high extinction ratio by a semiconductor optical
amplifier (SOA). Then the pulse is boosted by another EDFA and the ASE noise is suppressed by a BPF. In the
forward scheme, the optical pulse and the pump are coupled together and launched into the fibre under test (FUT)
that is a 39-km long SMF. But in the backward amplification, the pump is launched at the far end of FUT. For
the in-line amplification, the interaction length is actually the whole sensing fibre or roughly the effective length
of the fibre. The light polarisation will rotate randomly within this distance, so the polarisation dependence of the
SBS can be averaged out. Hence a special polarisation adjustment is unnecessary in this Brillouin amplification
scheme, unlike in a standard Brillouin sensor. Another FBG (5 GHz width) is employed before the photodetector
to block the pump or backscattered light of pump. Hence only the COTDR signal enters the photodetector and is
acquired by an oscilloscope.

The forward amplification scheme is implemented, giving the result shown in Fig. 3-18. Even though
COTDR trace gets amplified compared with the original trace, Fig. 3-18a exhibits that the obtained signal
demonstrates fading at some position just like in the case of modulation instability [55]. But the optical spectrum
at the far end of FUT, as shown in Fig. 3-18b, reveals that the interference fading of COTDR trace is due to
FWM. According to Fig. 3-18b, the pump spectrum is not clean because other generated sidebands, even at

higher order, are observed. As a result, the FWM is easily generated while the pump and optical pulse
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co-propagate along the fibre, and these sidebands are amplified. The power exchange amongst the light beams
leads to a fading at certain positions. To suppress the FWM, the generated sidebands should be totally blocked
except the one acting as the pump, the pump power must be low enough and the polarisations of the pump and
optical pulse can be manipulated to be orthogonal. But the last two methods would undermine the amplification

performance. A possible way is to use a long optical pulse as the pump and offset it with the incident pulse in the
COTDR system in time domain.
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Figure 3-18. (a) Amplified trace and (b) optical spectrum at the far end of fibre in the case of forward Brillouin amplification.

Then tests are carried out with the COTDR trace amplified by the backward scheme and the trace
demonstrates no fading along the fibre, as shown in Fig. 3-19, because the counter propagating configuration
minimises the FWM. As a result, the pump power can be a bit higher than in the forward pumping case, so a
better amplification performance is obtained. For example, the amplitude of the received signal shown in
Fig. 3-19 is a little higher than the trace amplified by the forward pumping.
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Figure 3-19. Amplified trace by backward Brillouin amplification.

3.4.3 Conclusions

In this section, two amplifying methods, pre-amplification and Brillouin amplification, have been used to

enhance COTDR traces in order to achieve longer sensing distance. Generally speaking, the pre-amplification

45



3. Properties of Coherent Optical Time Domain Reflectometry

enhances the signal much more than the Brillouin method. But for in-line amplification, the backscattered light
or pulse is enhanced along the fibre, resulting at a more uniform signal.

In the case of pre-amplification, a narrow filter and an EDFA with low input power and low noise are
crucial for the quality of the amplified trace. For the Brillouin amplification, the forward method requires single
access but introduces FWM unless a time offset is introduced between the pump light and optical pulse for
COTDR measurement to avoid any temporal overlap; the backward scheme needs both ends while it avoids
FWM thus exhibits better amplification performance.
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Chapter 4
Coherent Optical Time Domain

Reflectometry for Distributed Sensing

Fibre sensors based on the traditional OTDR technique demonstrate a poor performance when compared to the
DFS based on Raman and Brillouin scatterings, as stated in Chapter 2. But Raman and Brillouin sensors show
their limit to meet the requirement for high accuracy applications because of their low sensitivities, which are
determined by the scattering processes that are essentially difficult to improve. In addition, their sensing
performance is degraded in a cryogenic environment. On one hand, the spontaneous Raman scattering is a
thermally-activated process and the anti-Stokes Raman intensity quickly vanishes at low temperature. Hence,
this technique is poorly suitable for cryogenic measurements. On the other hand, the relationship between the
Brillouin frequency and temperature becomes non-monotonic under cryogenic conditions. And the Brillouin
based DFS has null temperature sensitivity around 80 K in a standard SMF. However, many fibre point sensors
based on the interference process, such as fibre Bragg grating, exhibit comparatively higher sensitivities at even
lower temperatures. Therefore it is reasonable to expect that a DFS based on interference will demonstrate higher
temperature sensitivities. As analysed in the previous chapter, the coherent Rayleigh scattering is based on the
random interference of the backscattered light within the pulse width and the obtained trace shape is dependent
on temperature and strain. Consequently, the COTDR could realise distributed measurements with high

sensitivities.

The temperature sensitivity of a COTDR sensor is theoretically analysed and experimentally characterised.
The temperature sensing performance is examined over a wide range from 77 K to 300 K for different types of
optical fibres. And different fibre heating methods are investigated to enhance the sensitivity of the sensor under

cryogenic condition.

In section 4.1, the restorability of the coherent Rayleigh trace is demonstrated as the working principle of a
COTDR sensor; the temperature sensitivity is investigated based on the mature theory of FBG sensing. And the

1D model from Chapter 3 is employed to simulate temperature sensing.

Then (in section 4.2), a COTDR sensor with the help of a laser frequency stabilisation system is applied to
distributed measurements over a wide temperature range. A long distance measurement up to several tens of

kilometres is realised using pre-amplification.

In the last section of this chapter, optical heating and electrical heating methods are investigated to increase

the fibre temperature in order to enhance the thermal sensitivity under cryogenic conditions. The theoretical
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4. Coherent Optical Time Domain Reflectometry for Distributed Sensing

model of the electrical heating is experimentally validated by a double-pulse Brillouin optical time-domain
analyser (BOTDA) at room temperature.

4.1 Working principle of a COTDR sensor

The amplitude of a coherent Rayleigh trace varies stochastically as a result of the random interference among the
Rayleigh backscattered light from different scattering points along the fibre. As the size and the refractive index
of scattering points are both strain and temperature dependent, environmental perturbations will change the
interference conditions, resulting in a different trace shape. Based on this phenomenon, the COTDR system has
been applied to distributed vibration measurement and perimeter monitoring [83, 84]. In addition, the temporal
trace also depends on the optical frequency for the same reason. Since the environmental variations and the
optical frequency have the same impact on the interference in the coherent Rayleigh scattering, the trace shape
change induced by one factor can be compensated by the change on the other factor. Consequently, a COTDR
system can act as a temperature/strain sensor. Its sensitivity is supposed to be similar to that of other sensors
based on interferences, like FBG and Fabry-Pérot cavity [85, 86], which are more sensitive than fibre sensors
based on Brillouin and Raman scatterings.

4.1.1 Working theory of a FBG sensor

Fibre Bragg grating is a component widely used in the fields of optical communication and fibre sensing. A FBG
is essentially a short piece of fibre with a periodically modulated refractive index in the core and a small amount
of the incident light is reflected at each index change section. In a uniform FBG, all the reflected light will
interfere constructively at the Bragg wavelength A5:

A (4-1)

where n.; represents the effective refractive index of the fibre and A4 is the period of the refractive index
modulation. In other words, the grating couples the light at the Bragg wavelength from the
forward-propagating mode into the backward-propagating mode, while light at other wavelength will pass
through the grating, the whole process being shown in Fig. 4-1. Consequently, FBGs have been widely

employed as optical filters.

A
Input signal

Transmitted signal

Reflected signal

Figure 4-1. Typical structure of a fibre Bragg grating and its spectral response.

According to Eq. 4-1, the reflected spectrum of a FBG is sensitive to mechanical and thermal perturbations

because the refractive index and the grating period are both temperature and strain dependent. On one hand,
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4.1 Working principle of a COTDR sensor

temperature variations will induce a refractive index change through the thermo-optic effect and a change of the
grating period by thermal expansion. On the other hand, an applied strain stretches or compresses the grating,
thus changes the period, and causes index variations due to the elasto-optic effect [3]. Therefore, the spectral
response of a FBG will change due to temperature and/or strain variations. In Fig. 4-2, theoretical analysis based
on transfer matrix method shows that the reflection spectrum will shift for different temperatures [87]. A linear
relationship can be built between the Bragg wavelength and the environmental stimuli at room condition, so that

the FBG can be utilised for fibre sensing.

02F - S I I
| =T
3 3 — T, AT
O S Y 1 W il
. | I |
| | |
— | | |
=] | | |
m‘ | | |
d | I |
'g 0.4 -=---- R A A R A A co o
° | | |
n- | | |
| | |
| | |
| | |
0.05F -~~~ - SR R b SRR S S S IR 1
| | |
| | |
| | |
KA S

15494 15497 1550  1550.3 15506  1550.9
Wavelength [nm]

Figure 4-2. Reflection spectra of a fibre Bragg grating under different temperature conditions.

The thermal response of a FBG sensor has been characterised at different temperatures and is widely
reported in different literature. The temperature sensitivity reaches ~ 10 pm/K = 1.25 GHz/K in ambient
conditions and at 1300 nm [3], which is two orders of magnitude higher than the sensitivity of a standard fibre
sensor based on Brillouin scattering. However, the intrinsic sensitivity of the FBG drops significantly under
cryogenic conditions due to the decreased thermo-optic coefficient at low temperature [88].

4.1.2 Sensing theory of a COTDR sensor

In a COTDR system, a highly-coherent optical pulse is deflected by stationary, but randomly positioned
scattering centres while it propagates through the fibre; and the light backscattered from different scattering
centers interferes within the pulse width on the photodetector, resulting in a randomly varying signal in the time
domain. Since the measured temporal traces originate from the interference process, the obtained signal is highly
dependent on the optical frequency and the frozen longitudinal profile of the refractive index. Thus, random
fluctuations of the refractive index along the fibre lead to a signal with a stochastic varying amplitude, which can
be perfectly reproduced under identical experimental conditions (temperature, strain and optical frequency). An
optical frequency change has the same impact on the obtained signal as a variation of the refractive index. This
effect is called restorability, meaning that the changes of the trace shape induced by the refractive index
variations, due to temperature/strain perturbations, can be fully compensated by an optical frequency detuning
[89]. Hence the optical frequency change can be converted into information about temperature and strain.

The theoretical model from Chapter 3 can be applied to simulate the restorability of coherent Rayleigh
traces. An original trace is simulated at a given optical frequency and with a random variation of refractive index
along a 20-m optical fibre. Then a small refractive index change of 1x10 is applied over the whole fibre,

resulting in a totally different trace shape, as presented in Fig. 4-3. But this modified trace can be restored to its
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4. Coherent Optical Time Domain Reflectometry for Distributed Sensing

original status by tuning the optical frequency. A simulated COTDR trace with a 130 MHz frequency shift
exhibits the same shape as the original one, demonstrating that the trace distorted by an index change can be
fully recovered by tuning the optical frequency. Generally speaking, the refractive index change is much smaller
than the averaged index n,., thus the relative frequency shift required to restore the original trace is exactly
equivalent to the relative change of the refractive index.

| | = Optical frequency v, refractive index n,

—— Optical frequency Vor refractive index ny-1 %108

Bl eemre Optical frequency v,+130 MHz, refractive index n0-1x10'6 7

Intensity [a.u.]

0 5 10 15 20
Distance [m]

Figure 4-3. Simulation of the restorability of the coherent Rayleigh trace.

In the frequency domain, the restorability manifests itself as a spectral shift of the coherent Rayleigh trace.
Because of the random nature of the interference, the amplitude of the backscattered light at a given position also
varies randomly as a function of the optical frequency. The reflection spectrum at a sampling point is simulated
by recording the intensity of the backscattered light over a 1 GHz frequency range. Speckle-like shapes are
shown in Fig. 4-4a. The spectrum shifts due to the refractive index change, exactly like in a FBG sensor.
However, because of its noise-like shape, quantifying the frequency shift of the COTDR spectrum is not simple.
Usually, a special data process, i.e. cross-correlation, is required to solve this problem. Figure 4-4b shows the
cross-correlation result of the spectra in Fig. 4-4a, the position of the correlation peak determines the frequency
shift and its sign represents the shift direction.
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Figure 4-4. (a) Frequency spectrum of the coherent Rayleigh scattered light at a given position and (b) cross-correlation result
of the simulated spectra.
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4.1 Working principle of a COTDR sensor

According to the restorability, any shape change induced by environmental variations can be compensated
by an optical frequency change. Based on this idea, a relationship can be built between the physical quantities
that cause the trace change and the optical frequency detuning that fully restores the shape. Actually, the
environmental perturbations have an impact on both the refractive index and the size of the scattering centres,
but the simulation only considers the influence of the index change. However, it will be proved later that the
influence of the scattering size variation can be neglected because its contribution is too small in temperature

sensing.
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Figure 4-5. Principle of fibre sensing based on the coherent Rayleigh scattering.

Based on the analysis above, the working procedure of COTDR sensor is drawn in Fig. 4-5. At first, the
Rayleigh traces D,.(z,v) is obtained at different optical frequencies v under a given condition as a reference.
Then the traces D;(z,v) measured at time t are compared with the reference. The reflection spectra of both
measurements at a given position show a random amplitude, as depicted in the middle of Fig. 4-5. The obtained
Rayleigh spectrum should be identical to the reference if the measurement is taken under the exactly same
condition. But it may shift due to the environmental perturbations and the shifted value is retrieved by
cross-correlation. This process is shown on the right hand side of Fig. 4-5. The green line represents the result of
the cross-correlation between two Rayleigh spectra under the exactly same condition, a correlated peak is
observed at zero frequency. Two Rayleigh spectra obtained under different conditions lead to a frequency-shifted
peak. Consequently, the environmental variations, such as temperature and strain, can be retrieved from this shift
Av [43]. It has to be pointed out that this technique only provides a relative change of these quantities instead of

an absolute value.

4.1.3 Sensitivity of a COTDR fibre sensor

In a COTDR system, the optical pulse is backscattered from the inhomogeneities and the reflected lights
interfere with each other. And the analysis in section 4.1.1 demonstrates that the FBG works almost in the same
way: light at the resonance wavelength is reflected due to the interference of the incident light reflected from the
designed index variations in the fibre core. The reflection spectrum of a FBG can be well defined because the
fibre index is intentionally modulated. However in the case of Rayleigh scattering, the refractive index
fluctuation is introduced randomly during the fibre fabrication, so that the spectrum demonstrates random
fluctuations. As a result, the interference process in a COTDR can be modelled as a weak FBG with random
amplitude and pitch [90, 91], and a COTDR sensor is expected to be as sensitive as FBG sensors. Furthermore,
the mature theory on the FBG sensing can be applied directly to the analysis of the DFS based on the coherent
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4. Coherent Optical Time Domain Reflectometry for Distributed Sensing

Rayleigh scattering. In this section, the temperature sensitivity of a COTDR sensor is investigated under
different thermal conditions based on the FBG sensing theory.

Equation 4-1 shows that the Bragg wavelength is determined by the effective index and the grating period,
which are temperature dependent. Hence, the Bragg wavelength change due to temperature variations A7 and
applied strain { can be written as [85]:

1 dn, 2
Ady = A, {£y+—d—T-”JAT+{1—"?[pu ~P (1, +p12)]}§}

Moy 4-2)

= /’LB : (Sentemp : AT + Sen.s‘train : g)

where Py is the Poisson’s coefficient, p;; are Pockel’s coefficients of the stress-optic tensor, y is the thermal
expansion coefficient of the fibre material, dn.s/dT is the thermo-optic coefficient, Sene,, = y+1/negdn.y/dT is
the temperature sensitivity and Seng,;, is the strain sensitivity. The typical temperature and strain sensitivity of a

FBG under ambient conditions are [85]:

Ady[Ay =6.67x107° K™

P (4-3)
Ady [, =0.78x10°° ue

The thermo-optic effect accounts for ~95% of the Bragg wavelength shift at room temperature, so that the
contribution of the thermal expansion is minor [85].

Sy Y3 S5 A A A3
T term 1.10127 1.78752x10°  7.93552x10"  -8.90600x102 2.97562x107" 9.34454
T' term -4.94251x10°  4.76391x10°  -1.27815x10° 9.08730x10° -8.59578x10* -7.09788x10
T? term 5.27414x107  -4.49019x107  1.84595x10° -6.53638x10° 6.59069x10° 1.01968x10*
T3 term  -1.59700x10°  1.44546x10°  -9.20275x10°  7.77072x10""  -1.09482x10°  5.07660x10~
T* term 1.75949x10"2 -1.57223x10™"% 1.48829x10"° 6.84605x10™™ 7.85145%10™" 8.21348x10"°

Table 4-1 Parameters in the Sellmeier model for Corning 7980 fused silica, valid in the temperature range from 30 K to 300
K and the wavelength range from 0.4 um to 2.3 um [92].

The thermo-optic coefficient is actually the derivative of the refractive index with respect to temperature,
which is described by several empirical models. Among them, the Sellmeier model is a widely used method that

expresses the refractive index of a common optical glass as [92]:

3.8.(T)-A°
n2 (l,T)—l 22#)2(71) 5 (4'4)

i=1 i

where T is the temperature, A is the operating wavelength, S; is the strength of the resonance features in the

material, expressed as

4
S(T)=>8,-T", (4-5)
Jj=0
and 4; is a factor related to S;:
4
A(T)=2 4T (4-6)
j=0

52



4.1 Working principle of a COTDR sensor

The corresponding coefficients of the Sellmeier model for the optical fibre cannot be found, so the coefficients
for Corning 7980 fused silica are used as listed in Table 4-1 [92], which is valid in the temperature range from
30 K to 300 K and the wavelength range from 0.4 um to 2.3 pm.

Based on this data, the refractive index of fused silica at 1534 nm is plotted as a function of temperature in
Fig. 4-6 and its slope represents the thermo-optic coefficient. The refractive index varies much less at low
temperatures, so that a low thermo-optic coefficient is expected at cryogenic environment. This explains the
reduced thermal sensitivity of a FBG sensor under cryogenic conditions.
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Figure 4-6. Refractive index of Corning 7980 fused silica at 1534 nm obtained by the Sellmeier model [92].

In another way, the thermo-optic coefficient of an optical fibre (SPECTRON photosil type C) is simply

modelled as a quartic function of temperature at a Bragg wavelength of 1527 nm [93]:
dniﬁp/dT =6.82x107"°T* -3.80x107"° 77 +4.83x107"' T +1.50x10° T +5.02x10°° . 4-7)

This monotonic increasing function also shows that the coefficient becomes smaller under cryogenic conditions.

Although the thermal expansion contributes little to the Bragg wavelength shift at room temperature, it has
more impact under cryogenic conditions because the thermo-optic coefficient decreases at low temperature, so it
is taken into consideration in this theoretical analysis. The measurement result of the thermal expansion
coefficient for fused silica SRM 739 is interpolated as [94]:

yx10°=a, (b,/T)" -exp(b,/T) / [exp(by /T)+ 1]2 +d, (e, /T)2 -exp(e, /T) / [exp(ey /T) —1]2 (4-8)
with the parameters a, =—4.22+0.07, b, = 35.5+0.8, ¢, = 0.335+0.015, d, = 1.253+0.022 and e, = 535+9.

The thermo-optic coefficient obtained by the two models and the thermal expansion coefficient retrieved by
Eq. 4-8 are plotted in Fig. 4-7 as a function of temperature. And the Sellmeier model works only in the range
down to 30 K so the coefficient below this temperature cannot be obtained. The results of both models on the
thermo-optic coefficient show the same tendency that the coefficient decreases dramatically at cryogenic
condition. But different values are observed between two models and this discrepancy becomes larger at low

temperatures.
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Figure 4-7. Thermo-optic coefficient and thermal expansion coefficient as function of temperature.

On the other hand, thermal expansion coefficient is about 20 times smaller than the thermo-optic coefficient
obtained by the quartic model at room temperature, the same as stated in Ref. [85]. Thus it is reasonable to
neglect the thermal expansion at room condition. This coefficient also decreases as the temperature reduces and
it even becomes negative below ~ 175 K. But there exists a turning point at ~ 50 K, below which y starts to
increase. As the thermo-optic coefficient decreases at cryogenic temperature, the difference between it and the
thermal expansion coefficient becomes smaller. For example, dn./dT obtained by quartic model is just ~ 7 times

as the expansion coefficient at 50 K. Consequently, the contribution of the thermal expansion can no longer be

neglected at low temperature.
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Figure 4-8. Calculated result of the thermal sensitivity at different temperature.

Inserting the thermo-optic coefficient and thermal expansion coefficient into Eq. 4-2, the temperature
sensitivity can be calculated under different thermal conditions and the results are shown in Fig. 4-8. The
obtained sensitivities become lower as the temperate decreases, following the same tendency of the thermo-optic
coefficient that is the dominating factor. And the sensitivity based on the Sellmeier model decreases much more

at low temperature; it becomes totally null at 30 K. But the sensitivity based on the quartic model starts to
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4.1 Working principle of a COTDR sensor

increase below ~ 30 K due to the rise of the thermal expansion coefficient. At room temperature, the typical
sensitivity of a FBG is 10.23 pm/K =~ —1.28 GHz/K at 1534 nm based on Eq. 4-3, which is marked as a star in
Fig. 4-8. And it is very close to the dotted line, validating the quartic model at room temperature. The
temperature sensitivity obtained by the quartic model is higher because this model describes the thermal
response of a highly GeO,-doped fibre [95], and GeO, doping leads to a thermo-optic coefficient higher than
fused silica, as presented by the experiment result in Ref. [88].

The sensitivity shows a dependence on the working temperature; as a result, the frequency shift over a large

thermal range is expressed as
Sen,,, ((f ) dé, (4-9)

where Ty is the reference temperature, and AT is the temperature change. The frequency shift of a COTDR
sensor can be retrieved from Eq. 4-9 based on different models. The frequency shift from 300 K to cryogenic
temperature is drawn in Fig. 4-9a. A quasi-parabolic curve is observed for the Sellmeier model, exhibiting a little
frequency shift at low temperature because the optical fibre becomes inertial under this condition. But, the
theoretical result obtained by the quartic model turns to be more linear over the whole temperature range, and the
frequency shift is comparatively larger under the cryogenic condition. The discrepancy is explained by the
different sensitivities obtained by different models, especially at low temperatures.
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Figure 4-9. Comparison of the temperature induced frequency shift obtained by theory and reported result in the temperature
range from 300 K to 4.2 K.

The theoretical analysis is compared with the experimental results obtained over the temperature range from
300 K to 4.2 K by the optical frequency domain reflectometry technique, which is based on the same working
principle as a COTDR sensor [96]. In the reported experiment, a low bending-loss fibre with 16 pm thick
polyamide coating is tested and the coating is so thin that it has little on the fibre sensing [96]. Experimental
results show that the optical frequency linearly shifts with decreasing temperature until 100 K, then a quasi-
parabolic relation is observed below 100 K and the frequency shift barely changes below 50 K. This is due to the
changes of the thermo-optic coefficient and thermal expansion coefficients for fibre at the low temperatures as

shown in Fig. 4-7; the same behaviour is observed in FBG sensors [88].
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It is obvious that the theoretical result based on the quartic model matches well with the experiment from
300 K to 100 K. But this model seems to overestimate the sensitivity at low temperatures because the calculated
frequency shift continues to grow as the temperature decreases. The discrepancy between the theory and
experiment under 100 K is probably due to different dopants inside the fibres, and the inaccuracy of the
thermo-optic coefficient at low temperatures.

On the other hand, the curve obtained by Sellmeier model is always below the experimental results,
demonstrating this model underestimates the sensitivity. This is probably due to the parameters listed in
Tab. 4-1 are used for fused silica instead of a doped fibre.

Theoretical analysis above shows that the COTDR possesses a high temperature sensitivity over a wide
temperature range. For example, its temperature sensitivity under ambient conditions is over 1000 times higher
than that of a Brillouin based sensor. Thus this technique can be applied to accurate measurements even under

cryogenic conditions, such as liquid gas level monitoring and gas leakage detection.

4.1.4 Simulation of distributed temperature sensing based on COTDR

In Chapter 3 the 1D model is applied to simulate a coherent Rayleigh trace in the time and frequency domains
with different optical pulse shapes. And it is able to demonstrate the restorability of the temporal Rayleigh trace
as shown in Fig. 4-3. Thus this model has the potential to also simulate the COTDR sensing. Although the model
considers only the refractive index change induced by the environmental perturbations, it is accurate enough to
simulate the temperature sensing under ambient conditions, in which the thermo-optic effect plays the

dominating role while the contribution of the thermal expansion is negligible.

A coherent Rayleigh scattering trace from a 1 km long optical fibre is simulated with a 10 ns incident
rectangular pulse, corresponding to a 1 m spatial resolution, based on the theoretical model. Two sets of
temporal traces are simulated within a 1 GHz optical frequency range with 10 MHz scanning step. Temperature
variations of 0.3 K, —0.1 K and —0.2 K are introduced between the two measurements at the positions
910-912 m, 930-935 m and 964-965 m, respectively, based on a thermo-optic coefficient of 9.13x10° K™ given
by the quartic model in Fig. 4-7.
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Figure 4-10. Simulation of temperature sensing. (a) Cross-correlation result, and (b) frequency shift as function of

distance, inset: the temperature change at 964 m.

56



4.2 Experimental validation

As drawn in Fig. 4-5, the two sets of Rayleigh traces are cross-correlated in the frequency domain at each
fibre position, and the result is shown in Fig. 4-10a. Three shifted correlated peaks are observed at the hot spots
due to the temperature variations and no frequency shift is observed for the peak in the rest of the fibre where no
temperature change is introduced between the two measurements. The last peak is comparatively lower because
the hot spot size is too small, the same as the spatial resolution. The frequency shift is plotted as a function of
distance in Fig. 4-10b and the local temperature information can be retrieved from the frequency shift. Also the

spatial resolution is confirmed to be 1 m in the inset of Fig. 4-10b.

The sensitivity of this simulation is intrinsically equal to the theoretical result and the sensitivity of a FBG
sensor, as shown in Fig. 4-8. The standard deviation o, of the frequency shift at the hot spots is measured to be

~ 2.5 MHz. Thus the temperature resolution of the simulated COTDR sensor can be calculated:

Sen

2.5/1310~0.002 K . (4-10)

O-T = O-V/ temp| =

using the temperature sensitivity Senem, = —1.31 GHz/K shown in Fig. 4-8.The obtained resolution reaches 2 mK,
which is two orders of magnitude better than the DFS based on Raman and Brillouin scatterings, demonstrating
again that the COTDR sensing is applicable for highly precise measurements.

4.1.5 Conclusion

In section 4.1, the working principle of a COTDR sensor is shown to be identical to a FBG sensor. Its
temperature sensitivity is calculated under different thermal conditions based on two models. A high sensitivity
is expected in the temperature range from ambient to cryogenic conditions, and this result is confirmed by the

reported experiment using OFDR sensing.

The theoretical model on the COTDR trace demonstrates its ability to simulate the restorability and
temperature sensing. Consequently, this model has the potential to evaluate the influence of different parameters,

such as spatial resolution and averaging time, on the sensing performance of a COTDR system.

4.2 Experimental validation

The analysis in the previous section shows a high sensitivity and a small measurand resolution of the DFS based
on the coherent Rayleigh scattering. The performance of this sensor is experimentally validated and

characterised under different thermal conditions in this section.

4.2.1 Laser frequency stabilisation

Due to the high sensitivity of the COTDR sensor, about —1.3 GHz/K at ambient temperature, the optical
frequency of its light source must be very stable when an accurate measurement is required. According to the
analysis above, a laser frequency drift of 13 MHz will degrade the temperature resolution from 2 mK to 10 mK.
Unfortunately, the optical frequency stability of standard commercially-available semiconductor lasers is usually
insufficient to meet this requirement. Thus, an extra system using a frequency standard is needed to lock the

laser frequency.

The gas absorption spectrum is widely used as a frequency standard due to its inherit stability and immunity

to environmental perturbations. In a stabilisation system based on gas spectroscopy, the laser frequency drift is
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converted into an optical power change after the incident light passes through an absorption line. Then the laser
driving current is adjusted based on the optical power change to lock the frequency on an absorption line [97]. A
photonic crystal fibre filled with such a gas is a good candidate in a fibre sensing system as it is compatible with
the all-fibre optical structure and avoids alignment [98].
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Figure 4-11. Laser frequency stabilisation. (a) Implemented scheme and (b) absorption spectrum of acetylene gas used for the
locking system, inset: cross-section of the used hollow-core photonic crystal fibre.

The frequency stabilisation system is shown in Fig. 4-11a [98]. The objective here is to lock the laser
frequency on an absorption line of acetylene in a gas cell with a filling pressure of 77 mbar [98], so that
whenever the laser frequency drifts, power variations are monitored in order to adjust the laser driving current to
compensate the frequency shift. In this case, the gas cell is a hollow-core photonic crystal fibre filled with
acetylene gas whose cross-section is shown in the inset of Fig. 4-11b [98]. The driving current is tuned to
position the laser wavelength within the absorption line P15 [99], which is shown in Figure 4-11b. Additionally,
a sin wave from the lock-in amplifier is applied to the driving current of the laser, so that the continuous wave
coming out of the laser is slightly modulated at a given frequency. An optical isolator is placed at the output of
the laser to avoid any laser coherence degradation due to the back-reflections. The CW light passes through the
gas cell, gets attenuated because of the gas absorption and finally enters a photodetector. The laser frequency
drift will change the optical power at the output of the gas cell. The lock-in amplifier detects this power change
by demodulating the signal from the photodetector at the sin wave oscillating frequency, and provides injection

current corrections to the laser driver to compensate the frequency drift from the centre of the absorption line.
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Figure 4-12. Experimental demonstration of the laser frequency stabilisation scheme.
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The effect of this stabilisation system is shown in Fig. 4-12. The laser frequency is immediately locked to
the centre of the absorption line once the feedback loop is on. And the frequency fluctuations are reduced by a
factor 30 with the implemented locking system. Using this servo control, a COTDR sensor could provide

milli-Kelvin resolution even after a long working time.

4.2.2 Experimental setup

For a very accurate sensing, the frequency of the optical pulse in a COTDR system should not only be very
stable but also be precisely controlled. And the precise control is usually realised by employing the sideband
generated through a RF modulation [100]. The experimental setup is shown in Fig. 4-13. The CW light from a
laser passes through an optical splitter and is divided into two paths. The upper path is connected to the servo
loop to stabilise the laser frequency at 195.41922 THz. In the lower path, a SOA driven by an electrical pulse
generator is employed to convert the CW light into optical pulses with high extinction ratio. The optical
frequency sweeping is realised using an EOM driven by a microwave source. A tunable FBG (~10 GHz
bandwidth) is employed to choose one of the two sidebands generated by the EOM. Then, the optical pulses are
boosted by an EDFA and a band pass filter (~100 GHz bandwidth) is used to suppress the ASE noise from the
EDFA. The optical pulses enter the FUT through an optical circulator and the Rayleigh backscattered light is
guided to a 125 MHz photodetector. The COTDR traces are acquired and later processed by a computer.

Feedback loop

Optical

— — — — Electrical

SoA [-»| EOM

SOA: semiconductor optical amplifier 4 +
EDFA: erbium-doped fibre amplifier, !
EOM: electro-optic modulator Microwave
FBG: fibre Bragg grating Pulse Source

Generator

Figure 4-13. Implemented COTDR system for distributed temperature sensing.

For each temperature measurement, the Rayleigh backscattered light is obtained within an optical frequency
range of 400 MHz with 10 MHz scanning step. Smaller steps could actually result in a better measurand
resolution. However, an ultimate limit is determined by the frequency stability of the light source. The pulse
width is set as 15 ns, corresponding to 1.5 m spatial resolution. A 125 MHz receiver is used to collect the
backscattered light since such a bandwidth has been proven large enough in Chapter 3. To enhance the SNR, the

COTDR traces at each frequency are averaged 1000 times, leading to a total measurement time of 40 seconds.

The sensing fibre is totally 23 m long, composed of a 14-metre standard SMF coated with acrylate and a
9-metre special fibre with ORMOCER® coating [101] which can stabilise the mechanical and thermal properties
of the fibre [102]. Two different fibres can be tested simultaneously and details about the two fibres can be found
in the appendix. They are loosely coiled inside a copper box with a diameter of 9 cm in order to avoid temperate
gradients along the FUT, as shown in Fig. 4-14. A Pt-1000 thermal probe is placed in the middle of the metallic
box to monitor and calibrate the temperature. According to the data sheet, the tolerance value of this Pt-1000 is
+0.15 K [103] and it is assumed to be much more accurate to measure the temperature change. For long distance

measurements, the FUT is attached to a fibre spool of several kilometres long SMF.
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Figure 4-14. Copper box used to provide a stable and uniform temperature distribution along the sensing fibre. A thermal

resistor is placed inside to monitor the fibre temperature required in the characterisation.

The copper box is placed in a thermal bath filled with water for measurements at room temperature
(~ 300 K). Due to its large specific heat capacity, the water acts as a thermal buffer and provides a uniform
temperature distribution along the entire sensing fibre. In this case, the impacts of temperature gradients and
potential thermal perturbations can be highly suppressed. A variation below 0.1 K is observed at ambient
conditions by the thermal probe within a monitoring period of over 2 hours, demonstrating a high thermal
stability of this system. The water temperature could be controlled with an accuracy of ~ 0.1 K by the thermal
bath. Even smaller temperature change could be achieved using the slow thermal exchange between water and

ambient environment.

Figure 4-15. Container for cryogenic measurement when the copper box is (a) immersed in and (b) hung above the liquid

Nitrogen.

For cryogenic temperature measurements, the copper box is placed in a container filled with liquid Nitrogen,
as shown in Fig. 4-15. A direct contact of the box with the liquid allows a precise and stable temperature
measurement at ~ 77 K, as shown in Fig. 4-15a. Large temperature change is realised by adjusting the level of
the box above the Nitrogen, presented by Fig. 4-15b. A second container can be used as a complementary

thermal buffer to partially mitigate the cooling effect of the liquid. Thus the FUT could be stably exposed to
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temperatures up to 270 K. A 10 MQ resistor is dipped in the Nitrogen and connected to an electrical power
supply. Therefore, small temperature changes are possible by tuning the voltage of the supply, which governs the
evaporation rate of the liquid [104].

4.2.3 Experiment result at room temperature

As presented in the above analysis, the restorability of the coherent Rayleigh trace is the working principle of a
COTDR sensor. An experiment is carried out to demonstrate this phenomenon in a short piece of standard SMF
and the result is shown in Fig. 4-16. It is obvious that the original backscattered Rayleigh trace obtained at a
given condition is changed due to a small temperature variation of 26 mK. And the changed shape is almost fully
recovered by slight detuning the laser frequency by 30 MHz. There exists a small difference between the
restored trace and the original trace, which is due to the large frequency scanning step. The distorted trace can be
fully recovered by a finer control of the optical frequency. And this experiment also validates the high
temperature sensitivity of a COTDR sensor.
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Figure 4-16. Restorability of the coherent Rayleigh trace obtained experimentally.

To realise temperature sensing, both types of fibres experience temperature changes in the thermal bath.
The spectra of two successive measurement results are cross-correlated along the sensing fibre in order to obtain
the frequency shift. And the correlation result is presented in Fig. 4-17, a peak exists at the frequency where the
trace shape of both measurements is most similar to each other. The inset shows the cross-correlation spectrum
at a given position with no frequency shift, and the real location of the peak is determined by a quadratic fitting
[105]. Thus the problem about the large scanning step in the restorability experiment can be partially solved and
the peak position is plotted as a solid line along the fibre in Fig. 4-17. Actually, the width of the correlation peak

is related to the measurand resolution [105] and is dependent on the incident pulse width [106].

Figure 4-17 again proves the high sensitivity of a COTDR sensor at room temperature, as a small
temperature change of ~ 26 mK induces an average frequency shift of 32 MHz in the standard fibre and 42 MHz
in the special fibre. The standard deviation obtained along the fibres is between 2 and 3 MHz, which corresponds
to a temperature precision around 2 mK under ambient conditions and is very close to the simulated value. It
must be pointed out that the special fibre is more sensitive at room temperature due to the extra thermally
induced strain by the ORMOCER™ coating [102].
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Figure 4-17. Cross-correlation between two successive measurements with a small temperature change, inset: quadratic
fitting of the correlated peak.

Furthermore, it is important to mention that the standard deviation of the measurement shown in Fig. 4-17
is mainly given by the noise characteristics of the system and the frequency step used during the scanning. As a
result, it is independent on the working temperature, as also confirmed by the measurements that will be shown
later at cryogenic conditions.

As shown in Figs. 4-16 and Fig. 4-17, the sensitivity of a coherent Rayleigh sensing system is over 1000
times higher than the Brillouin based DSF. This is good for a highly precise measurement but the measurand
range is considerably restricted due to the limited frequency sweeping range, because the frequency shift Av
induced by a large temperature change AT might be beyond the scanning range of the sensor. Expanding the
frequency scanning range is a feasible method to solve this problem. But it leads to substantial increases of the
measurement time and the cost. A simple solution is to repeat the measurement continuously and obtain the
frequency shift Av; of two successive measurements R;,  (z,v) and R (z,v) in a comparatively smaller
scanning range. So every obtained trace acts as the reference for the following trace. In this way, the equivalent
frequency shift of X measurements can be expressed as Av = YX_, Av;. Hence, a large measurand change can be
retrieved using only incremental measurements with a small sweeping range. However, this method will
accumulate errors from each measurement.
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Figure 4-18. Frequency shift versus temperature change for different fibres at room temperature.
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The obtained frequency shift is plotted as a function of temperature changes in Fig. 4-18 for both kinds of
fibres and the slopes represent the corresponding sensitivities. The measurand range is greatly expanded by
cross-correlating successively obtained Rayleigh traces, because a frequency shift up to 2000 MHz is evaluated
while the scanning range is only 400 MHz. The sensitivity measured in the standard fibre is ~ —1.17 GHz/K that
is very close to the value given by the Sellmeier model. However, the ORMOCER® coated fibre demonstrates a
higher sensitivity than the calculated value. And this difference is caused by the extra strain induced by the

thermal expansion of the coating.

It needs to be pointed out that the sensitivity expressed by Eqgs. 4-2 and 4-3 are valid only for bare fibres. In
practice, the optical fibre is usually coated for protection. A simple longitudinal section of a coated fibre is
shown in Fig. 4-19, d representing the thickness of the coating, Y and y representing Young’s modulus and
thermal expansion coefficient for fibre and coating c, respectively. The thermal expansion of the coating induced

by temperature change will cause a strain {” in the fibre core, which can be expressed as [107]:

CY
5’(AT):(76—7/ﬁbm)WAT, (4-11)

fibre

where C is the ratio between the cross-sectional area of the coating and the fibre:
cz[(d+b)2 —bz}/bz. (4-12)
As aresult, the temperature sensitivity of a coated fibre is expressed as

Ady |2y = Sen,,, - AT +Sen, ., -¢'(AT). (4-13)

temp

Thus the thermal response of a coated fibre is related to the coating properties, i.e. its thickness, its Young’s

modulus and its thermal expansion coefficient.
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Figure 4-19. Longitudinal section of a coated fibre.

For a standard SMF, the Young’s modulus of the primary coating is 10 MPa at room temperature [108],
much smaller than the value of silica (70 GPa [109]), which cannot be compensated by the large cross-section
area of the coating. Hence, the thermally induced strain {” is very small, so that its influence on the frequency
shift can be neglected. Therefore, the measured sensitivity of the standard fibre is very close to the calculated

value for the bare fibre.

On the other hand, the ORMOCER® coating of the special fibre is 35 um thick with a Young’s modulus of

~ 1.5 GPa at room temperature [110]. In this case, the thermally induced strain can no longer be neglected, and it
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has been reported that the ORMOCER® coating increases the temperature sensitivity of a FBG by 2.4 pm/K at
Js =852 nm [102]. According to this sensitivity increase, the thermal expansion coefficient of the ORMOCER®
coating is obtained as ~ 1.23x10™* K' based on Eqgs. 4-4, 4-5 and 4-6. Finally, the temperature sensitivity is
calculated to be increased by ~ 0.54 GHz/K due to the ORMOCER® coating. And the measured sensitivity
enhancement (0.5 GHz/K) is very close to the predicted result.

The measured frequency shift is converted into a temperature change using the obtained sensitivity. The
result measured by the COTDR sensor is compared with the temperature acquired by the Pt-1000 probe in
Fig. 4-20. The robustness of the coherent Rayleigh based DFS is confirmed in 110 min long thermal cycles.
Figure 4-20 shows a good agreement in the first hour between the results obtained by the fibre sensor and by the
thermal probe, and then small discrepancies are observed. Probably, the thermometer is moved by the water in
the thermal bath, so that the thermal gradient between the sensing fibre and the Pt-1000 has been changed,
resulting in the small differences of the measured temperature.
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Figure 4-20. Comparison of the temperature change measured by COTDR and Pt-1000 in thermal cycles.

The good resolution obtained within a short sensing distance is just indicative because this value is highly
dependent on the signal-to-noise ratio, which becomes worse in the case of a longer sensing distance. To validate
the performance in a comparatively longer range, the measurement is repeated. In this case, the FUT is
connected to the end of a 2 km standard SMF spool that is placed in the open air.

S‘pecial fibre
Gf=3.87 MHz
-150
N
I
=
# -100
=
(7]
>
2
£ .50
=]
o
o
'8
50 it HEE i L i ' 1 clor.
0 500 1000 1500 2000

Distance [m]

Figure 4-21. Cross-correlation result for 2 km standard SMF, inset: enlarged view of the hot spot.
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The obtained frequency shift along the fibre is presented in Fig. 4-21. For most part of the fibre, the
correlated peak demonstrates no frequency shift but some small deviations are observed due to the thermal
perturbations. Actually, the peak frequency varies periodically along the fibre and it is may be induced by a
thermal gradient in the surrounding air. This periodicity demonstrates again the high sensitivity of the COTDR
sensor. In addition, a clear frequency shift is observed at the sensing part due to a temperature change inside the
thermal bath. The standard deviation is below 4 MHz for both fibres, corresponding to a resolution of ~ 2.7 mK.

So a precise measurement can be realised by a COTDR sensor over a 2 km sensing distance.

The sensing distance can be improved with the help of a pre-amplifier to level up the backscattered light.
The same amplifying scheme like in Chapter 3 is used here for long distance sensing. The pulse width is set at
20 ns, equivalent to a 2 m spatial resolution. Two sets of successively measured Rayleigh traces from a 50 km
standard SMF are cross-correlated and the result is shown in Fig. 4-21. At the end of the fibre, the COTDR
traces become less correlated and the obtained frequency shift oscillates faster, which can be explained by the
weak Rayleigh signal at the far end. Figure 4-21 also exhibits a quasi-periodic fluctuation of the peak frequency,
and it may be induced by the same reason: temperature fluctuations along the fibre spool.
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Figure 4-22. Cross-correlation result for 50 km standard SMF with pre-amplification.

It takes more time to accomplish a longer distance sensing, so the environmental perturbations between the
successive measurements should be taken into consideration. As a result, most of the obtained correlated peaks
demonstrate a small frequency shift even though no environmental variations are introduced deliberately
between the two measurements. As shown in Fig. 4-22, the peaks tend to shift towards the negative direction at
the beginning of the fibre and it turns to the positive side at the far end. This shift needs further study, and it may
be caused by the small difference of temperature changes experienced by the inner and outer coiling layers of the

spool.

4.2.4 Experimental results at cryogenic temperatures

With the help of liquid Nitrogen, the thermal response of a COTDR sensor is tested under cryogenic conditions.
By placing the copper box just above the level of the liquid, the fibre temperature is decreased down to about
80 K. Small variations in the fibre temperature are realised by the thermal exchange between the liquid and the

ambient air. Figures 4-23a and 4-23b show the measurement results obtained during cooling and warming up
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processes, respectively. Comparatively lower sensitivity is observed for both types of fibres in both processes.
However, the reduced sensitivity is still hundreds times higher than that of a Brillouin sensor. And the sensitivity
obtained by the experiment is lower than the theoretical prediction shown in Fig. 4-8. It needs to be pointed out
that the results shown in Fig. 4-23b is not as reliable as Fig. 4-23a because of the small temperature change
(<0.06 K).
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Figure 4-23. Measured frequency variation when temperature changes around 80 K with (a) negative and (b) positive steps.

The temperature sensitivity of the coherent Rayleigh-based sensor is also measured in the temperate range
from 77 K and 300 K. In this case, the copper box needs to be placed inside another container, which acts as a
complementary thermal buffer. This container partially mitigates the cooling effect of liquid Nitrogen, so that the
fibres could be stably exposed to temperatures up to 300 K. It takes a long time for the fibre to reach the targeted
temperature. Actually, changing the temperature with stable and controllable steps is the most challenging
process in the entire experiment. Since the measurement requires about 40 seconds to be completed, the
temperature should vary sufficiently slowly for the sensor to accomplish the measurement. Due to the slow
temperature change, delays of several tens of seconds have been inserted between two successive scanning
processes to achieve a large temperature difference between the measurements. Since the sensitivity becomes

lower in a cryogenic environment, the same laser frequency drifting will cause a larger measurement error.

Figure 4-24 shows the measured frequency shifts of both fibres around four different temperature
conditions, ranging from 100 K to 250 K. All the frequency shift changes linearly with the temperature and high

sensitivities are obtained in the different cases.

The relation between sensitivity and temperature for both FUTs during cooling and heating processes is
summarised in Fig. 4-25. The shaded region is depicted to represent the area that covers most of the measured
points just for visibility. Generally speaking, the experimental results confirm the high temperature sensitivity of
the COTDR sensor even at cryogenic environment. However, the behaviour of the temperature sensitivity for the
standard fibre is different from the theoretical analysis. As shown in Fig. 4-8, the thermal response becomes
weaker when the working temperature decreases. On the contrary, the temperature sensitivity of the standard

acrylate-coated fibre keeps rising and reaches the highest value at around 220 K.

The non-conventional behaviour of the standard fibre can be explained by the thermally induced strain in
the coating, as discussed in the previous section. Although the thermal expansion of the coating has little

influence on the temperature sensitivity of the standard fibre at room temperature, it has to be taken under
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consideration because the polymer coating exhibits glassy behaviour at low temperature [24]. The Young’s
modulus of the primary coating grows up to ~ 1 GPa as the temperature decreases from room temperature to the
glass transition temperature (~ 220 K) and becomes less temperature dependent below 220 K [24]. During this
process, the thermally induced strain becomes larger which not only compensates the influence of the thermo-
optic coefficient reduction but also contributes more to the frequency shift, so the temperature sensitivity is
enhanced from 300 K to 220 K. However, the sensitivity decreases gradually below 220 K because the extra

strain turns to be stable in this temperature range while the thermo-optic coefficient continues to decline.

. Org :
X Standard fibre R X Standard fibre
-200-(@) O Special fibre || (b) "R O Special fibre
@~102.3K -500¢ ¢ @~131.7K
N 400} ~
I
z s
& -1000¢
£ 600 £
(7] [
) )
c -800f <
S g -1500¢
g 5
= -1000¢ &
-2000¢
-1200¢
Sensitivity of standard fibre: -1267.5 MHz/K Sensitivity of standard fibre: -1559.9 MHz/K
1400 Sensitivity of special fibre: -933.55 MHz/K | 2500 Sensitivity of special fibre: -1118.1 MHz/K ‘
0 0.2 0.4 0.6 0.8 1 0 0.5 1 15
Temperature change [K] Temperature change [K]
X Standard fibre X Standard fibre
jal fi O Special fibre
500! O Special fibre 500 p |
— @~251.26 K
. z
=, -1000¢ 1 . -1000[
£ £
< =
= -1500¢ 1 2 -1500¢
(1) [
c c
g g
o -2000¢ & -2000¢
8 —
e [T
-2500¢ o 2500k
Sensitivity of standard fibre: -1778.1 MHz/K Sensitivity of standard fibre: -1686.6 MHz/K
3000 L>Cnsttivity of special fibre: -1328,1 MHz/K 300 SCTSINiY of special fbre: -1459.4 MHzIK |
0 0.5 1 o 05 1 1.5
Temperature change [K] Temperature change [K]

Figure 4-24. Frequency shift measured for both kinds of fibres when the fibre temperature is increased at around (a) 102 K,
(b) 133 K, () 210 K and (d) 250 K.

Comparatively, the sensitivity of the specially coated fibre reduces almost monotonically as the temperature
decreases, in agreement with the theory in Section 4.1. This is probably due to the less temperature dependence
of Young’s modulus of the ORMOCER™ coating [111]. The small deviations can be explained by the thermal
gradient between the PT-1000 probe and the fibre and measurement errors of the thermal probe.

In addition, Fig. 4-25 demonstrates clear discrepancies between positive and negative thermal gradients,
especially in the standard fibre. This kind of thermal hysteresis has been observed at ambient condition [112] and
is explained by the thermal-mechanical feature changes of the optical fibre during the thermal cycling. But
currently there is no investigation about this phenomenon in COTDR sensing, so further research on the thermal
and mechanical change is needed.
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Figure 4-25. Temperature sensitivity of both fibres obtained by the implemented COTDR sensor at different temperatures.

The stable sensing performance of the special fibre provides the opportunity to compare the experimental
results with the theoretical analysis on the sensitivity shown in Fig. 4-8. Since the ORMOCER® coating
introduces extra strain that contributes to the frequency shift, the sensitivity of the special fibre is enhanced by
~0.54 GHz/K at room temperature, according to the analysis above. It is assumed the thermal and mechanic
behaviour of the ORMOCER™ coating is temperature independent, so that sensitivity increase is a constant over
the testing temperature range. Thus the sum of the theoretical results in Fig. 4-8 and this enhancement increase
represents the temperature sensitivity of this special fibre, and they are compared with the experimental results in
Fig. 4-26. The calculated results based on quartic and Sellmeier models are very close to the measured results,
but a large discrepancy is observed at 77 K, which can be explained by the change of the thermally induced
strain. However, it must be pointed out that the theoretical curves here only provide the tendency; a precise
investigation can only be made by using the thermal and mechanical properties of the ORMOCER" coating at
different temperature.
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Figure 4-26. Comparison of the sensitivities obtained by the experiment and the theory for the ORMOCER" coated fibre.

The temperature resolution can be easily retrieved from the measured frequency accuracy o, in Fig. 4-17
and the temperature sensitivity reported in Fig. 4-25. The calculated results are presented in Fig. 4-27, for both
types of fibres in the heating and cooling processes over a temperature range from 77 K to 300 K. The
temperature resolution is around 2 mK between 100 K and 300 K, the same as the simulation result, and even the
worst resolution is still below 10 mK around liquid Nitrogen temperature. Hence, the sensor based on coherent
Rayleigh scattering is able to provide precise temperature measurement under cryogenic conditions.

68



4.3 Fibre heating methods

10 ® 1 T T N —— | I ——
< ! ! X Standard fibre cooling
£ 83( 7777777 1 | e Specialfibre cooling |
S | x | | X Standard fibre heating
5 ; ; ® Special fibre heating
B 6 777777777 lmm—— - —— — 4 mm— - = — = b ———— — — - b — - — — — —
n ) | | | |
g 1 l l :

o l l l l

= T e o
B

@

o

£

(+H]

=

1 %
2r- x**&*x"%‘*g"&‘%..
070 1:20 1:70 2210 2;0 320

Temperature [K]

Figure 4-27. Temperature resolution obtained by the implemented COTDR sensor in the thermal cycle.

4.2.5 Conclusion

The thermal behaviour of a coherent Rayleigh scattering based DFS with an frequency stabilisation servo system
is characterised in a temperature range from 77 K to 300 K. Experimental results validate the theoretical analysis
in section 4.1 and confirm the high sensitivity even at cryogenic condition. A milli-Kelvin resolution is achieved
in a COTDR sensing system over a few km sensing distance with a spatial resolution less than 2 m. Actually,
fibre sensing based on coherent Rayleigh scattering can be realised by OTDR and OFDR, and there is a trade-off
between the measurand resolution and spatial resolution [105]. For instance a temperature resolution of 0.34 K is
reported using the OFDR technique with 48 cm spatial resolution at 77 K [90].

Furthermore, the thermal expansion of the coating is proved to have large influence on the thermal response
of the COTDR sensor. It is observed that a thicker coating enhances the sensitivity at room temperature and a
fibre with standard acrylate coating reaches highest sensitivity at 220 K due to the glassy behaviour of the
primary coating. However, the measurement results of the standard fibre exhibit a clear thermal hysteresis during
heating and cooling processes, which needs further analysis.

4.3 Fibre heating methods

The DFS based on the coherent Rayleigh scattering demonstrates a high sensitivity because of the interference
process. But the sensitivity and the measurand resolution turn out to be significantly reduced at temperature
below 100-120 K due to the low thermo-optic coefficient of silica. Raising the optical fibre temperature is a
possible solution to enhance the sensitivity of the COTDR sensor at cryogenic working environment, because the
thermo-optic coefficient increases due to the higher fibre temperature. The heated fibre may have impact on the
surrounding temperature, however, the thermal exchange between the fibre and the environment could actually
bring meaningful information, enabling fibre sensors to measure new physical quantities. For instance,
self-heated fibres have been applied to measure hydrogen concentration [113], detect air flow as an anemometer
[114], monitor the moisture of soil [115] and tunable filtering [116, 117]. Currently, two methods have been
proposed to increase the fibre temperature: electrical heating and optical heating. In this section, the heating
performance of the two methods is theoretically analysed at different temperatures and external pressures. In

addition, the analysis on electrical heating is experimentally validated at room temperature.
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4.3.1 Optical heating

A high power light beam (either continuous wave or pulsed) is necessary to realise optical heating. While a high
power light passes through the optical fibre, a small portion of the light is absorbed and converted into thermal
energy [118]. In practice, a highly attenuated fibre is used or the wavelength of the pump is chosen at the high
absorption range of an optical fibre to enhance the heating efficiency. But both method introduce more
propagation losses for the pump, hence reduces the maximum fibre length that can be heated. The efficiency can
be further enhanced by collecting the light scattered out of the fibre using special coatings [119, 120].
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Figure 4-28. Thermal transfer in optical heating, the heat generated in fibre core transfers to cladding and finally dissipates

into the air.

The thermal exchange for an optical heating process is schematically drawn in Fig. 4-28. A small part of the
optical power inside the fibre core is absorbed and turns into heat to increase the fibre temperature. But some of
the heat transfers to the cladding by thermal conduction and finally dissipates into the air through convection and

radiation.

A thermal model is built up based on the thermal exchange illustrated in Fig. 4-27. The temperature

distribution along the radial direction can be expressed in cylindrical coordinates [121]

i{r aTCore(r)}_Q(z), 0<r<a, (4-14)
or or K
E{FM}ZO, a<r<b, (4-15)
or or

where r represents the radial distance, a and b are the radii of core and cladding, respectively, and « is the fibre

thermal conductivity. The heat power density Q(z) along the fibre is expressed as:

Q(z):n~a~P(z)/(7za2), (4-16)

where 7 is the conversion ratio and P(z) is the local optical power. In a standard fibre, the attenuation coefficient
a is very small, so that the light absorption is uniform along a short piece of fibre. As a result, the thermal
conduction along the fibre can be neglected, thus Eq. 4-14 can also be applied to retrieve the longitudinal
thermal distribution by considering the light attenuation along the fibre.

The boundary conditions in the core and cladding are:

e M| ot
ar o = 0’ a}" |r:a = é:d g B 5 TL-gre (7” = a) = ]::ladding (}" = a) (4_17)
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In a stationary state and the boundary condition in the longitudinal direction is

ar
Oz

or

z=0 _E

=0, (4-18)

z=L
where L is the length of the fibre.

Since the temperature exchange between fibre and air is dominated by convection and radiation as shown in
Fig. 4-27, the boundary condition at the interface of fibre and air is determined according to Newton’s and
Stefan-Boltzmann’s laws [122]:

0 Tcmmﬁng H ( T

0.
o 71'1adding ) + — ge (To: - n?azitling ) s (4-19)
or |, K K
where H is the convective coefficient, T,, is the ambient temperature, Jg; is the Stefan-Boltzmann constant and &,
is the emissivity. The convective coefficient H is normally chosen to be 10 W/(m® K) for silica fibre coated by

polymers under free convection [122].

When the fibre temperature is not very high, the heat loss is dominated by convection at the pressure of one
atmosphere. Then it becomes negligible when the external pressure is reduced such that the ratio between the
mean free path of molecules and a representative physical length becomes larger than 1, leading to a heat transfer
coefficient below 0.01 W/(m” K) at very low pressures [123]. In this case, radiation dominates the thermal
dissipation, so that the heating becomes more efficient in vacuum.
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Figure 4-29. Thermal distribution of optical heating under different convection along the fibre at (a) 300 K and (b) 77 K. the

heating is more efficient at cryogenic condition or in vacuum.

The optical heating is simulated for a 1 km long fibre with 2 dB/km attenuation coefficient, which is
pumped by a continuous incident light with optical power of 1 W. The value of the loss coefficient is reasonable
for long wavelengths (> 1650 nm) where the light attenuation is mostly dominated by absorption, or for shorter
wavelength around 1380 nm, which is the absorption spectrum of the OH- impurities in the fibre. Fibres with
higher attenuation can also be used, and higher temperature can be achieved with a limited heating distance due

to the optical loss. In this case, Eq. 4-14 is assumed still valid to describe the thermal longitudinal distribution for
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4. Coherent Optical Time Domain Reflectometry for Distributed Sensing

simplicity. However, the Rayleigh scattering also accounts for the optical power loss, so not all the attenuated
optical light is converted into thermal energy in the fibre core. A special coating can be used to absorb the
scattered light and turn it into heat. As a result, it is assumed that all the attenuated optical light is converted into
heat so the conversion ratio is 1. The fibre thermal conductivity is set as 1.38 W/(m K), and the radii of fibre core
and cladding are considered to be 4 um and 62.5 pm, respectively.

The simulation results under different temperatures and pressures are shown in Fig. 4-29. The obtained
temperature decays exponentially along the fibre because of the pump attenuation. It has to be pointed out that
the thermal analysis here neglects the heat conduction along the fibre. Actually, the temperature profile turns out
to be more uniform in practice because of the longitudinal thermal conduction [124]. The temperature increase is
much higher at 77 K than at room temperature, so that the optical heating is more efficient under cryogenic
conditions. In addition, a higher temperature increase is observed in vacuum because of the weak convection,
confirming that the convection (represented by the factor /) has an obvious impact on the temperature change at
ambient (Fig. 4-29a) and cryogenic (Fig. 4-29b) conditions.
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Figure 4-30. Theoretical comparison of thermal distribution along an optical fibre at 77 K using both single and dual

pumping scheme.

As shown in Fig. 4-29, the increased temperature decays along the fibre due to the pump attenuation,
resulting at a non-uniform temperature profile and a very weak heating effect at the far end for the fibre. A
simple method to optimise the thermal distribution is to use a bi-directional pumping, launching the pump light
from both sides of the fibre [125]. Figure 4-30 compares the temperature distribution under single (dotted line)
and dual pumps (solid line) at 77 K. Obviously, a more uniform temperature profile is obtained by the
bi-directional optical pumping. And the temperature of the whole fibre is raised from 77 K to 100 K or even
higher, with 1 W optical power into each of the fibre ends.

4.3.2 Electrical heating

While an electrical current passes through a conductor, some kinetic energy is released due to the collision of
charged particles and the atomic ions, which rises the temperature of the conductor. To realise electrical heating,

a metal coating is usually utilised, where the electrical energy is converted to thermal energy that heats the fibre.

For electrical heating, a part of the generated heat transfers from the metal coating to the optical fibre by
thermal conduction, and the other part is lost into the air by convection and radiation. The whole process is
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4.3 Fibre heating methods

schematically shown in Fig. 4-31 and it can be modelled as a silica cylinder with thin-film thermal source on its
surface and surrounded by air [126]. Due to the small fibre radius compared with the fibre length, the heat flow
in the radial direction can be safely neglected. Thus the thermal exchange for this metal coated fibre obeys the
following equation [127]

2 —
M(=t) g O (21)  B(20)-Ru(20), (4-20)
ot oz pcp;z'(b+d)

where z is the distance along the fibre, d is the thickness of the coating and Kp, p and c, are the thermal
diffusivity, density and constant pressure heat capacity of silica, respectively, P;, is the heating power density per
unit length from the coating, and P, is the dissipated thermal power density by convection and radiation.

Convection & Radiation
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Figure 4-31. Thermal transfer in electrical heating: thermal energy generated in the metal coating transfers to the fibre and

raises the temperature and the rest dissipates into the air.

Only the steady state of the thermal exchange is considered when the electrical heating is applied to
distributed fibre sensing that is usually a pseudo-static measurement. Thus the left-hand side term of Eq. 4-20
becomes zero. Additionally, the optical fibre and the metal coating are longitudinally uniform under the ideal
case, so that the generated heat is also uniform along the fibre. Therefore, the first term on the right-hand side of
Eq. 4-20 becomes zero as there is no thermal conduction along the fibre. Eventually, the input electrical power is
totally lost by radiation and convection, expressed as P;,—P,, = 0 that can be rewritten as:

2 P,
“27°d(2b+d)(b+d)

=0ye, (I -T!)+H(T-T,). (4-21)

where p, is the resistivity of the metal coating, /. is the current passing through the coating, H is the convective
coefficient for the metal and ¢, is the emissivity of the metal coating. Equation 4-18 is very similar to the
boundary function of optical heating expressed by Eq. 4-19, as both of them present that the generated heating is

totally lost by radiation and convection.

When the radiation dominates the process, the second term on the right-hand side of Eq. 4-21 can be
neglected, so that the increased temperature turns strongly dependent on T,,, making the heating more efficient at
low temperatures. However, when natural convection plays the main role in the thermal loss, the relation

becomes much less dependent on the ambient temperature.

At ambient pressure, the convective coefficient H is typically above 100 W/(m® K) for different metal
coatings according to the Ref. [128-130]; but it falls below 0.01 W/(m” K) at very low pressures. Actually, the
convective coefficient is temperature dependent, so in the following analysis the coefficient is expressed as [128]:
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4. Coherent Optical Time Domain Reflectometry for Distributed Sensing

H=H, +AH/AT(T—TOC) , (4-22)

where Hy=130 W/(m” K) and AH/AT=0.299 W/(m® K?).

The electrical heating of a fibre with 25 pum thick Al coating is simulated at 300 K and 77 K. The Al
resistivity is 2.733x10®* Q@ m at 300 K and 1.62x10 Q@ m at 70 K [131] and it is assumed to be constant during
the heating process for simplicity. The emissivity of the aluminium oxide 0.15 is used in the simulation [132],

because aluminium gets oxidised easily in the open air.
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Figure 4-32. Increased temperature of Al coated fibre under different current and thermal conditions at (a) ambient pressure

and (b) very low pressure.

The simulation results for the Al coated fibre is presented in Fig. 4-32, showing the increased temperature
under different currents at ambient pressure and in vacuum. Under normal ambient pressure, the fibre
temperature rises by < 0.5 K with an input current of 0.5 A, as shown in Fig. 4-31a, because most of the input
electrical power is finally lost by convection. And electrical heating becomes less efficient under cryogenic
conditions because the metal resistivity usually decreases at low temperature. However, very high heating
efficiency is observed in vacuum (less than 107 Pa), as shown in Fig. 4-31b, because radiation becomes the
dominating factor in thermal dissipation, so that less thermal energy is lost. In addition, the temperature increases
more at 70 K despite of the low metal resistivity, demonstrating the key role played by ambient temperature
when radiative dissipation dominates. But the input electrical power must be controlled, so that the fibre

temperature is under the melting point of the Al-coating.

4.3.3 Experiment validation for electrical heating

A Brillouin distributed fibre sensor is employed to measure the temperature change induced by electrical heating
along an Al coated optical fibre to confirm the theoretical model. And Fig. 4-33 illustrates the working principle
of a standard BOTDA sensor: a probe (CW light) gains or loses optical power due to an interaction with a
counter-propagating pump (optical pulse) through the SBS process. The Brillouin spectrum is plotted by
recording the probe power at different optical frequencies in order to determine the Brillouin frequency along the

fibre, which reveals the temperature and strain information.

The typical spatial resolution of a standard BOTDA system is at least 1 m because of the decaying time of
the acoustic wave in silica. But a better spatial resolution must be achieved due to the short fibre length (1.3 m).
In this case, a double-pulse scheme in a standard BOTDA is implemented [133]. Two short pulses are
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sequentially launched into the optical fibre with a time difference that is smaller than the acoustic wave decaying
time. Thus the acoustic waves generated by two pulses will interfere with each other, so that the resultant
Brillouin spectrum is narrowed and the peak gain is increased. Optical pulses with 2 ns width are used in the
experiment, corresponding to a 20 cm spatial resolution.

Pump Probe

Fibre
L, I

Iqump_ VProbe| ~ VB

Figure 4-33. Frequency scanning of the probe to obtain Brillouin frequency in a Brillouin optical time domain analyser.

Figure 4-34 shows the experimental setup of the double-pulse BOTDA. The CW light from a LD is divided
into two branches by a splitter. The upper branch is dedicated to the generation of pump pulses with high optical
power. The CW light is converted into two successive narrow pulses with 2 ns interval by an EOM, then the
pulses are amplified by an EDFA and their peak power is controlled by an attenuator. A polarisation switch is
used to avoid the polarisation dependence of the Brillouin scattering, achieving polarisation-independent
measurements. Finally, the pump pulses are launched into a short optical fibre coated with Al through a
circulator. The metal coating is connected to a tunable power source to apply current. The coated fibre is isolated
against environmental air flows to prevent any extra thermal exchange between coating and surrounding air. On
the other hand, the lower part is dedicated to realise the frequency scanning of the probe. Two sidebands are
generated by another EOM driven by a RF source, while the carrier is suppressed by controlling the DC voltage.
Then the probes are launched into the fibre through an isolator, which is employed to block the pump pulses. At
the receiver part, one of the two probes is selected by a FBG and is collected by a fast photodetector.

LD: laser diode
PC: polarisation controller Oscilloscope }==

EOM: electro-optic modulator v
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Figure 4-34. Experimental setup to validate the electrical heating by a double-pulse Brillouin optical time domain analyser.

4.3.3.1 Characterisation of the thermal response for an Al-coated fibre by Brillouin sensing

To measure the temperature of a heated fibre by Brillouin sensing, the thermal response of the metal-coated fibre
must be characterised first. As stated in Chapter 1, the typical sensitivity of a Brillouin sensor is ~ 1 MHz/K for
the standard SMF. But the study in section 4.2.3 shows that the thermal expansion in the coating will enhance
the temperature sensitivity of the COTDR sensor. Thus, it is reasonable to expect a higher sensitivity for

Brillouin sensors, which has never been investigated so far.
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The ratio between the cross-sectional area of the coating and the fibre is calculated to be 0.96 as the radius
of the optical fibre is 62.5 pm and the metal coating is 25 pum thick. The thermal expansion coefficient and
Young’s modulus of Al are ~0.41x10°K™" [134] and 71 GPa [135], respectively. Thus the strain induced by 1 K
temperature change is 11.25 pe based on Eq. 4-11.

The typical temperature and strain sensitivities of a Brillouin sensor are 0.95 MHz/K and 0.05 MHz/pg in a
standard SMF [136]. Thus the resultant temperature sensitivity in the Al coated fibre is

+SL/L-Sen

Sen;‘,mp = Sen strain ™ 1512 MHz/K > (4-23)

temp

demonstrating that a 25 pm thick Al coating enhances the temperature sensitivity by ~ 50 %.
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Figure 4-35. Brillouin frequency shift versus temperature change for Al-coated optical fibre.

Placing the coated fibre in a thermal bath, the Brillouin frequency is measured at different temperatures and
is plotted in Fig. 4-35. The measured sensitivity is about 1.51 MHz/K, which is very close to the theoretical
analysis and confirms the sensitivity improvement by the special 25 pm Al-coating.

4.3.3.2 Experimental results for electrical heating

With the temperature sensitivity of the metal-coated fibre, the increased temperature through the electrical
heating is measured by the double-pulse BOTDA. Actually, the metal resistance is dependent on temperature,
thus solving Eq. 4-18 becomes more complicated. To avoid this problem, the input power is expressed as the
product of current and voltage to avoid the resistivity in Eq. 4-18. Hence the Brillouin frequency shift and gain
spectrum of the coated fibre under different electrical powers are measured and shown in Fig. 4-36, regardless of

any metal resistivity change.

The Brillouin frequency is upshifted because of the temperature increase by the electrical power. As shown
in Fig. 4-36a, the Brillouin frequency barely varies along the fibre under low electrical powers, representing a
more uniform temperature profile than the optical heating. However, longitudinal fluctuations are observed when
high electrical powers are applied. Since the fibre is well thermally isolated, this could be explained by the non-
uniform thickness and/or the resistivity of the coating. This also indicates that the uniformity of the metal coating
can be measured by the distributed temperature sensing and electrical heating. Figure 4-36b presents the
averaged Brillouin gain spectra under different electrical powers, showing that they are distorted when high
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electrical powers are applied, which is also caused by the non-uniform temperature along the entire fibre. In
addition, sidelobes are observed in Fig. 4-36b, as expected from the double-pulse BOTDA system due to the
interference among the acoustic waves [133]. With the temperature sensitivity of 1.49 MHz/K measured above,
the obtained Brillouin frequency can be converted into temperature.
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Figure 4-36. (a) Measured Brillouin frequency and (b) averaged Brillouin spectrum along the Al-coated fibre with different

electrical power.

Then the theoretical analysis based on Eq. 4-21 and the experimental results are compared in Fig. 4-37
under different electrical powers. The experimental results agree with the simulation very well, thus validating
the model. However, a small discrepancy appears when using an electrical power above 6 W, which could also

be explained by the non-uniformity of the coating.
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Figure 4-37. Comparison of experimental result and simulation for electrical heating.
4.3.4 Conclusion

Optical and electrical heating methods are investigated in this section to increase the fibre temperature. Electrical

heating turns to be much more efficient than optical heating. For example, 1 W electrical power would increase

77



4. Coherent Optical Time Domain Reflectometry for Distributed Sensing

the fibre temperature by over 10 K at room temperature, as shown in Fig. 4-37, while the same amount of optical
power just raises fibre temperature by 0.3 K for a fibre with 1 dB/km attenuation coefficient under the
assumption that all the lost optical power is converted into heat, as shown in Fig. 4-28a. Of course, a higher
attenuation coefficient will lead to a higher efficiency for the optical heating, but it limits the heated distance
range using the same optical power. Besides, electrical heating leads to a more uniform thermal profile along
optical fibre, as presented in Fig. 4-36a. On the other hand, the raised temperature demonstrates exponential
decay for optical heating because of the light attenuation. However, the exposed current limits the applications of
the electrical heating, e.g. it is inapplicable to flammable environments; and the heating efficiency becomes poor
at low temperature because the resistivity of the metal drops dramatically. The optical heating keeps the EM
immunity of the optical fibre and can be applied to a broad working field in contrary to the electrical heating
method.

Then the thermal response of the metal coated fibre is theoretically analysed and experimentally
characterised. The thermally induced strain in the coating is proved to enhance the thermal response measured by
a Brillouin DFS: a 25 pum thick Al coating enhances the temperature sensitivity by ~ 50 %. With the measured
sensitivity, the electrical heating model is validated by a double-pulse BOTDA.
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Chapter 5
Distributed Fibre Sensing Based on
Coherent Rayleigh Scattering

Measurements of Birefringence

The COTDR technique demonstrates an excellent performance in the field of distributed fibre sensing because
the random interference process is sensitive enough to measure precisely the refractive index and the scattering
size changes induced by environmental variations, as described in the previous chapter. Based on the same
working principle, the intrinsic index difference of the orthogonal eigen axes, named as phase birefringence, can
also be measured. In section 5.1, the birefringence distribution along the fibre is measured by the COTDR
method for PM fibres and different types of standard SMFs.

The birefringence is a result of the fibre core cross-section asymmetry, which is formed during an imperfect
manufacturing process and is dependent on the environmental variables. Consequently, temperature and strain
variations can change the local birefringence, which can be measured by the technique proposed in section 5.1.
Hence, the distributed fibre sensing is realised by birefringence measurement based on coherent Rayleigh
scattering in section 5.2. The temperature and strain sensitivities are characterised for a PANDA fibre and an
elliptical-core PM fibres, respectively. In addition, the discrimination of temperature and strain is realised by

combining the birefringence measurement with the COTDR technique.

5.1 COTDR for birefringence measurement

Birefringence is one of the most important factors that limit the data rate capability of optical fibre
communications. Although current techniques are able to manufacture optical fibres with a birefringence down
to 107, a large birefringence can still be introduced by bends and twists during cabling and installation processes.
In addition, the birefringence distribution along the fibre is crucial to compensate the polarisation mode

dispersion.

On the other hand, a large birefringence (~10™) is deliberately introduced to the PM fibres, so that the
polarisation of the light aligned to the eigen axes is preserved. But the imperfect fabrication process may cause
fluctuations of the birefringence along the fibre, undermining its performance. As a result, special technique is

needed to characterise the birefringence distribution along the standard SMFs and PM fibres.
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So far, several methods have been proposed to measure the phase birefringence distribution along the fibre.
Special data processing is required to retrieve the local birefringence for POTDR [137] and BOTDR methods
[138]. OFDR provides high spatial resolution but the sensing distance is limited by the coherent length of the
light source [139]. Only OFDR with complex modifications is able to measure long fibres. Another technique to
measure the birefringence profile is Brillouin dynamic grating (BDG), in which high power light, special
polarisation control and precise frequency adjustment are needed [140].

In Chapter 4, the COTDR technique has been proven to be very sensitive to the refractive index change and
the corresponding simulation reveals that it can detect an index change around 10°. Thus it is potentially
possible to measure the birefringence in standard fibres and PM fibres. The experimental setup of a COTDR
system is simpler than the OFDR and BDG methods and the data processing is more straightforward than
POTDR and BOTDR techniques.

5.1.1 Working principle for birefringence measurement

The polarisation of the incident light is not considered in a COTDR system in Chapter 4. But to measure the
birefringence profile, the coherent Rayleigh trace must be obtained at two orthogonal polarisation states, so the
birefringence is given by the cross-correlation of their spectra. For the sake of simplicity, the measurement in a
PM fibre is first explained and this theory is applied to a SMF later.

Birefringence measurement is also based on the restorability of the coherent Rayleigh trace. According to
the analysis in Chapter 3, the shape of a Rayleigh trace is dependent on the reflection coefficient of the scattering
point and the optical phase which is related to the propagation constant 5. In addition, the light is assumed to be

incident normally on the scattering points, so the reflection induced phase change is either 0 or 7.

The reflection coefficient at the ith scattering section in both axes is determined by Fresnel equation:

n —n,
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where B = n,—n, is the phase birefringence, n; and n;., are the refractive indices in the slow axis at corresponding
points, respectively. Since B « n, the reflection coefficient of the fast axis is approximated to be the same as

that in slow axis:

i (5-2)

As aresult, the restorability for the birefringence measurement depends only on the phase of the reflected light in

different axes.

The optical phase of the backscattered light is normally made of contributions from light reflection and
propagation. The reflection induced phase change at ith scattering points is 0 if #;.;> n; or T when n;.1< n;. Since
the index difference between adjacent inhomogeneities in one axis equals to the difference in the other axis, the
reflection caused phase change at a given position is the same for the slow and fast axes. Consequently, the

restorability for the birefringence measurement eventually depends on the propagation constant.

To realise the same shape for difference coherent Rayleigh traces, the propagation constants in both axes

should be the same: §, = f,. Considering the expression of 5, the following phase relation is obtained:
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nx (Vx )Vx — n,V (Vy )V,V
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where v, v, and n,, n, are the optical frequencies and effective refractive indices along the two orthogonal
polarisation axes (slow and fast axes) and Av= v, — w. Applying Taylor expansion to the refractive index of the
fast axis, n,(v+Av) can be expressed as n,, (v) + Av d[ny (v)] /dv while the second- and higher-order terms are
omitted [140]. Thus, Eq. 5-3 can be rewritten as

n(v)—n,(v)|v=Av:n )+vdn (v)/dv |+Av’-dn (v)/dv. (5-4)
: , W/ )/

The second term on the right hand side of Eq. 5-4 is much smaller than the first term, so that it can be neglected.
Based on the definition of the group refractive index n;‘f = d[ny (v)v] /dv, the relation between frequency shift

and birefringence is obtained:

B=n*-22. (5-5)
- 14

Equation 5-5 is exactly the same as the result for the BDG [140].

The birefringence B of a standard PM fibre is in the order of 10 requiring a broad frequency scanning
(typically several tens of GHz) according to Eq. 5-3. This will highly increase the cost of the whole system and
the measurement time. But this problem can be partially avoided if the approximate birefringence value is known.
Hence just two narrow spectral regions are needed to scan for the two sets of measurements with a frequency
separation that roughly meets the relation shown as Eq. 5-3. The actual frequency shift Av is the sum of this

frequency separation and the cross-correlation result of the two measurements.

For conventional PM fibres, the coherent Rayleigh traces can be alternately acquired by adjusting the
polarisation of the interrogating pulse to match the two orthogonal birefringence axes. This can be implemented
using a polarisation controller or a polarisation switch that changes between orthogonal SOPs. A good
polarisation alignment can maximise the amplitude value of the correlation peak along the fibre. If there is a
minor mismatch between the optical pulse polarisation and one of the eigen axes, the two measurements would
contain slightly correlated information because the obtained signal carries the trace measured in the same axis
within the same frequency range, resulting in an additional correlation peak at zero-frequency (assuming the
environmental condition remains the same). Actually, the height of the correlation peak is determined by the
ratio of light coupled in each of the axes. For example, when linearly polarised light is launched into the fibre
with a 45° angle with respect to the fibre axis, the two sets of COTDR traces contain almost the same
information of both axes in the same frequency range, giving rise to a high correlation peak at zero-frequency
and a low peak at Av. In the extreme case, no correlation peak can be found if the pulses at higher optical

frequency enter the slow axis and the lower frequency pulses enter the fast axis [141].

5.1.2 Birefringence measurement for PM fibres

A COTDR system for distributed fibre sensing can be utilised directly for the birefringence measurement with
some additional components to adjust the polarisation of the pulses launched into the fibre. The experimental

setup for distributed birefringence measurement is shown in Fig. 5-1. Compared with the standard COTDR
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sensor shown in Fig. 4-13, the polarisation of the incident pulse is adjusted and the state of the polarisation is

monitored for the birefringence measurement.

| DFB [ S(zA s E(;M 2 FUT

: EDFA BPF
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Figure 5-1. Experimental setup to measure the birefringence distribution along the PM fibre. DFB: distributed-feedback laser,
SOA: semiconductor optical amplifier, EOM: electro-optic modulator, FBG: fibre Bragg grating, EDFA: erbium-doped fiber
amplifier, BPF: band pass filter, PSw: polarisation switch, PC: polarisation controller, FUT: fibre under test.

A distributed-feedback (DFB) laser operating at 1534 nm is used as the light source. The CW light is
converted into optical pulses by a SOA to reach high extinction ratio (more than 50 dB). Like in a standard
COTDR, the fine frequency tuning is realised by an EOM driven by a microwave source at several GHz and one
of the generated sidebands is selected by a tunable FBG, the same one used for temperature sensing. But large
frequency shift (many tens of GHz) is needed to measure the PM fibre, which is realised by tuning the laser
driving current. The optical pulses are boosted by an EDFA and the ASE is suppressed by a BPF with 100 GHz
bandwidth. Then a polarisation switch (PSw) and a PC are used to launch the optical pulse with orthogonal
polarisation states into the corresponding axes of the FUT through a circulator. The polarisation switch alternates
the polarisation of the light between two orthogonal states while the PC is used to align the linearly polarised
pulses to the right polarization axes of the fibre. A polariser and a power metre are connected to the far end of
the FUT to ensure a good polarisation alignment to the PM fibres. The optical component aligned to the slow
axis of the fibre will pass through the polariser while the orthogonal part is blocked, as a result, the power metre
shows the highest power when the incident light is perfectly aligned to the slow axis but a power close to 0
during the measurement along the fast axis. The Rayleigh backscattered light is directed into a 125 MHz
photodetector through the circulator, and the obtained signal is processed by a computer.

A 90 m PANDA and a 100 m elliptical core PM fibre are tested using the setup shown in Fig. 5-1. The
optical pulse width is set as 20 ns, equivalent to 2 m spatial resolution. The frequency scanning step is 10 MHz
but different fibres are measured within different frequency ranges.

The cross-correlation results of the coherent Rayleigh traces from the fast and slow axes of both PM fibres
are presented in Fig. 5-2. The correlation frequency profile is obtained and plotted along the fibre by fitting the
correlation peak spectrum with a quadratic curve [105], as shown in the inset of Fig. 4-17. Based on Eq. 5-3, the
correlation frequency profile Auz) is converted into the local phase birefringence B(z), as shown by the
right-hand side vertical axis of the figures. The depicted experimental results clearly show the non-uniform

phase birefringence profiles along both optical fibres with 2 m spatial resolution.

The birefringence measurement is essentially based on the COTDR technique, so it suffers from the
environmental perturbations between the two measurements for orthogonal polarisations. During the
measurement time in the order of a few tens of seconds for such short fibres, the temperature drifts and laser
frequency fluctuations could cause a frequency shift up to a few tens of MHz, which is considered as the
measurement error for the birefringence. However, In the case of measuring fibres with high birefringence, this
error is less than 1% of the absolute measured frequency (being of the order of tens of GHz), which is usually
tolerable [141].
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Figure 5-2. Measured phase birefringence distribution along (a) a 90 m PANDA and (b) a 100 m elliptical-core PM fibres.
Left-hand side vertical axis: Measured frequency shift. Right-hand side vertical axis: Birefringence value calculated using Eq.
5-5.

In order to confirm the experimental result, a Sagnac loop is built to measure the group birefringence.
Reported research has presented that the difference between phase and group birefringence of a PANDA PM
fibre is very small (less than 10%) [142] but a large difference is observed for an elliptical core PM fibre [143].
Thus the Sagnac loop can validate only the PANDA fibre; however, this is enough to verify this method.

White PANDA fibre

source

i

X

PC

OSA

Figure 5-3. A Sagnac loop to validate the birefringence measurement based on coherent Rayleigh scattering. PC: polarisation
controller, OSA: optical spectrum analyser.
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Figure 5-3 shows a Sagnac loop for the group birefringence measurement in a PANDA PM fibre. The CW
light from a white source is split by a 50:50 coupler and the two beams propagate opposite to each other along
the PANDA fibre, they are then recombined at the same coupler and the output light is monitored by an OSA.
The interference of the two beams is determined by the propagating time through the loop, which is dependent
on the phase birefringence. A PC is inserted in the loop to adjust the light polarisation in order to optimise the
interference result. And the optical intensity transmission is expressed as [144]:

, {ﬁB(l)L}
Tran = sin — ! (5-6)

where B(Z) is the wavelength dependent phase birefringence, L is the length of the PM fibre and A represents the
incident wavelength. According to this equation, it is expected to observe a fringe pattern at the output of the
coupler. Two adjacent dips at the transmission port obey the following relation,

+ = -1 , 5-7
™ 7 (5-7)

TB(A+A)L _B(A)L L l:B(/l)+A/1dB(/1)}:B(/1)L
A+AL A A+AA

where Al is the wavelength spacing between the dips. Here the phase birefringence B(A+ AZ) has been rewritten
as B(1) + AA-d[B(1)]/dA using Taylor expansion and neglecting the second- and higher-order terms. As a
result, the wavelength spacing A between two adjacent dips is expressed as

Al:ﬂz/{L[B—ﬂdBH: A (5-8)
dA B¢ L

which is inversely proportional to the fibre length and the group birefringence BY = B + A1 - d[B(A)]/dA [144].
Thus the group birefringence can be obtained from A1 by Eq. 5-8.
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Figure 5-4. Output of the Sagnac loop with PANDA fibre at 1534 nm.

The obtained fringe pattern from the Sagnac loop around 1534 nm is shown in Fig. 5-4, the mean value of
the free spectral range A/ is measured to be 0.0443 nm. Thus the group birefringence is calculated to be 5.90x10°
* using Eq. 5-8. Meanwhile, the average phase birefringence is measured as 5.62x10™ by the proposed method.
As a result, the ratio between the measured phase and group birefringence is 0.95, which is close to the reported
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5.1 COTDR for birefringence measurement

result 0.91 [142]. Consequently, the Sagnac loop validates the birefringence measurement by the proposed
method.

5.1.3 Birefringence measurement for standard SMFs

As analysed above, the COTDR technique is also able to measure the phase birefringence in standard SMFs
thanks to its high sensitivity. Old SMFs are employed to evaluate the performance of this technique in the
application to a low birefringence measurement. These fibres were fabricated in the mid 1980’s, and they show
comparatively higher birefringence than present-day fibres.
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Figure 5-5. Cross-correlation result for a Philips fibre.

Some of the old fibres are measured by the same experimental scheme shown in Fig. 5-1 and the
polarisation alignment becomes more critical in this case because there are no specified polarisation axes in
SMFs. The correlation result is shown in Fig. 5-5 for a Philips fibre. Like the measurement result in PM fibres, a
clear peak is observed along the fibre and the frequency shift is about —0.4 GHz for most part, corresponding to a
birefringence of 3x10°. This result validates the COTDR technique is able to measure the birefringence down to
the order of 10°.

The correlation peak shows no frequency shift at ~ 90 m, demonstrating two measurements carrying the
same information. This might be due to the extremely low birefringence at that section. But a more likely
explanation is that the birefringence changes abruptly at this position, so that the incident optical pulses couple
almost equally into both axes, thus their backscattered light carries the same information about both fast and
slow axes, giving rise to a correlation peak at zero frequency. In addition, a small correlation peak is observed at
~ —0.4 GHz at this region, representing the magnitude of birefringence, due to the fulfilment of the phase

matching condition between the optical pulses that are still orthogonally polarised with each other.

In fact, the measurement result shown in Fig. 5-5 is obtained when the incident optical pulses happen to
enter the fibre along its principal axes. In general, the optical pulse cannot be aligned to any particular axis in a
SMF, so its polarisation will change randomly along the fibre. Consequently, the obtained signal in two COTDR
measurements carries the information about both axes, which are certainly correlated, resulting in a peak at zero
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frequency. Besides, another peak representing birefringence will appear randomly and alternatively between Av
and —Av, depending on how the local phase match condition is fulfilled [141].
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Figure 5-6. Distributed profile of phase birefringence versus distance along (a) a Cabloptic IV and (b) a Philips I SMFs.

Two SMFs, internal denominated Cabloptic IV and Philips I, are tested by the same experiment setup and
the results are shown in Fig. 5-6. Three correlated peaks are observed in the correlation spectra for both fibres,
one at zero frequency and two peaks at £A v representing the birefringence. Figure 5-6a shows clear variations of
the local birefringence along the fibre, and demonstrates again that the proposed method is able to measure
birefringence down to the order of 10 at ~ 2400 m. The measurement from the backside of the fibre confirms
that the birefringence variation of the fibre Cabloptic IV is real and not an experimental artifact. But the

birefringence is difficult to be determined because of the randomly alternative appearance of the correlated peaks
at +Av.

The central peak shown in Fig. 5-6 is equivalent to the one obtained in a standard COTDR system, which
carries the information about laser drifting, temperature and strain variations between two orthogonal
measurements. Any changes of these factors between two successive measurements will cause the correlated
peaks to shift, resulting in a frequency offset. For example, Fig. 5-6a shows a small negative frequency offset for
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5.1 COTDR for birefringence measurement

the Cabloptic IV fibre. To retrieve the actual birefringence, the birefringence-induced frequency shift must be
corrected by this offset. This process becomes more complicated if the influence of the environmental
perturbations on birefringence is taken into consideration.

5.1.4 Alternative scheme for measuring standard SMFs

The previous section reveals that it is more difficult to retrieve the birefringence profile in standard or low
birefringent fibres by the experimental setup used for PM fibres. A more robust and precise measurement can be
obtained by some modification of the setup shown in Fig. 5-1: the polarisation switch and the PC in front of the
testing fibre is replaced by a scrambling module in which two orthogonally polarised and phase-decorrelated
lightwaves at the same optical frequency combine together to give randomly varying polarisation. In this way,
the backscattered Rayleigh trace contains the information from both principal axes of the fibre. So a single
measurement is needed in this case; and the birefringence information is retrieved by auto-correlation of the
obtained traces. As a result, the impact of laser drifting and environmental perturbations can be greatly

suppressed, and the auto-correlation result will present two identical peaks at frequencies A v.

@ Delay
(b) Dela
In > § Faraday
$ mirror
PM
Out mirror

Figure 5-7. Proposed scrambling module to generate two incoherent lightwaves: (a) scheme using an unbalanced Mach-
Zehnder interferometer, (b) scheme using a PM mirror and a Faraday mirror. PM: polarisation-maintaining, and PC:
polarisation controller.

Two schemes that can realise the light scrambling are shown in Fig. 5-7. An unbalanced Mach-Zehnder
interferometer is used in the first scheme, as presented in Fig. 5-7a. The incident light is split into two branches
by a coupler and the polarisation in each branch is adjusted by a PC to align to the fast or slow axis of a PM
combiner to realise depolarised light. A fibre with certain length needs to be placed in one branch to cause a time
delay longer than the coherence time of the light source, so that the light in the two branches will superpose each
other incoherently. In the second scheme, the incoming light is also divided into two beams by a PM coupler, as
shown in Fig. 5-7b. One beam is reflected by a PM mirror while the other is reflected by a Faraday mirror, so
that its polarisation is rotated by 90°. Then the reflected lightwaves are recombined by the PM coupler. Like the
first scheme, a delay element is still necessary in one of the branches. In addition, the optical power in both

branches must be the same to realise a perfect depolarisation for both schemes.

The coherent Rayleigh traces of the scrambled light are actually a linear incoherent superposition of the
backscattered Rayleigh traces that are orthogonally polarised; in other words, this single trace is the combination
of light reflected from both fast and slow axes of the fibre, which allows retrieving the birefringence by

auto-correlation of the obtained signal.
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Figure 5-8. Distributed profile of phase birefringence versus distance along a (a) Cableoptic IV and a (b) Philips I SMFs,
obtained from the auto-correlation of a single Rayleigh measurement.

Both schemes are used to re-measure the SMFs and the results are shown in Fig. 5-8. The correlation fading,
the peak alternative change between frequency =Av shown in Fig. 5-6, is greatly suppressed by the polarisation
scrambled pulses. No long sections with correlation fading are observed in Fig. 5-8 for both fibres. But a mild
fading or peak broadening still exists within short fibre sections, which is probably due to the fast birefringence
variations within the spatial resolution. As a result, the phase birefringence cannot be retrieved simply by the
curve fitting method at specific fibre sections. Therefore, the black lines shown in Fig. 5-8 indicate just the
evolution of the phase birefringence along the fibre instead of representing its actual value at every measurement

point along the fibre. Experiments achieving cm-resolution are needed in order to realise a precise measurement
along the whole fibre.

The fast birefringence variations can be measured by using narrow pulses; however, this method degrades
the minimum measured birefringence that is determined by the width of the correlated peak. According to the
reported result, the peak width is inversely proportional to the pulse width [106]. As shown in Fig. 5-9, the
FWHM of the autocorrelation peak is measured to be ~ 44 MHz, corresponding to a minimum measurable
birefringence of 3x107 for this system when the pulse width is 20 ns. Longer pulses are able to measure even

smaller birefringence, but the system is more subjected to the fast birefringence variations in this case.
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Figure 5-9. Correlation spectrum of Cableoptic IV at a position of 200 m.

5.1.5 Conclusion

A novel distributed birefringence measurement using the COTDR technique is proposed in this section based on
the restorability of the coherent Rayleigh trace. It is experimentally validated in high-birefringence fibres and
standard SMFs, demonstrating a high precision. In addition, this method becomes more robust by using
scrambled light to minimise the impact of environmental perturbations and the laser drifting. Since the
measurement is realised in time domain, this system has the potential to retrieve local birefringence over many

tens of km of optical fibres with metre-scale spatial resolution.

5.2 Fibre sensing based on the birefringence measurement

Birefringence can be caused by the asymmetry of the fibre cross-section, the asymmetric frozen strains due to
the thermal expansion mismatch and the fast quenching during the fibre drawing [145]; however, the impact of
these frozen strains can also be modified by environmental quantities such as temperature and strain. For
example, Eq. 2-9 shows that the characteristic constant of glass B, is temperature-dependent, so that temperature
variations lead to a birefringence change in PANDA and elliptical core PM fibres. In addition, the axial strain
will change the birefringence of PANDA and Bow-Tie fibres due to the difference between compressibility
coefficients of the stress-applying area and the surrounding fibre cladding [25]. Consequently, the birefringence

change measured by the method proposed in the last section is able to reveal these environmental variations.

Fibre sensing based on the birefringence measurement has been realised using dynamic Brillouin grating
[146], OFDR [147] and POTDR technique [148], in which an intermediate sensitivity between Brillouin and
Rayleigh sensors is obtained [146]. Besides its comparatively higher sensitivity, this method provides absolute
measurements of temperature and strain, which is an advantage over the DFS based on coherent Rayleigh
scattering. However, as analysed in the previous section, the generation of BDG requires a precise frequency
control of three high power light beams and access to both fibre-ends. And the sensing distance of the OFDR
technique is usually limited. On the contrary, the birefringence measurement based on COTDR technique needs
just moderate optical power, only one fibre-end and can achieve a much longer sensing distance. Therefore, it is
interesting to investigate the sensing performance of the proposed method.
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5.2.1 Experiment and results

The experimental setup for the birefringence measurement mentioned above is not the best implementation for
sensing because the high sensitivity of the COTDR technique will introduce measurement errors due to the
potential environmental perturbations between the consecutive acquisitions of two sets of the coherent Rayleigh
traces. Thus the traces from both orthogonal axes must be acquired simultaneously to avoid phase drifts between
the two polarisation measurements. Although the depolarisation method is able to retrieve the birefringence in a
single measurement, it is difficult to apply this method to the high birefringent fibre in practise, which requires
tens of GHz frequency scanning range.

RF Pulse Delay line PC V1

N
Vi Va2 Vi

Laserl N Coupler, EOM

Laser2 OSA

PM fibre
B3

Figure 5-10. Experimental setup for distributed sensing based on birefringence measurement. OSA: optical spectrum analyser,
EOM: electro-optic modulator, PM: polarisation maintaining, BPF: band pass filter, EDFA: erbium-doped fiber amplifier, PC:
polarisation controller.

An experimental setup to “simultaneously” acquire the Rayleigh trace from two orthogonal axes is shown in
Fig. 5-10. Two semiconductor lasers working around 1534 nm are employed for the fast and slow axes,
respectively. The optical frequency difference between the lasers is tuned by the driving current to roughly
match the birefringence of the PM fibre. The CW light from the two lasers is coupled together. One part of the
combined light is detected by a high resolution OSA to monitor the optical frequency of the lasers, while the
other part passes through an EOM driven by the RF pulse to realise the frequency sweeping and the conversion
of the sidebands into pulses at the same time. In addition, an extremely high extinction ratio can be achieved for
the generated optical pulses by this method [149]. Then two FBGs with the spectral width of 5 GHz and 10 GHz
are used to select one sideband from each laser. A delay line is placed to one of the selected sidebands in order to
temporarily offset the optical pulses at different frequencies, and the delay fibre must be at least twice the length
of the sensing fibre. Then, the polarisation of the optical pulses is adjusted by PCs, and pulses are recoupled
together by a polarisation combiner. The optical pulses are amplified by an EDFA and an optical bandpass filter
is employed to suppress the ASE from the EDFA. A third PC is used to align the orthogonally-polarised pulses
to the corresponding axes of the PM fibre. The Rayleigh scattered light is obtained by a 125 MHz photodetector.

The spatial resolution is chosen to be 2 m, corresponding to 20 ns, which is limited by our microwave
generator. The frequency scanning range is 2 GHz with 5 MHz step. The obtained trace is averaged 500 times to
enhance the SNR, leading to a whole measurement time of ~ 1 min. In order to validate the sensing ability of this
technique, a PANDA and an elliptical core PM fibres are tested with the applied temperature or strain change at
the last few metres of the fibres. The temperature change are realised by using the same thermal bath used in the
COTDR measurement and strain variations are introduced by attaching a short section of the optical fibre to a

precise moving stage with an accuracy of 20 um.

A 100 m long elliptical core PM fibre is tested first. The optical frequency difference of the two lasers is set

to be 43.1 GHz according to the measurement result shown in Fig. 5-2a. A ~ 680 m delay line is employed to
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offset the optical pulses in the time domain. As a result, the pulse for the fast axis is delayed by ~ 3.4 us, which
can be considered as small enough, thus ensuring that environmental conditions do not change significantly
during the acquisition time of traces at the two orthogonal axes.
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Figure 5-11. (a) Obtained Rayleigh trace for both axes and (b) cross-correlation result of Rayleigh trace.

The obtained Rayleigh traces from orthogonal fibre axes are shown in Fig. 5-11a, and the trace in the fast
axis is delay by ~ 340 m, due to the round trip of the optical pulse inside the fibre. The spectral cross-correlation
of the Rayleigh traces from both axes is presented in Fig. 5-11b as a function of the distance. The left-hand side
vertical axis shows the measurement result of the cross-correlation and the vertical axis on the right-hand shows
the actual frequency shift induced by the fibre birefringence. By fitting the correlation peak spectrum with a
quadratic curve, the correlation frequency profile is obtained, which is represented by the black line in Fig. 5-11b.
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Figure 5-12. Frequency shift versus distance under different (a) temperature and (b) strain conditions for the elliptical core
PM fibre.

Then, temperature and strain changes are introduced independently to the far end of the fibre and the
distributed profile of the birefringence induced frequency shift is measured under different conditions. The
experimental results are shown in Fig. 5-12 for temperature and strain changes, respectively. Obviously, the
obtained frequency shift changes due to the environmental variations, demonstrating the ability of the
implemented technique to measure temperature and strain. Some fluctuations of the frequency shifts retrieved in
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different measurements are observed at the non-sensing part fibre (i.e. up to ~ 94.5 m) in Fig. 5-12a. This is
probably due to the thermal perturbations induced by the thermal bath during the experiment and a long temporal
interval required between measurements to ensure the thermal stabilisation of the heated fibre section. On the
other hand, the strain measurement takes less time, thus minimising the impact of the environmental thermal
fluctuations. Hence the obtained frequency shift fluctuates in the range of +£3 MHz, which is lower than the
frequency scanning step of 5 MHz.
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Figure 5-13. Measured frequency shift versus (a) temperature and (b) strain for the elliptical core PM fibre.

The measured frequency shift changes as functions of the applied temperature and strain are plotted
respectively in Fig. 5-13a and Fig. 5-13b for the elliptical-core PM fibre. Both figures show a linear dependence
of the birefringence on the temperature and strain, while the slopes represent the corresponding sensitivities. The
temperature sensitivity is about —44 MHz/K, which is 40 times higher than the sensitivity shown by a standard
fibre sensor on Brillouin scattering. And the strain sensitivity reaches ~ 1 MHz/pe as shown in Fig. 5-13b,

meaning that this technique is ~ 20 times more strain sensitive than a Brillouin sensor.
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Figure 5-14. Measured frequency shift versus (a) temperature and (b) strain for a PANDA PM fibre.

The same measurement procedure is repeated to obtain the temperature and strain responses of a PANDA
PM fibre, which is 20 m long and its birefringence is around 5.6x10*. The sensing performance is tested in a
thermal or strain cycle to demonstrate the robustness of this technique. The temperature and strain sensitivities
are shown in Fig. 5-14a and Fig. 5-14b, respectively. The temperature sensitivity roughly scales with the
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fractional increase in birefringence, while the strain sensitivity is less enhanced than the simple fractional
increase, highlighting the influence of the fibre birefringence design for scaling the temperature response. Only a
very small discrepancy can be observed during a thermal or strain cycle, which remains within the uncertainty
range of the measurand (given by the noise of the measurement), demonstrating a high repeatability of this

technique.
-80 I \ \ \ X
X 1 1 1 1
ﬁ-70 ”””” [ | ]
I | | | |
=3 1 1 1 1
2 -60F------- - m— - Pommmmm- T e .
s | T+ %
D 1 1 1 1
§ 50— SRR R o R 2
m | | | |
2 | | x | |
240 e r----| O Datain[149]
& ! ! X Data in this thesis
€30 o ' | B Datain[148] ||
A ; ; + Datain[144]
o | ! ¢ Datain[150]
_20 1 1 1 1
1 2 3 4 5 6

Birefringence [10™]
Figure 5-15. Temperature sensitivity measured in PM fibres with different birefringence.

According to Figs. 5-13 and 5-14, the PANDA fibre demonstrates higher sensitivities than the elliptical
core fibre, which is probably due to its larger birefringence. Actually, the temperature and strain sensitivities of a
PANDA fibre are linearly dependent on its birefringence [146]. Thus fibre sensors with different responses can
be realised by designing the fibre birefringence. Figure 5-15 shows the temperature sensitivities obtained in
different types of PM fibres with different birefringence [146, 150-152]. It is obvious that sensors tend to be
more sensitive when highly birefringent fibres are used. However, the relation between temperature sensitivity
and phase birefringence is not linear, because the sensitivity also depends on other factors, such as cladding
diameter and coating thickness [152, 153].

5.2.2 Discrimination of temperature and strain

The COTDR sensor demonstrates a very high sensitivity in Chapter 3, but this measurement contains the
combined information of the strain and temperature, just like the Brillouin and FBG sensors, making it
impossible to discriminate between these two physical quantities. To solve this problem in fibre sensing based
on Brillouin scattering, a combination measurement of Brillouin frequency and birefringence has been proposed
based on the BDG scheme [146]. The same idea can be applied to the Rayleigh sensor, because the birefringence
measurement described above is essentially based on a COTDR scheme, which is much simpler than the BDG
implementation. So temperature and strain information is retrieved by a standard COTDR sensor and the
birefringence measurement based on a polarisation-resolved COTDR system, as shown in Fig. 5-10.

The obtained frequency shifts in both sensing systems are induced by temperature and strain variations:

A VCOTDR _ SenT,COTDR Seng,COTDR AT (5_9)
A Vbire SenT,bire Seng’,hire Aé/ ’
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where AT and A{ are the temperature and strain changes, Senzcorpr and Sen:corpr are the temperature and strain
sensitivities of the COTDR sensor, Senrz;. and Sen;s;,. are the temperature and strain sensitivities of the fibre
birefringence, Avcorpr and Avy;,.. are correlation spectral shifts of the COTDR sensor and the birefringence

measurement, respectively. So the temperature and strain change can be obtained from a simple inversion of

O [

The discrimination can be realised by the experimental setup shown in Fig. 5-9. The birefringence induced

AT
Ag

—Sen

Sen £, COTDR

AVorpr
A Vbire

1 ¢ \bire
- Seng,COTDR Senr,bim _SenT,b[re

(5-10)

:| SenT,COTDR Sené’,bire SenT,COTDR

frequency shift is obtained by the cross-correlation of coherent Rayleigh traces from orthogonal axes in a single
measurement, while Avcorpr 1s calculated based on the cross-correlation of COTDR traces from the same axis
between two consecutive measurements.

The 100 m long elliptical core PM fibre tested above is used in this measurement, so Sz ;. = —43.8 MHz/K
and Sgpi. = 0.99 MHz/pe as shown in Fig. 5-13. Then the thermal and strain responses of this PM fibre are
characterised by a COTDR sensor. For temperature measurement, the method used in Chapter 3 is applied to this
fibre, while the far end of the fibre is attached to a moving stage for strain measurement. And the strained fibre
section must be thermally isolated because of the high sensitivity of the COTDR sensor.
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Figure 5-16. (a) Temperature and (b) strain sensitivities of the elliptical-core PM fibre measured by a COTDR sensor.

Figure 5-16 show the frequency shifts under different temperature and strain conditions. The measured
temperature sensitivity is higher than expected, which might be explained by doping in the fibre core. On the
other hand, the strain sensitivity is almost the same as a standard FBG sensor (-150 MHz/ue in Ref. [85]).

In order to reduce the error in the simultaneous evaluation of strain and temperature, a small conditional
number is desired [95]. The number associated with Eq. 5-10 is calculated to be ~ 367.9 based on the
temperature and strain sensitivities of the COTDR technique and birefringence measurement. And it is much
smaller than the conditional number (~ 989.7) using the BDG scheme [146]. Thus the matrix related to
sensitivities in Eqs. 5-6 and 5-7 is better conditioned using the method proposed in this thesis than the reported
BDG technique, which is probably due to the higher sensitivity of the COTDR sensor.

To demonstrate the discrimination of temperature and strain, the birefringence measurement based on the

experimental setup shown in Fig. 5-9 is repeated twice, in-between a temperature variation of 1.9 K and a strain
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5.2 Fibre sensing based on the birefringence measurement

change of 25.5 pe are introduced to the sensing part. Due to the high sensitivity of the COTDR sensor, the

frequency scanning range is set as 9 GHz with 10 MHz step.
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Figure 5-17. (a) Frequency shift obtained from a standard COTDR sensor and (b) frequency difference of birefringence
measurements.

The cross-correlation of the coherent Rayleigh traces from slow axis obtained in two measurements
provides the frequency shift of the standard COTDR sensor, as shown in Fig. 5-17a. The frequency profile is
very clean and two very sharp frequency changes are observed at heated and strained fibre sections. This can be
explained by the huge strain and temperature sensitivities of the COTDR sensor. Figure 5-17b shows the
frequency difference between two birefringence measurements, representing the longitudinal variations of the
fibre birefringence due to the environmental changes. In this case, the obtained frequency profile is noisier than
the result obtained by a standard COTDR because of the lower strain and temperature sensitivities of the
birefringence. In addition, some spurious, sharp and random peaks shown outside the sensing parts, are observed
in Fig. 5-17b, which might be explained by local fast variations of the fibre birefringence with respect to the
spatial resolution of 2 m. These fast variations can actually lead to a local broadening of the cross-correlation

spectrum, introducing measurement errors.
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Figure 5-18. Retrieved (a) temperature and (b) strain variation profiles along the elliptical core PM fibre.

Based on the frequency profile shown in Fig. 5-17, the temperature and strain distribution along the fibre
can be retrieved using Eq. 5-7. The measured temperature and strain changes are shown in Fig. 5-18a and 5-18b,
respectively. Obviously, the temperature and strain can be discriminated by this technique because the
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measurement results (1.9 K and 28.4 pe) agree very well with the actual temperature and strain changes. But
some cross sensitivity is also observed: a temperature change of —0.25 K is obtained at the strained section and a
strain variation of —1.3 pe at the heated part. This is eventually attributed to the measurement error of the
birefringence measurement. Actually, the obtained temperature and strain profiles present noise and glitches in
the birefringence measurement. Thus the error of this discrimination method is determined by the noise in the
birefringence measurement. In addition, two peaks in the strain profile can be observed along the heated fibre
section, due to the transitions of the temperature measurement with 2 m spatial resolution. As a result, short
pulses are necessary to suppress spurious residual peaks and realise a more precise determination of temperature

and strain.

5.2.3 Conclusion

It is experimentally demonstrated that the distributed birefringence measurement based on the COTDR technique
is suitable for temperature and strain sensing, offering a higher sensitivity than that of a Brillouin fibre sensor
and the absolute value, which is an advantage over the COTDR sensor. In addition, a PANDA and an
elliptical core PM fibres give different sensitivities, revealing the fact that the sensitivity can be designed by

tailoring the fibre birefringence.

Simultaneous temperature and strain sensing is experimentally realised by combining the birefringence
measurement and the COTDR technique, and the measurement errors are essentially determined by the

uncertainty on the birefringence measurement.
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Chapter 6

Conclusions and Perspectives

Currently, the research on fibre sensing is strongly stimulated by the industrial demand, such as high precision,
low cost and multiple applications. Generally speaking, a point sensor is able to realise a more precise
measurement due to its higher sensitivity, but the cost of distributed sensors is lower per sensing point when a
large number of points is measured. In phase with this research trend, fibre sensors based on coherent Rayleigh
scattering have been investigated in this thesis, since they accumulate the advantages of distributed sensors
(large number of sensing points) and point sensors (high sensitivity). Hence this fibre sensor meets the industrial
requirements and has the potential to be applied to the distributed measurements requiring high precision. In
addition, the COTDR technique has been applied to retrieve the birefringence profile along fibres, achieving a

simultaneous discriminated measurement of temperature and strain.

6.1 Main contributions

The core of this thesis is the investigation of distributed sensing based on the COTDR technique leading to the
analysis of several related problems. It has been experimentally confirmed the high temperature and strain
sensitivities, and a temperature resolution in the milli-Kelvin range, even at cryogenic temperatures. Furthermore,
this technique is applied to retrieve the distribution of phase birefringence along PM fibres and old SMFs. A
novel distributed sensor is proposed based on the birefringence measurement, which can remove solve the

cross-sensitivity of temperature and strain in connection with a standard COTDR sensing technique.

e Thus the temperature sensitivity of a COTDR sensor is calculated based on the FBG sensing theory
over a wide temperature range from 300 K to 4.5 K and the theoretical result turns to be 2~3 orders of magnitude
higher than the sensitivity of a fibre sensor based Brillouin scattering. Such a high sensitivity is experimentally
validated at ambient and cryogenic temperatures. In addition, the temperature resolution is found to be in the
milli-Kelvin scale even at liquid Nitrogen temperatures. Consequently, the COTDR technique has an advantage
in highly precise distributed sensing, moreover under cryogenic conditions. But this method only provides a

relative value instead of an absolute measurement.

e The high temperature sensitivity of the COTDR sensor designates this technique to measure very small
refractive index changes induced by temperature variations. Therefore, this novel sensor also has the ability to
measure the index difference between the two principal birefringence axes in the fibre. The set-up based on the
COTDR technique has successfully retrieved the phase birefringence profile along highly-birefringent and
standard optical fibres of a precision in the order of 10”. The minimum measurable birefringence depends on the

incident optical pulse width, which can be further improved at the expense of spatial resolution.
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e Birefringence measurements based on coherent Rayleigh scattering are intrinsically capable of sensing
environmental changes because the birefringence turns out to depend on temperature and strain. Such distributed
temperature and strain measurements are realised along a PANDA and an elliptical core PM fibres. The obtained
sensitivities are tens of times higher than the corresponding value for a standard DFS based on Brillouin
scattering. Although the same idea can be also be realised by a Brillouin dynamic grating, the birefringence
measurement based on the COTDR technique is much simpler to implement and requires the access to a single

end.

e The temporal and spectral characteristics of the coherent Rayleigh trace have been investigated in order
to find the minimum detection bandwidth required by a given COTDR system. Due to the random distribution of
the refractive index along the fibre, the coherent Rayleigh scattering is assimilated to a random walk process.
Hence the statistical properties of a coherent Rayleigh trace are analysed based on the random walk theory. The
amplitude and intensity of the coherent backscattered light obey a Rayleigh and an exponential distributions,
respectively, which is in excellent agreement with the reported results. In addition, the spectrum of the COTDR
trace is investigated theoretically and experimentally, and it shows a tight dependence on the incident pulse
shape. The amplitude spectrum is the same as the pulse amplitude spectrum and the corresponding intensity
spectrum is the self-convolution of the amplitude spectrum. By analysing the statistical features and the visibility
of the COTDR intensity trace filter by different bandwidth, the minimum 3-dB bandwidth of a photodetector has
to satisfy the condition to be twice larger than that of the incident rectangular pulse spectrum.

o The impacts of fibre coating and birefringence on the sensitivity of different DFSs are explored in the
process of analysing their sensing performance, so that a sensitivity scaling can be realised. The thermally
induced strain in the coating can improve the temperature sensitivity, which has been validated in a COTDR and
a BOTDA sensor. Furthermore, the sensitivity of a DFS based on the measurement of birefringence turns to be
roughly proportional to the fibre birefringence. This result paves the way to a possible future tailoring of the

sensitivity by different birefringence and/or coating design.

6.2 Future work

The COTDR technique has already been applied to intrusion monitoring and vibration measurement. In this
thesis, this method demonstrates its extremely high sensitivity, superior measurand resolution and excellent
performance even under harsh working conditions for distributed temperature and strain sensing. Consequently,
the COTDR sensor shows a broader application area than the DFSs based on Brillouin and Raman scatterings.
However the performance of the COTDR system is still limited by the interrelation of sensing distance, spatial
resolution, measurand resolution and measurement time, like any other distributed sensors, which needs further
investigations. Moreover, there are some special aspects in COTDR sensing to be further studied due to the

random interference process.

e Despite the wide application area of the COTDR sensor, the quality of a coherent Rayleigh trace is still
difficult to define due to its spiky shape. In a DFS based on Brillouin and Raman scatterings, the quality of the
obtained trace is usually quantified by its SNR. But the signal power in a COTDR sensor is difficult to determine
because the obtained signal is a random variable. It is true that the concept of trace quality is not very important
in vibration sensing, which cares more about the trace variations among different measurements, but it is
supposed to play the main role in determining the measurand error, like in a Brillouin sensor [105]. The visibility

used in this thesis can only evaluate the trace contrast, which is not enough to represent the trace quality. In this
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case, the quality of a COTDR trace may be determined in the same way as to evaluate a speckle image [154],

which can also be assimilated to a random walk process.

e The high sensitivity of the COTDR sensor requires a broad frequency scanning range, which not only
increase measurement time and cost but also makes the sensor more vulnerable to environmental perturbations.
This will actually result in more measurement errors for the method presented in this thesis. A possible way to
overcome this problem is to reduce the sensitivity. Although many methods have been proposed to enhance the
sensitivity, few researches focus on the desensitisation of the distributed sensors, because the thermal response of
the DFS depends on different physical processes that are intrinsically difficult to change.

e The COTDR technique can realise phase birefringence measurements along old SMFs, but it fails in the
evaluation of current standard SMFs, in which the birefringence is possibly below 107 range. This is probably
due to spinning drawing of the fibre, resulting in the fast rotation of the polarisation axes in the fibre. Hence, a
spatial resolution smaller than the rotation period should be realised in this case, but this will degrade the
measurement accuracy. Consequently, it is worth analysing the relation of the measurable rotation period and the

birefringence resolution in the measurement.

e Recently, the image processing method has been applied to enhance the performance of
white-noise-limited distributed fibre sensors, which are based on Brillouin and Raman scatterings [155]. It is
interesting to investigate the possible application of this method to COTDR sensors, which might be

correlation-noise-limited in temperature and strain sensing.
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Appendix

Appendix

(a) Diameter 125 um Diameter & um

(b) Diameter 8 um
Diameter 190 um

Diameter 125 pm
Diameter 250 um

Diameter 195 um

Figure A-1. Cross-section of (a) a standard SMF and (b) a ORMOCER® coated SMF.

Standard SMF | ORMOCER" coated SMF
Thermal expansion of silica 0.45x10 °K' @ 25 °C
Young’s modulus of silica 70 GPa @ 25 °C
Thermo-optic coefficient of 8.36 x10 ° K" (Sellmeier model) o
silica 9.31 x10°° K”'(Quartic model) @25°C

Primary: 6.34x10 * K ! (25 to —50 °C)

—4 11
Secondary: 2.38x10 * K" (25 to —100 °C) 1.23x10* K

Thermal expansion of coating

Primary: 10 MPa @ 25 °C
Young’s modulus of coating 1 GPa @ —50 °C 1.5 GPa @ 25 °C
Secondary: 1.3 GPa @ 25 °C

Table A-1. Thermal and mechanical information of the standard and ORMOCER® coated SMF.
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