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Abstract

Résumé

Répondant a une demande croissante de connectivité entre les individus, entre les pays
et par conséquent entre les continents, les fibres optiques de télécommunications sont
déployées dans le monde entier. Les continents commes les océans sont désormais quadrillés
par ces réseaux dont I'importance stratégique n’est plus & démontrer. Aussi convient-il de
surveiller cette infrastructure avec précision, au-dela de la simple détection de coupures
de cdbles. De maniere plus générale, les fibres optiques sont une alternative aux cap-
teurs électrodynamiques de vibrations, avec un atout majeur : la possibilité de détecter
et localiser des phénomenes indépendants tout au long de la fibre.

Ainsi, les millions de kilometres de fibres optiques actuellement déployées a travers
le monde (réseaux d’opérateurs telecom ou bien réseaux locaux) constituent une énorme
base potentielle de capteurs. Si des solutions commerciales telles que 'OTDR ( Optical
Time Domain Reflectometer) permettent déja la détection de défauts ou de coupures le
long d’une fibre optique, le potentiel des capteurs de vibration distribués est bien plus
grand, allant jusqu’a la reconnaissance de multiples signatures audio voire de la parole.
Au-dela des applications de type “Ville Intelligente” (Smart City) ou I'usage des capteurs
distribués pour la surveillance des infrastructures présente un grand intérét, ou encore des
applications de captation sous-marine pour la détection des séismes, la surveillance fine
des fibres optiques télécom déployées par capteurs distribués est la base de la télémétrie
pour la sécurisation et la résilience des réseaux télécom.

Cette these a pour but d’étudier finement la rétro-diffusion Rayleigh dans les fibres
optiques, qui permet de capter de 'information induite par des perturbations mécaniques
tout le long d’une fibre. Nous étudions le potentiel des fibres optiques en tant que micro-
phones distribués, en terme de bande passante mécanique et de sensibilité. Nous décrivons
le systeme d’interrogation des capteurs a fibre distribués, et proposons la modélisation d’un
tel interrogateur en tenant compte du multiplexage des signaux sur deux axes orthogonaux
de polarisation lors de la propagation dans la fibre. Nous étudions la problématique de
I’évanouissement dans la fibre : a la fois I’évanouissement de polarisation que nous par-
venons & annuler grace a la méthode d’interrogation Coherent-MIMO (Multiple In, Multi-
ple Out), et I’évanouissement cohérent (ou scintillement) que nous proposons de diminuer
en recourant a une interrogation multi-porteuses électronique. Différents résultats de
mesure sont également présentés dans cette these : tout d’abord, des mesures fines sur
de faibles longueurs de fibre (quelques kilometres) permettent de valider le seuil de dis-
tinction du systeme d’interrogation sur fibre monomodes de télécommunications. Ensuite,
des mesures sur plusieurs dizaines de kilometres de fibre monomode et coexistant avec la
transmission de données a haut débit permettent de valider la pertinence d’un systeme
de captation par segment de fibres dans les réseaux télécom, ouvrant ainsi la voie a des
systemes de télémétrie évoluée dédiés aux réseaux optiques de demain.
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Abstract

Telecommunication fibres are being deployed all over the world, connecting distant people,
institutions, companies with an outstanding quality of service in terms of data rate and
latency. Their strategic value in terms of global economy and daily life is now undeniable.
Monitoring such an infrastructure is now mandatory, and that far beyond the standard
case of breaks localization. From a broader standpoint, optical fibres are an alternative to
electro-dynamic point sensors, with a strong asset: the capability to detect and localize
multiple independent phenomena all along a fibre.

Thus, the millions of kilometers of currently deployed optical fibre around the world
(networks of telecom operators or local networks) constitute a huge potential grid of sen-
sors. While existing commercial solutions such as OTDR (Optical Time Domain Reflec-
tometer) allow for the mere detection of losses and breaks, distributed vibration sensors
have a strong potential regarding sensing of dynamic events, detecting of multiple acoustic
signatures up to speech signals. Beyond applications such as “Smart city” or detection of
earthquakes where the use of distributed sensors is a major stake for infrastructure moni-
toring, the in-depth monitoring of deployed telecommunication optical fibres is a basis for
safety and resilience of today’s and future telecommunication networks.

In this thesis, we show how distributed optical fibre sensors can be designed on top
of telecommunication fibres, namely standard single mode fibres, and we explore their
potential in terms of reach, detection threshold, and sensing bandwidth. We present the
interrogator systems for distributed fibre sensing and build a dual-polarization numerical
model of such an interrogation system and fibre sensor. We investigate the advantage of
Coherent-MIMO-OTDR (Multiple In, Multiple Out), namely interrogating the fibre sen-
sor jointly onto two input polarization axes and retrieving the backscattered light on two
polarization axes: the technique enables to fully mitigate polarization fading issues. We
derive a reliability metric to be associated with Coherent-MIMO measurements, aimed at
further classification of the detected events. Secondly, we tackle the coherent fading issue
which is another major concern in coherent-OTDR sensing technology. In the literature,
most solutions to mitigate coherent fading rely on optically generated frequency diver-
sity interrogation. Our interrogation system performs frequency diversity in the digital
domain, i.e. directly applicable at the modulation of the interrogation sequences, before
entering the optical domain. We developed MIMO-OFDM (Orthogonal Frequency Di-
vision Multiplexing) which retrieves independent channel estimations from a single fibre
segment; the estimations are further combined, and the obtained estimations are assessed
with regards to the reliability metric. Throughout this thesis journey, many experimental
measurements were conducted, assessing the capabilities of the Coherent-MIMO interroga-
tor on single-mode-fibre sensors in terms of reach, bandwidth, sensitivity, and detection of
dynamic events. A study involving sensing of acoustic events on a fibre cable propagating
live data was finally performed. We show how Coherent-MIMO sensing can co-propagate
along full C-band high data rate channels, within a frequency slot as narrow as 4GHz,
without any impact on the transmitted data, paving the way to the enhanced monitoring
and telemetry in deployed telecommunication networks.
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Résumé en francais

Un capteur est un dispositif qui va transformer I’état d’une grandeur physique en un
signal, une information manipulable. Ainsi, la thermomeétre est un capteur qui va fournir
une hauteur de mercure en fonction de la température ambiante, la photodiode et un
capteur qui va transformer une intensité lumineuse en signal électrique. Qu’il s’agisse
d’applications de sécurité traditionnelles, de la réalisation de systemes complexes tels que
les Villes Intelligentes (Smart Cities) ou du suivi de la performance dans les réseaux

optiques (télémétrie), les capteurs sont des éléments clés de ces développements.

Il existe désormais de nombreuses méthodes de captation, parmi elles les Capteurs a
Fibre Optique (CFO). Développée initialement dans les années 1980, cette famille de tech-
nologies de capteurs se distingue par son caractere distribué et s’applique dans différentes
configurations, y compris celle que nous verrons dans ce travail de these. Les capteurs a fi-
bre optique distribués permettent entre autres la surveillance de perturbations mécaniques
(pression, étirement, déplacement) et de variations de température de fagon contintiiment
distribuée, sans la contrainte de ’alimentation énergétique que pourrait avoir un réseau de
capteurs ponctuels. De plus, les fibres optiques sont un matériau résistant qui rend ainsi
possible des mesures dans des environnements extrémes ou hostiles (hautes températures,

hautes pressions, interférence électro-magnétique).

La technologie des CFO repose sur la capacité qu’a la lumiére de transporter de
I'information, y compris 'information qui doit étre captée. Plus précisément, les CFO
distribués exploitent les effets de rétro-diffusion de la lumiére dans la fibre optique: le
principe général est celui de 'TOTDR (Optical Time Domain Reflectometer) ou des impul-
sions lumineuses sont envoyées dans la fibre optique, dont une fraction est rétro-diffusée
par le matériau (en l'occurrence, la silice) puis est récupérée par un récepteur du méme
coté de la fibre optique. La rétro-diffusion se produisant en tout point de la fibre, la
différence de temps de trajet des contributions rétro-diffusées donne l'information de lo-
calisation (la lumiere réfléchie en début de fibre atteindra le récepteur plus tot que celle
réfléchie en fin de fibre). Une fonction de 'OTDR est de détecter des pertes, réflexions
et coupures dans une fibre optique: la quantité lumineuse rétro-diffusée sera plus faible

apres une perte, plus importante en présence d’une réflexion, et nulle aprés une coupure.

La rétro-diffusion peut étre “élastique”, c’est-a-dire que ’émission et la réception se
font a la méme longueur d’onde : le phénomene exploité dans ce cas est celui de la rétro-

diffusion Rayleigh, dii aux fluctuations d’indice de réfraction le long de la fibre. C’est cet
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effet qui sera exploité dans la these. Il existe néanmoins des effets “inélastiques”, les effets
Raman et Brillouin : il s’agit d’effet non-linéaires o, en réaction a une forte puissance
optique envoyée dans la fibre, il se crée un réseau de fluctuations d’indice de réfraction
mobile en présence de phonons optiques ou acoustiques. De la méme facon que pour le
Rayleigh, les fluctuations d’indice vont rétro-diffuser une partie de I'intensité lumineuse,

mais cette fois-ci avec une longueur d’onde différente de la lumiere incidente.

L’utilisation de la rétro-diffusion Rayleigh plutét que d’un effet inélastique répond aux
exigences du réseau de télécommunications, ou chaque ressource en longueur d’onde est
précieuse : le double défi est d’utiliser une faible bande passante, avec une faible puissance
optique (comparable & la puissance optique des autres canaux de communication) pour

éviter la création des effets inélastiques.

La rétro-diffusion Rayleigh dans les fibres optiques

L’objectif de ce travail de these est d’utiliser le phénomene de rétro-diffusion de Rayleigh
dans la fibre optique pour aller au-dela de ’OTDR d’intensité, et par la dépasser la simple

détection des événements statiques tels que les coupures ou les réflexions.

Dans un contexte ou les réseaux de télécommunications transportent des données de
plus en plus stratégiques (économie, commerce, sécurité...), le cout de l'interruption de
service est croissant. Il est donc nécessaire de surveiller 'infrastructure Télécom sur une
échelle plus fine que la localisation des coupures, de sorte a récolter de 'information
dynamique et distribuée tout au long du réseau : déplacements, vibrations, déformations...
Cette surveillance n’étant pas possible sur la base de la seule captation de 'intensité rétro-
diffusée, on s’intéresse a la phase. Pour permettre la captation de variations de phase le
long de la fibre optique, 'utilisation d’une source laser a faible largeur spectrale (ou grande
longueur de cohérence) est une condition nécessaire. On parle alors de solution de type
»-OTDR ou A¢-OTDR (A¢ pour “phase différentielle”).

Les vibrations au voisinage de fibres optiques sont de nature tres variée, allant d’événe-
ments fortement énergétiques et de faible fréquence comme les tremblements de terre a
des événements peu énergétiques avec des fréquences élevées comme de la voix. Ainsi,
les systemes d’interrogations de capteurs a fibre optique doivent étre développés de sorte
a s’adapter a leur cible, et ce dans des conditions de déploiement particulieres (fibres
enterrées ou aériennes, fibres avec revétement plus ou moins épais) qui peuvent agir sur le

capteur comme des filtres de fréquences acoustiques (en I'occurrence, des filtres passe-bas).

La premiere grande partie de cette these s’intéresse a ’architecture du systeme d’inter-
rogation du capteur a fibre optique, dont un schéma global est présenté dans la figure ci-
dessous. On y étudie la pertinence de la diversité de polarisation, a la fois & I’émission et &
la réception, de sorte a optimiser le seuil de détection du systeme de captation. En découle
la présentation du systeme “Coherent-MIMO”, inspiré des technologies de la transmission
optique a tres haut débit, qui permet d’interroger la fibre optique a ’aide de codes envoyés

sur deux axes de polarisation orthogonaux et de récupérer le signal rétro-diffusé a ’aide
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d’un récepteur cohérent.
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Schéma de principe d’un A¢p OTDR avec détection cohérente, LO: Oscillateur Local

Les performances du systéeme d’interrogation Coherent-MIMO sont étudiées a la fois
par simulations numériques et expérimentalement. Il apparait que 'implémentation Coh-
erent-MIMO permet de s’affranchir des effets d’évanouissement dis a la polarisation dans
les capteurs. D’autres expériences montrent également la possibilité qu’a l'interrogateur
Coherent-MIMO de capter différents types de signaux acoustiques, dont des signaux de

parole.

Fiabilité et effets de polarisation

Comme les effets d’évanouissement dis a la polarisation sont évités grace a 'usage de
Iinterrogateur Cohérent-MIMO, il reste a aborder le sujet de ’évanouissement Cohérent,
ou “bruit de scintillement” (speckle). Cet effet est di aux interférences destructives qui
peuvent arriver lors de l'interrogation du capteur distribué. En effet, au sein d’'une méme
impulsion et sur une section donnée de la fibre, les contributions rétro-diffusées peuvent
interférer entre elles et résulter en une intensité nulle au récepteur, créant ainsi une zone
“aveugle” sur le capteur. On définit une métrique de fiabilité a partir de I'intensité rétro-

diffusée mesurée au récepteur pour quantifier I’évanouissement des différentes estimations.

Une solution face a ’évanouissement cohérent est d’utiliser la diversité de fréquences,
sachant que le motif Rayleigh rétro-diffusé dépend de la longueur d’onde d’interrogation.
En interrogeant la fibre simultanément avec plusieurs longueurs d’ondes (ou fréquences),

on peut obtenir des estimations différentes pour de mémes segments de fibre.

Dans cette these, un schéma d’interrogation multi-fréquentiel est proposé sous la forme
d’une interrogation OFDM (Orthogonal Frequency Division Multiplexing). Cette tech-
nique permet d’introduire une diversité fréquentielle numérique, sans apporter de modifica-
tion au schéma optique de I'interrogateur : en envoyant plusieurs signaux d’interrogations
en parallele sur des sous-porteuses fréquentielles orthogonales entre elles. A la réception,
on récupere les plusieurs estimations par segment de fibre et par instant. Ces estimations

sont ensuite combinées constructivement de sorte a maximiser la fiabilité de 'estimation.

On montre une amélioration de la fiabilité des mesures grace a 'interrogation OFDM

(2 ou 4 sous-porteuses), et par conséquent une diminution des fausses alarmes sur la
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phase. Des mesures ont été faites le long d’un cable télécom déployé sous une route
(figure ci-dessous), les fausses alarmes (en rouge) disparaissent deés l'utilisation de deux

sous-porteuses pour l'interrogation.
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Interrogations d’une fibre déployée sous une route avec 1, 2 et 4 sous-porteuses OFDM,
détection de trajectoires d’une automobile

L’interrogation MIMO-OFDM propose un compromis entre résolution spatiale, occu-
pation spectrale et fiabilité de la mesure de phase, pour affronter la problématique du
bruit de scintillement. Le compromis, ainsi que la recherche du nombre optimal de sous-

porteuses OFDM, sont étudiés dans le manuscrit.

Co-existence dans une liaison télécom

Une fois les outils d’interrogation présentés, cette these s’intéresse a des implémentations
plus réalistes en terme de CFO a interroger. Le premier aspect commun aux fibres de
télécommunications déployées est la distance : il est rare que les réseaux déployés soient
constitués de sections de fibre inférieurs au kilometre, & part dans les réseaux d’acces ou
les centres de données. En s’aidant de résultats de modélisation et avec une interrogation
Cohérent-MIMO, on étudie dans un premier temps le comportement de la phase rétro-

diffusée le long d’une section de 50km de fibre.

Le deuxieme aspect est le caractere déployé de la fibre, pour lequel on s’intéresse
a des configurations comme mentionnées précédemment pour la détection de trajectoire
en utilisant le MIMO-OFDM. Contrairement aux fibres en laboratoire ou il est possible
d’appliquer des contraintes localement, les fibres déployées sont soumises a des perturba-
tions soit ponctuellement soit dans toute une zone, certaines perturbations sont perma-
nentes (e.g. une pompe en bout de canalisation) et d’autres sont dynamiques (e.g. un
véhicule). Toutes ces contraintes et perturbations sont autant de sollicitations pour le

multi-microphone qu’est la fibre optique.

Le troisieme aspect, enfin, est la nécessaire co-existence des signaux de télécommunica-
tions avec le signal d’interrogation : une derniére expérience montre la possibilité d’utiliser
le systeme d’interrogation Coherent-MIMO en présence de données en transmission dans

des canaux adjacents, et ce avec un cout minimal en bande passante. En effet, non
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seulement ’expérience montre la capacité de capter un phénomene acoustique apres plus
de 80km de fibre optique, elle montre aussi qu’il est possible de le faire avec un espacement
de moins de 4GHz entre les canaux de télécommunication et le canal dédié a la captation
A¢-OTDR (figure ci-dessous), et ce sans impact sur la qualité de transmission des données

dans les canaux adjacents.
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Spectre optique de deux canaux télécom espacés chacun de 2GHz du signal d’interrogation

Perspectives

Cette these aura permis d’aborder les problemes les plus courants de la captation distribuée
sur fibre optique, & savoir I’évanouissement (en polarisation ainsi qu’en intensité : le bruit
de scintillement), et aura été I'occasion de chercher les limites de I'interrogation de fibre a
la fois en distance (jusqu’a 82km) et en bande passante mécanique (détection de signaux

de parole dans une bande passante de 6.1kHz).

Il aura été montré que l'interrogation Coherent-MIMO, et plus généralement ’intro-
duction des technologies en provenance des télécommunications optiques a haut débit,

sont un ajout considérable a 1’écosysteme des CFO distribués.

Les prochaines étapes de ce sujet d’étude seront assez diverses, allant de la problé-
matique de la collecte et du traitement de grande quantités de données, de I’acquisition
en temps réel, a la question du dépliement de la phase dans des conditions de fortes

perturbations, ou du traitement de 1’état de polarisation rétro-diffusé.
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Introduction

Sensors and fibre optics

A sensor is a device that reacts to changes in its environment, such as movement, pressure
or heat, converting the measurands into electronic signals that can be read, processed and
collected. Be it for traditional security applications such as infrastructure monitoring and
intrusion detection or supporting the development of complex systems such as smart cities,
sensors are key agents in the development of modern societies. Nowadays, a wide variety
of point sensors and sensing technologies are available, namely electronic, piezoelectric or
micro-electro-mechanical systems (MEMS) sensing devices. In the 1980s, a technology
of distributed sensors was suggested (as opposed to point sensors): Distributed Optical
Fibre Sensors (DOFS) technology, which is the shared foundation for diverse sensor types
including those which will be discussed in this thesis. The use of distributed sensors allows
to monitor mechanical perturbations and temperature variations in a spatially continuous
manner, without any constraints such as remote energy supply that would occur for point
sensors. Besides, optical fibres allow sensing in extreme environments (high pressure or
temperature conditions, electro-magnetic interference), therefore solving new issues in

hostile environments [1].

The distributed optical fibre sensor technology relies on the capacity of the light to con-
vey the information, including the information which is sensed. More precisely, DOFS rely
on the backscattering effect of light inside the fibres. The general principle is that of Op-
tical Time Domain Reflectometry (OTDR), where the interrogating instrument launches
a series of light pulses into an optical fibre. As the probe pulses travel along the fibre, a
small fraction is scattered by the propagation medium and returns to the launching end
of the fibre, where it is captured by a detector. Light which is reflected near the launching
end of the fibre will reach the detector faster than light that reflected at the end of the
fibre, hence localization information can be accessed. One main application of OTDR is

to allow the detection of breaks, losses and attenuation in the fibre.

OTDR relies on the Rayleigh scattering effect, which is due to refractive index inhomo-
geneities in the fibre, with a scale smaller than the interrogation wavelength (small-scale).
The effect is “elastic” as the energy of the scattered photons is preserved, as pictured in
Rayleigh backscattering in optical fibres is mainly strain-sensitive in addition
to be useful for losses and breaks detection, though the refractive index fluctuations are

also temperature-dependent. It allows to measure with a fine spatial resolution up to the
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Figure 1: Illustrative spectra of backscattering mechanisms in optical fibres, after interro-
gation with a Ay light source. Source: febus-optics.com

centimetre scale [2] and ranges up to several tens of kilometres [3].

Other scattering effects coexist with Rayleigh scattering in optical fibres: Brillouin
scattering is due to small scale refractive index fluctuation as well, however the fluctuations
are driven by phonons after interaction of light and acoustic waves. This yields a frequency
shift of the backscattered spectra (the effect is inelastic), with Stokes and anti-Stokes
components, of the order of 11GHz in silica for Ay = 1550nm, as pictured in
Brillouin effect results in the creation of a dynamic refractive index grating in the fibre,
linearly dependent on both temperature and strain. Brillouin sensors range up to hundreds

of kilometres and can reach spatial resolutions of the order of the meter [4].

Raman effect finally, is an inelastic scattering effect resulting from light-matter inter-
action. As light interacts with the transmission medium, optical phonons are absorbed
and released, thus creating Stokes and anti-Stokes frequency components, typically of the
order of few THz to tens of THz, 13THz away from the excitation wavelength in silica. The
anti-Stokes component is temperature-sensitive, with a precision of the order of 0.1°C .
Raman-based temperature sensors have a range from several kilometres up to several tens
of kilometres [6].

Rayleigh backscattering in optical fibres

In the context of the deployment of the Internet of Things (IoT) and the development
of smart cities, the telecommunication infrastructure is more than relevant. Indeed, tele-
communication fibres are already being deployed all over the globe, telecommunication
equipment is being produced and deployed at a global scale, thus reducing the costs and
facilitating the transfer of technologies to other fields of application. Standard Single Mode
Fibre (SSMF) is at the basis of long haul and metropolitan fibre networks. Similarly to all
other types of optical fibre, it can be used as a distributed sensor. While dedicated fibres
are used for public and industrial infrastructure monitoring (bridges, power plants) [7],

sensing through deployed telecom fibres enable network management and monitoring for
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operators, road or train traffic monitoring (as fibre cables of the terrestrial links are de-

ployed along these routes), or even intrusion detection around and inside buildings.

Rayleigh scattering is especially suited for sensing over telecommunication infrastruc-
ture applications, which will use telecommunication wavelengths and thus existing telecom-
munication equipment. Indeed, it does not require to stimulate scatterring onto different
frequencies (i.e. wavelengths, in this particular case of Wavelength Division Multiplexing
(WDM) in optical transmission) unlike for stimulated Brillouin scattering-type sensors.

Besides, Raman scattering is far outside the telecommunications equipments’ bandwidth.

Distributed optical

fiber sensing
Intensity reflectometry Phase reflectometry

(OTDR, incoherent laser sourijDR, coherent laser source)
Quasi-static Dynamic
Amplitude-based, Phase-based,
Non-linear response to strain relatively linear response to strain
Direct Coherent

detection detection
Interferometer Pulse
at receiver side " interrogation (COTDR)
Single/Dual Swee
pulse P (COFDR,...)

interrogation TR
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interrogation (Coded COTDR....)

Our field of interest !

Figure 2: Distributed Rayleigh sensing tree of technologies

displays the main sensing techniques deriving from Rayleigh scattering. Be-
sides the already mentioned OTDR technique which is used for the detection of static
impairments or breaks and which trace is represented as the upper black line on
techniques based on coherent laser sources such as »-OTDR or A¢-OTDR allow to monitor
dynamic events along the fibre sensor by capturing the phase variations of backscattered
light, therefore allowing for Distributed Acoustic Sensing (DAS). A typical coherent ¢-
OTDR trace is given in as the red trace. DAS will focus on mechanical events,
namely small displacements consequently to the occurrence of a mechanical wave, sound

or strain.

Very diverse acoustic disturbances occur in the neighbourhood of deployed telecom-
munication fibres, from very low frequency events with high energy such as earthquakes,
to higher frequency events with large mechanical bandwidth and lower energy such as
speech. In addition, the environment and properties of these deployed fibres is diverse
too, be it the depth of burial and the nature of the ground in case the fibre is buried, the
length of the fibre, its coating... The development of a sensing interrogator in that con-
text is challenging as it must consider sensitivity, reach, spatial resolution and mechanical

bandwidth as an ensemble of parameters to be jointly optimized.

Recent works [8], 9] demonstrated sensing capability for low frequency events on trans-

oceanic fibre distance, and [10] reported the longest range DAS measurements using low-
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Figure 3: Intensity OTDR (black) compared to speckle pattern (red), adapted from

loss fibre using their own commercial solution. Meanwhile, [11] investigated the methods
for reducing the noise floor for precise DAS measurements over shorter fibre distances.
On the other hand, included the telecom network aspect to their work, therefore
introducing new concerns such as the spectral occupancy of a DAS interrogation signal,
the network configurations that are not necessarily a single fibre span or the coexistence
of a sensing channel with WDM data channels over multi-span systems containing a di-
versity of components: amplifiers, multiplexers... Acknowledging the multitude of aspects
that DAS addresses, and concious of the need for lightweight solutions, this work aims at
the development of a flexible fibre interrogator, adapting to network architectures as well
as reaching longer distance and measuring with a high dynamic range, without bringing

much complexity to its optical hardware implementation.

Thesis outline

In this thesis, we show how distributed optical fibre sensors can be designed on top of
telecommunication fibres, namely standard single mode fibres, and explore their potential

in terms of reach, sensitivity, and sensing bandwidth.

The first chapter is titled ‘{Interrogation, estimation, and processing. Adapting to the]

context|” as it addresses the general concepts of sensors, the usual hardware set-ups used
for distributed fibre sensing, and the different categories of fibre sensor interrogation. A
brief overview of the diverse use-cases is done as well. Then, dives into some
theory as a dual-polarization backscattering model is built to begin with the study of
distributed optical fibre sensors (DOF'S): the fibre sensor is modelled, the transmitter and

receiver noise are studied, a dynamic version of the model is briefly investigated. Chap-

ter B} ‘Polarization effects and reliability]’ first explores the polarization fading mechanism

in fibre sensors as a function of the interrogation method, and suggests a method which is

immune to polarization fading. Then, the detection threshold of A¢-OTDR measurements



is further investigated as a specific reliability metric is developed. Taking advantage of the
polarization fading immune interrogation method and reliability metric, some experiments
are conducted in The investigated parameters are mostly the detection thresh-
old and bandwidth of the fibre sensor, as the fibres under test in this chapter are rather
short (no more than 2km). Chapter [5| investigates the second main issue in DOFS: coher-
ent fading (the first being polarization fading). A digital frequency diversity interrogation
method is developed, and experienced to cope with this issue. Finally, some more experi-
mental studies are conducted in to validate the techniques proposed throughout

the manuscript, investigating the range of the proposed distributed fibre interrogator.






Chapter 1

Interrogation, estimation, and
processing. Adapting to the

context

Telecommunication fibres are being deployed all over the world, from town to cities to
oceans. Monitoring such an infrastructure has become mandatory, and that beyond the
sole localization of breaks. Also, the use of distributed sensors over deployed cables can
help detect natural hazards such as earthquakes and thus protect populations. At the same
time, the deployment of the internet of things and the development of smart cities is re-
quiring a huge amount of sensors, whose cost and complexity could skyrocket if aggregated
solutions (as opposed to point sensors) are not considered. We will see that distributed op-
tical fibre sensors (especially when designed on top of deployed telecommunication fibres)

offer such aggregated sensing solutions.

This chapter addresses the general concepts of fibre-optic sensing, from the sensor to

the interrogation unit. Metrology concepts are given, before diving into the specifics of

Rayleigh distributed sensors. The first section: ‘{Description of a distributed vibration|

lsensor]’, discusses the properties of the sensor and interrogation systems as we introduce
the accurate vocabulary for the following of our study. Metrology notions are introduced,

followed by elements on the Rayleigh scattering effect and on the reflectometry-based opti-

cal sensors. Then, in the second section: ‘{Measurement of the phase, state of polarization,|
land intensity]’, we draw more attention to the interrogator system and address the main

methods that can be used to probe an optical fibre sensor. Depending on the type of

measure it is supposed to capture, the sensor will be probed differently. As a consequence,
specific constraints will apply in terms of reach, bandwidth and sensitivity. The interroga-
tion set-up that is used in the following chapters will be described and different use cases

will be discussed.
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1.1 Description of a distributed vibration sensor

Optical fibre sensors are a promising technique to meet telecommunications operators
expectations in terms of network monitoring and maintenance, and more generally to
address the needs of industrial users in terms of deployment, volume, maintenance. In this
section and after the general definition of a sensor, we give an overview of the principles
of distributed vibration sensors, mainly those which exploit the Rayleigh backscattering

effect for sake of interoperability with telecommunication networks.

1.1.1 Metrology tools

A sensor is a device which transforms a physical phenomenon into any object a user can
handle, such as physical metrics. The stakes for developing a reliable sensor are bound up

with metrology concepts, and the main elements are recalled below.

General notions of measurement The quantity to be measured is called a measur-
and. The objective of a measurement is to determine the value of the measurand [14],
in general in the form of an estimate accompanied by an uncertainty of that estimate.
Also in many cases, the result of a measurement is determined on the basis of series of
observations obtained under repeatability conditions. illustrates the terms

which are introduced below.

- Uncertainty characterizes the dispersion of the values that could reasonably be
attributed to the measurand, the underlying idea being that the measurement result
is a random variable, therefore uncertainty is somehow defined to characterize the
width of a statistical distribution [15]. It can be expressed in terms of standard

deviation, or confidence interval for example.

- Repeatability is defined as closeness of the agreement between the results of suc-
cessive measurements of the same measurand carried out under the same conditions
of measurement [14]. It may be expressed in terms of the spread, or dispersion of
the result. Repeatability is supposed to characterize the measurement instrument
alone, having excluded all external influence (operator, object, time delay between

measurements...).

- Reproducibility is the closeness of the agreement between the results of measure-
ments of the same measurand carried out under changed conditions of measurement,
i.e. including all external influences, as well as the method of measurement, etc. The

reproducibility is commonly referred to as “Precision”.

- Error (or absolute error of measurement) is the result of a measurement minus the
true value of the measurand |14]. It is typically constituted of a random component
and a systematic component. The systematic error is commonly referred to as “Ac-
curacy”. Even if the true value is never known, practically an estimation can be
obtained using a second measurement system whose error is known and lower than

the one for the measurement system we wish to characterize.
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Systematic error
(Accuracy)

Combined uncertainty

Probability density

Reproducibility
(Precision)

True  Average of N Value
value measurements

Figure 1.1: Main metrology terms, for a probability density distribution of N measure-
ments

Measurement instrument One should differentiate between the sensor and the mea-
surement instrument or system. A measurement instrument (or system) is characterized
in particular through the characteristics of the sensor, namely its measurand(s), its error
(or accuracy) and reproducibility (or precision). Other important parameters to char-
acterize the measurement system are: the sensitivity, the distinction threshold, the
(mechanical) bandwidth, the range, and the linearity. The response time and dynamic

range can be considered as well.

- The sensitivity is defined as the variation of output signal as a function of a vari-

ation of the measurand at the input

- The distinction threshold is defined as the smallest measurand variation the sys-
tem can detect, or conversely the highest variation of the measurand which doesn’t

change the sensor response.

- The mechanical bandwidth is the frequency range in which a mechanical event

(eg. vibration, acoustic signal in our case) is captured and rendered by the system.

- The range is the interval over which the instrument can measure the measurand,
for distributed sensors we extend the definition to the maximum distance over which

the measurement instrument can operate.

- Linearity is the capability of the signal to give a linear response as an output when

a linear variation of the measurand is done at the input

- The dynamic range is the range over which a measurand is detected with reason-
able accuracy, defined as the difference between the highest measurable measurand

quantity (before saturation) and the distinction threshold.

Sensor array In case of distributed sensors, a notion of multiple sensors is introduced,
as the sensor is actually an array of sensors, as pictured in a measure m will
be given not only as a function of time m(t) but also as a function of distance m(t, d).

Therefore, we introduce the notion of spatial resolution, which is the resolution with
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Figure 1.2: Spatial resolution, spatial sampling and gauge length examples for a distributed
sensing system

which the backscattered light is measured ; it is the smallest distance along the sensor
array for which two distinct measurand values can be retrieved [16], or conversely the
largest distance along the sensor for which a measurand difference will not be reported by

the system.

The configuration of the measurement instrument comprises an interrogation frequency
and a sampling frequency at the receiver side, which in turn defines a spatial sampling
resolution, that can be very different from the true spatial resolution of the sensor.
Finally, the gauge length of the system is defined consequently: is the spatial resolution
with which the measurand is measured by the system, it is a distance as well. It is defined
by the manufacturer [16], likely as a multiple of the spatial sampling resolution, namely

the closest to the true spatial resolution (e.g. G = [Ls]).

In this work, spatial sampling resolution will refer equally to the resolution at the
receiver after analogue to digital conversion, and to the spatial sampling resolution after
possible downsampling at the digital signal processing stage in which case the downsam-

pling factor will be given.

1.1.2 General principles for Rayleigh distributed sensing

Optical fibre is mainly composed of silica glass, and manufactured in order to have a
refractive index difference between the silica glass of the core (in the general case the
refractive index is n; = nj(r) where r is the radius of the fibre, in single mode step-index
fibres n; is constant) and the silica glass of the cladding (index m2 < n;) such that the
light injected in the core stays confined due to total internal reflection effect at the core-

cladding interface. gives an illustration of a step-index single mode fibre.

Coating
Cladding
Core

Figure 1.3: Typical step-index Single Mode Fibre composition

In a Single-Mode Fibre (SMF), the cladding diameter is usually of 125um and the core

radius below 10pm.

10
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During the manufacturing process of an optical fibre, namely the preform construction
and drawing of the fibre, the material of the core may not have uniform properties: the
distribution of density is frozen during the fast cooling of the fibre after drawing [17].
Therefore the refractive index will slightly fluctuate along the fibre, on a small scale

compared to the light wavelength.

When these fluctuations are illuminated by an incident wavelength which is larger
than the scattering centres, they are responsible for the Rayleigh scattering effect, which
is the main loss mechanism in SMF nowadays. Indeed, the density fluctuations scatter the
incident light in all directions, at the same wavelength since Rayleigh scattering mechanism
is an elastic scattering: energy, thus frequency of the scattered photons is the same as that
of incident photons. Although the light backscattered in the backward direction can be
retrieved, the remaining scattered light ends into cladding modes of the optical fibre and
is lost. In the following, the regions where the refractive index is different from the mean

value may be referred to as “scatterers” [17].

Silica is especially interesting as a material to transmit light since it presents an atten-
uation (mainly due to Rayleigh scattering effect) below 0.4dB/km for wavelengths around
A = 1300nm and about 0.2dB/km around A = 1550nm. The Rayleigh scattering coef-
ficient is proportional to the inverse fourth power of wavelength; in pure silica, it is of
0.7dBkm~!zm~* [17). Note that the Rayleigh scattering effect is stronger in case of

smaller wavelengths [18].

Polarization beat length One other consequence of inhomogeneities in the fibre due to
the manufacturing process is the random evolution of birefringence in the fibre, leading to
variations of the polarization of a lightwave propagating in the fibre. The birefringence in
optical fibres is often presented as a difference of the refractive index An between the two
axes along which the electromagnetic field oscillates (namely = and y as light propagates
in the z direction), or two polarization modes. The “speed” at which the polarization
changes can be characterized by the polarization beat length L,;, which depends on An
as follows: Ly, = A\g/An, where )¢ is the vacuum wavelength (not the wavelength in the
medium) [19]. If two waves propagating in the birefringent fibre with different polarizations
were originally in phase at L = 0, then their phase delay will be maximum after L = L, /2

and they will go back in phase after L = Ly,.

Note that apart from manufacturing imperfections, polarization variations are also

related to random mechanical stress and twists applied over the deployed fibre.

Distance-resolved measurements It was already indicated that the Rayleigh scat-
tering mechanism scatters the incident light in all directions, at the same wavelength.
Only a fraction of the incident light is scattered (scattering intensity proportional to 1/\*
where A is the wavelength of the propagating optical signal), and in turn only a fraction of
the scattered light is backscattered towards the launching end of the fibre (the remaining
scattered light vanishes into cladding modes, as stated above). However, when probing

the fibre with sufficient input power, the backscattered light can be measured. The tech-

11
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nique consisting in probing an optical fibre by means of light pulses and retrieving the
backscattered light is called Optical Time Domain Reflectometry [20] (OTDR). A notion
of distance from the reflection location d is obtained as a function of the time delay At as
follows: A
c

d= % (1.1)
with ng, being the group refraction index, ¢ the celerity of light in vacuum, the factor ‘2’
stands for the round-trip in the fibre.
Now, the use of fibre as a sensor is interesting because of several properties in addition to

the low loss along distance as mentioned above, namely:

- Optical fibre is compact and lightweight, so it can be shaped to match different types

of spaces or environmental constraints

- Optical fibre sensors can convey the information (in optical form) from a hostile en-
vironment such as very-high temperature or pressure environment (namely borehole,

oil-and gas applications)

- Optical fibres can be immune to electro-magnetic effects and thus be installed along-
side energy cables, yet they can be used as current or voltage sensors using Faraday
effect

- The high bandwidth of optical fibres allows to multiplex different optical signals,

therefore multiple sensors could be multiplexed, for example.

Moreover, the literature shows that optical fibre can be used as a sensor for a wide variety
of measurands, such as displacement, pressure, electrical current, radiation, temperature

and strain.

Finally, we call “interrogator” the transmitter and receiver unit which come together
with the fibre sensor to form the full measurement device. Transmitter elements are mostly
a laser source and a modulator, sometimes completed by an amplifier, whereas receiver
elements consist in a detector, and further signal analysis material. In the next subsection,
we explore the main set-ups for measurements devices based on Rayleigh backscattering

or similar.

1.1.3 Hardware of a sensing system

Outside the conventional optical time domain reflectometer (OTDR) which we describe
below, optical fibre sensing principles are based on interferometry either using heterodyne
detection at the receiver (beating of reference signal and received signal) or with a coherent

source where intra-pulse interference occurs, giving rise to 1-D speckle.

Interferometric sensors The most intuitive fibre sensors are the following class of in-
terferometric sensors, based on homodyne or heterodyne detection [21]. presents
an interferometric fibre optic sensor based on a fibre optic Mach-Zehnder configuration
where the signal arm is used as a sensor: for sensing pressure, strain, electric and magnetic

fields.

12
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Reference arm

Figure 1.4: Interferometric fibre optic sensor, Mach-Zehnder configuration, adapted from
22]

Other interferometric sensors implementations were studied, including Michelson, fibre
Fabry-Perot, Sagnac, and ring-resonator configurations [23]. Such sensors are mostly used
for quasi-distributed fibre sensing, where many of them are multiplexed along a single

mode fibre, for example.

Such sensors have a limited size due to the need for keeping a non-disturbed reference
arm. Therefore, the usage of interferometric sensors is rather punctual or quasi-distributed
(when several small interferometric sensors deployed along a longer optical fibre). Appli-
cations such as long distance distributed sensing, single-ended sensing are not well suited

for interferometric sensors.

Optical Time Domain Reflectometer (OTDR) |Figure 1.5/ gives the most common
OTDR arrangement, where light pulses are delivered by a laser and sent into a sensor
fibre. This fibre sensor configuration was initially referred to as “amplitude sensors” as

opposed to interferometric sensors |21].

L @

Laser A

Fibre under test (FUT)

Recerver and data
acquisition

Figure 1.5: Optical Time Domain Reflectometer set-up, where element A is either a
coupler, a fast switch [Nakazawa'fastswitch"1981]|, or a three-port circulator

The returning backscattered light is redirected towards the receiver thanks to either a
directional coupler (passive directional coupler to avoid reflections from within the de-
vice |1]) or a three-port circulator (more efficient solution). The receiver generally consists
of a photodetector and an electrical pre-amplifier (direct detection), similarly to low-cost

optical telecommunication systems.

Overall, the backscattered intensity is monitored |24] to track possible losses or breaks
along the fibre sensor. Since the spectral width of the laser used for OTDR interrogation is

usually broad (gigahertz range, yielding coherence lengtlﬂ shorter than pulse width), the

!Coherence length is further developed in

13
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fluctuations of the return signal due to interference is avoided (light adds incoherently).

Conversely, in case the coherence length of the source is larger that the pulse width, the
source is called coherent. In that case, backscattered light interfere within the probing pulse
width (intra-pulse interference), yielding a fluctuating return signal. Such fluctuations are
considered an undesirable source of noise in conventional OTDR. illustrates
the difference between the OTDR intensity traces resulting from coherent and incoherent

sources.
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Figure 1.6: OTDR intensity trace from coherent (red, below) and incoherent (black, above)
source interrogations, adapted from

Polarization OTDR Polarization-OTDR (POTDR) is a special OTDR case where po-
larization analysis is performed at the reception of the backscattered light, which was
developed in the wake of the conventional OTDR 26).

Rotatable
Polaggeer Fibre under test (FUT)
EDFA EDFA
DFB Laser O | _‘ [ o
source | —>
Pulse Rotatable Quarter- EDFA
generator wave plate
: Stokes Analyser
1
o[11[12]13]
:‘ --------------- Digitizing S 1 Four Channel
1BIHEIS Seope ] Optical Receiver

Figure 1.7: Set-up of a polarimetric OTDR system, adapted from . DFB: Distributed
FeedBack laser, EDFA: Erbium-Doper Fibre Amplifier, I1 to I3 are the Stokes parameters

Rayleigh scattering and a fortiori Rayleigh backscattering effect preserves the State Of
Polarization (SOP) of the probe pulse. The idea of POTDR is to measure the backscat-
tered light on two polarization axes: the one parallel to the probe pulse and the orthogonal

state. The total backscattered power is the sum of both measurements and returns an
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1.1. Description of a distributed vibration sensor

OTDR trace which is more accurate than that of a conventional OTDR. In the first im-
plementations, a polarizer is included at the emission and polarization analyzer at the

reception to read the backscattered polarization information in the form of S parameters,
as pictured in

The other advantage is to effectively track the SOP evolution along the fibre. However,
because of the two-way propagation of light in the fibre sensor, some circular birefringence
contributions are cancelled by the round-trip and thus cannot be analysed using usual
Jones calculusﬂ Simultaneous acquisition of Stokes parameters allowed to increase the
acquisition rate of the SOP [28]. Since polarization is affected by twists or bending of the
fibre sensor, POTDR was applied to distributed pressure sensing and to the localization
of fibre coils [29]. Another application of P-OTDR are fully polarimetric OTDRs. They
were developed for the study of fibre birefringence during fibre manufacturing stage and

spooling process [27].

Phase-OTDR Coherent-OTDR (COTDR), or phase-OTDR (¢-OTDR) takes advan-
tage from the speckled intensity pattern obtained when a coherent source is used (see
above). In order to achieve ¢-OTDR, the basic OTDR scheme from
requires some adjustments: the laser is replaced by a very narrow linewidth, continuous
wave (CW) laser source [30], which is modulated into a probing signal that is sent to
the fibre sensor. The linewidth is considered narrow from 10kHz [30] to below the Hz 8]
depending on the fibre sensor distance to span and to the sensitivity requirements of the
system. Practically, we get from OTDR to ¢-OTDR from the point where backscattered
light comes in a jagged or speckled pattern |31} [32]: coherent backscattered light interferes
within the interrogating pulse which results in 1-dimensional speckle at the receiver [33]
(intra-pulse interference). Moreover, the speckle pattern is dependent on the probing
wavelength, for the same reason that makes the Rayleigh scattering dependent on the

wavelength.

Several receiver implementations allow to recover the phase information from coher-
ent backscatter. Using direct detection, we obtain “phase-sensitive OTDR” or ¢-OTDR,
whose traces are a plot of returned optical power versus time [34], such as for conventional
OTDR. However, subtracting successive ¢-OTDR intensity traces allows to retrieve the
effect of phase change resulting from strain, pressure or temperature change.

Then, detection is possible with balanced detectors and heterodyne detection to enhance

the dynamic range and spatial resolution [35], one possible implementation is depicted in

The different reception schemes will be addressed later in

Overall, COTDR and ¢-OTDR appellations are alternatively used to describe an
OTDR device which source satisfies intra-pulse interferences, allowing to get speckled

power-versus-time traces, from which phase information can be extracted.

A¢p-OTDR An outline schematic of a A¢-OTDR set-up with coherent detection is pre-
sented in To recover the phase using coherent detection, the narrow-linewidth

2Jones calculus is described in the following chapter.
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Figure 1.8: Outline schematic of a ¢-OTDR set-up, possibly (in orange) using heterodyne
detection and balanced photodetection

source will be used both as the probing signal and as the local oscillator (LO) from homo-
dyne or heterodyne reception at the receiver side, therefore it is split into two paths. At
the receiver side, either a balanced photodetector [36] or a polarization-diversity coherent
mixer (made of two 90° hybrids) followed by balanced photodiodes is used. The detectors
are fed by both the LO from the narrow linewidth source and the backscattered signal

from the circulator. They are followed by analog-to-digital conversion. A more detailed

overview or optical receivers is given later in [subsection 1.2.2]

Fibre under test (FUT)
Narrow linewidth L Modulat —> @ (iiiiiii )
CW laser odulator
Coherent
LO mixer
| |
Balanced [ Analog to digital
photodiodes H conversion

Figure 1.9: Outline schematic of a A¢ OTDR set-up with coherent detection

Note that the coherent mixer and photodiodes in are displayed with 4 out-
puts, illustrating the in-phase and in-quadrature outputs for both polarizations: therefore
the coherent mixer here is a dual-polarization coherent mixer. In some implementations,
a single-polarization coherent receiver is used, such that with heterodyne bal-
anced photodetection can be used as a A¢p-OTDR setup. Such an interrogator allows to
directly recover the phase of the backscattered light, therefore the detection of multiple
disturbances along the fibre sensor is done by processing the differential phases between

spatial fibre segments.

Coherent-MIMO Willing to make the most of all optical parameters, the Coherent-
MIMO set-up, where MIMO stands for Multiple Input, Multiple Output, is displayed in
Inputs and outputs correspond to two orthogonal polarization states of light
at the TX and RX respectively.

Coherent-MIMO extends the possibilities of polarization diversity to the transmitter side
in addition to keeping a dual-polarization coherent mixer at the receiver side. The received

data are further processed in the digital domain, either on-chip or via a computer. The
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Figure 1.10: Outline schematic of a coherent-MIMO set-up. DSP: Digital Signal Process-
ing; CW: Continuous Wave; LO: Local Oscillator; MIMO: Multiple In, Multiple Out; MZ:
Mach-Zehnder

principles and advantages of Coherent-MIMO sensing will be discussed in the following

chapters.

Yet, note that over the years of the development of the OTDR, from simple OTDR
setups to the Coherent-MIMO interrogator the influence of modern

optical telecommunications is significant.

1.1.3.1 Signal generation and processing

Now that we have described the main OTDR-related implementations, we further detail

the probing signal and phase retrieval.

Probing signal generation To modulate the probing light, one option is to use an
acousto-optic modulator (AOM) which is driven by an electrical signal. The AOM per-
forms both modulation and frequency shifting operations, possiblyE] leading to heterodyne
detection at the receiver since the LO and signal frequencies will differ. Since AOMs
can modulate up to the nanosecond speed, analogue filtering methods are used to obtain
narrower pulses. Successive modulators can be used, for example the AOM can be fol-
lowed by an Electro-Optic modulator (EOM) to generate narrower pulses. In that case,
the AOM mainly serves to shift the probing signal frequency while the EOM shapes the
probing signal [11]. Conversely, the EOM can be used for frequency modulation prior to

the AOM, which eventually shapes the probing signal into pulses [3].

Electro-refraction based Mach-Zehnder interferometer (called MZM) with synchronous
arms are an example of an EOM that can be used to perform phase and intensity modula-
tions to shape the probe signal without inducing any frequency shift [37], possibly leading

to homodyne detection at the receiver side [38].

Phase estimation With A¢-OTDR, a local phase information is processed as a differ-

entiation between the phase estimated at a given fibre segment and that estimated at one

31n case of balanced or coherent detection
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previous location. The very first fibre segment serves as a reference. Repeating this phase
estimation process in time allows to capture and localize mechanical perturbations that

may affect the fibre.
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. & ® ® L L A 4 L ! '}M‘g L L ® &
s z
Differential phases:
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= A(Pi+1,stat‘ic + A (®)

Figure 1.11: Outline schematic: Differential phase processing in A¢g-OTDR

The phase retrieval is detailed below and further illustrated in [Figure 1.11}
In static mode, for two given segments indices ¢ and j with j > 4, the measured differential
phase is constant over time and given by A@gatic = ¢ — ¢4, ¢; being the absolute, or
“cumulated” phase backscattered from segment index i. Note that j — ¢ stays constant:
usually consecutive segments are processed such that j —i = 1 (therefore j =i+ 1 in

Figure 1.11f). Cases when j — i > 1 are referred to as “low sampling resolution” in the

manuscript and addressed in [subsection 3.3.4)

In dynamic mode, assuming a strain ¢ is applied locally at segment position i, the

phase is linearly disturbed relatively to the perturbation, following:

2T

A()Osinglefpass (t) = né-GE(wT (12)

where n is the refraction index, £ photo-elasticity coefficient (= 0.79 ratio for silica [39]),
€ - G the fibre elongation where G is the gauge length, or segment length. So if seg-
ment ¢ is disturbed, the measured phase is Apgyn = ¢ — ¢i + 2A¢single—pass(t) =
Apstatic + APdual—pass(t), and Apguai—pass(t) = 2A¢single—pass(t). The phase delay is
applied twice since the light does a round-trip in the segment (way faster than the me-
chanical disturbance action, so the measurement of mechanical perturbations is considered

instantaneous).

For the detection of a dynamic event, we choose to monitor the standard deviation of
the differential phase over time, along the fibre distance (denoted o). When an event oc-
curs along the sensor, phase variations appear in time, thus increasing the phase standard

deviation locally.

1.1.4 Other sensing methods ; non exhaustive

Solutions based on reflectometry for accurate vibration sensing or based on interferometry
on transoceanic distances exist to complement DAS solutions where DAS lacks sensitivity

or reach.
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1.1. Description of a distributed vibration sensor

Fibre Bragg Gratings: FBG sensors are a convenient tool to design distributed fibre
sensors based on light backscattering. Instead of relying on the weak reflections from
density fluctuations of a SMF, the fibre sensor is periodically inscribed with a stronger
reflector [40, |41]. For permanent gratings, the modulation of the refraction index is done

by damaging the fibre, namely by exposing it to patterns of intense UV light [42].

When exposed to a large bandwidth light source, the grating will reflect a single wave-
length (or few nm wavelength interval) called the “Bragg wavelength”. Thus FBGs are of
great interest because of their filtering properties, such that they are used for example as
narrow-bandpass filters or as dispersion compensation devices. Regarding sensor use, the
wavelength reflected by FBGs is sensitive to temperature and strain. Quasi-distributed
sensor arrays can be designed as successive FBGs with low reflectivity (for example, 1073
which is still much higher than Rayleigh scattering) [43]. Such sensor setups can reach

considerable distance, namely over 100km with seven FBGs [44].

Of course, this is not compatible with sensing on deployed fibre since such inscription of

a reflectors array would degrade the data transmission capability of a telecommunication
fibre.

Forward, phase sensing: Phase sensing consists here in measuring the phase difference
between a reference signal and transmitted light which travelled inside an optical fibre
along some distance, or over two fibres in the same cable. On the one hand, in the absence
of perturbation along the optical fibre route, the phase difference will remain constant. On
the other hand, the presence of a mechanical event along the fibre will yield a change in
the measured phase difference. This method is similar to phase-OTDR since a differential
phase is obtained after processing. However, the phase difference is derived over the full
sensor length as depicted in such that no localization can be retrieved from

the sole interferometric measurement.

Fibre under test (FUT)

Narrow linewidth — ( EE EE E E E ) _
CW laser | Modulator //—/->

| | Analog to digital
conversion

Detection

LO

Figure 1.12: Outline schematic of a forward phase sensing setup. CW: Continuous wave,
LO: Local Oscillator

This fibre sensing technique is used on very long distances such as transoceanic ca-
bles [8] for which the Rayleigh scattering would be too low, among other issues. In-
deed, conventional (intensity-based) OTDR solutions exist for transoceanic cables (over
10.000km), enabling the detection and localization of major losses and breaks [45]. How-
ever it requires several hours of averaging, therefore the capture of the phase by means of
Distributed Acoustic Sensors (DAS) is yet impossible to perform.

Phase sensing allows to get dynamic information from deployed long distance cables. The
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main drawback with such a sensing technique is that the localization information is not
straightforward (unlike DAS or OTDR), and requires triangulation techniques to retrieve
the position of a detected event [46] (provided that a series of fibres spread in the envi-

ronment are simultaneously sensed).

Some research groups are working on the localization aspect as they introduce fre-
quency shifts at the halfway point of the fibre-optic link to differentiate between the
detection of an event in both directions [47]. Another method would rely on retrieving
the phase on two contra-propagative channels (fibres) is a same cable and provided a fine

synchronization of the network nodes, the localization information would be retrieved [48].

1.2 Measurement of the phase, state of polarization, and

intensity

Optical fibre vibrations and strain sensing is possible because of the disturbances slightly

and locally changing the shape of the fibre sensor, thus transferring their information

to the light conveyed by the fibre. In [subsection 1.1.2] we summarized the interests of

using optical fibre as a sensor, and recalled the different measurands (“disturbances”)
that can be captured. Now, the various measurands can be encoded onto many attributes
of the propagating light, including intensity, polarization, phase, propagation time, optical

spectrum, coherence...

Since we are interested in capturing dynamic variations of the measurands, the con-
ventional techniques such as intensity-based OTDR will not meet our conditions here.
Therefore we consider the use of a coherent laser source that allows to capture the phase
from the backscattered signal (Coherent-OTDR, ¢-OTDR, A¢p-OTDR). Yet, this does not
mean that phase is the only relevant parameter, so all parameters will still be considered

in the following.

Intensity of the backscattered light will depend on local losses and attenuation, but will
not have a linear response to strain in most cases, whereas dynamic phase variations
depend linearly on the vibrations applied to the fibre sensor (see ,
allowing for quantitative vibration measurements. Now backscattered intensity, polar-
ization and phase can be captured either jointly or separately using different probing

techniques, some of them are presented below.

1.2.1 Pulse interrogation

Single light pulses or pulse trains are the most straightforward probe signals in terms of
optical generation, and they allow to directly retrieve the backscattered response of the
fibre sensor along distance, with single-ended measurements. Light pulses are generally
generated by acousto-optic modulators (AOM) in pulsed mode |30} 36]. There are other

means for pulse generation such as fibre lasers [34] or semiconductor optical amplifiers [49].

When one temporally narrow (in terms of duration 7,, of us to ns range usually) light

pulse is sent into the fibre sensor, it is backscattered from all successive scattering centres
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1.2. Measurement of the phase, state of polarization, and intensity

in the fibre, resulting in a continuous signal at the receiver and yielding a notion of distance
following equation in the previous section. The spatial resolution dz of the system is
therefore tuned by adjusting the pulse duration 7, following 6z = ¢7,/2n where n is the
refractive index in the fibre and ¢ the speed of light in vacuum. When pulses are repeatedly
sent to probe the fibre sensor, the measurement is time resolved at the pulse rate. The
repetition rate must verify at least 7. > @ (n mean refractive index along the fibre,
Ly fibre length) such that the current pulse backscattered responses do not superimpose
with the previous ones in the absence of specific processing. The rate 7, conditions the
mechanical bandwidth of the sensor, defined as Bj,ecq = 1/7.. As a consequence, a

fundamental limit in optical backscatter time reflectometry is Bjeca < ﬁ

Similarly to light which is transmitted from one fibre end to the other, the probing
pulses experience attenuation along distance, and so does the backscattered light as well.
The sensing system is therefore limited by the detector sensitivity on the one hand, and
by the maximum launchable power on the other hand, as there are indeed possible issues
when sending too much power to the fibre sensor, such as non-linearities in the fibre [49].
To avoid high peak powers levels, the interrogation pulse can be widened, but this conse-

quently degrades the spatial resolution dz of the sensor.

Therefore, spread-pulse or spread-spectrum techniques were developed in order to send
higher power probing signals to the fibre and to relax the conditions on the maximum peak

power and detector sensitivity. These techniques are detailed later in this section.

1.2.2 Reception of sensing signals

In [subsection 1.1.3] we referred to the different methods available for the detection of

backscattered signals, namely direct detection and coherent detection. The detection step
is crucial, since the distributed sensing information is enclosed in very low-power backscat-

tered light. In this subsection, we give some more details about the optical receivers.

Direct detection Direct detection requires a single photodetector and captures the
backscattered optical power in OTDR and phase-OTDR.

The role of a detector is to convert light into electrical signals. Semiconductor photo-
diodes meet the requirement: absorption of incident photons results in the generation of
an electrical current (photocurrent). The photocurrent is directly proportional to the rate
of photon absorption, and the probability of photon absorption is defined as the quan-
tum efficiency Q). A detector also features a responsivity R; [A/W] as the ratio of the

photocurrent to the incident optical power. Therefore:

q Qf@

R;= Q=
¢ Ephoton hv

(1.3)

where ¢ is the electron charge, h the Planck constant, v the frequency of light [17]. Finally

the generated current I(t) verifies, if illuminated by a source with power Py:
I(t) = RyPy (1.4)
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Avalanche photodetectors (APD) are semiconductor-based photodiodes with internal sig-
nal amplification, making them more sensitive than usual PIN photodetectors (high @)
and thus well-suited for the detection of low power signals. They are the most commonly
used direct detectors in OTDR [17].

Balanced detection: differential receiver Yet, Rayleigh backscattering power is
several orders of magnitude below the transmitted signal power, hence an interest for

methods to increase the output current of the receiver or decrease the noise contributions.

Balanced photodetection, whose general principle is given in |Figure 1.13] uses two
photodetectors to capture optical power from the signal and from a local oscillator (LO).
It allows to gain 3dB compared with direct detection due to the multiple sources, to

DC component suppression and minimization of possible laser relative intensity noise

(RIN) [50].
ESignal 3-dB El K I+(t)

coupler
() 10

Ero E, K 1_(t)

_______________________

_______________________

Figure 1.13: Balanced photodetector, adapted from [50]. Balanced detection is used to
remove the DC component of the interference signal and increase the sensitivity by 3dB

For a signal optical field Egignat = Es = Asexp(wst + jos) and a LO optical field
Ero = Aroexp(wrot + joro) (¢ stands for the phase, w is the angular optical frequency
with THz range), we get an output current I(t):

I(t) = I+(t) — I,(t) = 2R3/ PsPro COS(w[Ft + ¢s — QSLO) (1.5)
where wrr = ws — wWro, the intermediate frequency.

Coherent detection and digital signal processing Coherent detection relies on
detecting a signal through the beating with a reference frequency carrier. The general idea
in case of sensors applications is to increase the spectral efficiency of the receiver using
phase, amplitude, and polarization of an optical carrier to enclose information (instead of

the sole optical power).

It has firstly attracted a strong interest from the research community in the 1980’s
as a mean to enhance the receiver sensitivity, but was set aside as erbium doped fibre
amplifiers (EDFA) allowed to increase the transmission systems performance more easily.
Coherent technologies regained interest in the 2010’s since it allowed to use specific Digital
Signal Processing (DSP) algorithms to compensate for chromatic dispersion, to use large
modulation formats, and therefore allowed to enhance the capacity of long haul optical

communication systems to reach record capacity transmissions [51].
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1.2. Measurement of the phase, state of polarization, and intensity

In case of DOFS, the introduction of coherent detection is first motivated by the
perspective of improving the receiver sensitivity, as for the first introduction of coherent
detection in telecommunications. In some cases, the introduction of balanced photodetec-
tors as described above was already satisfactory [52], sometimes coupled with polarization
diversity |53} 54] which demonstrated higher Signal-to-Noise Ratio (SNR) than traditional
direct detection ¢-OTDR.

Moreover, A¢p-OTDR technology also stems from the second motivation in transmis-

sion: having the possibility to retrieve amplitude and phase, to develop powerful DSP.
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Figure 1.14: Schematic of a polarization diversity coherent receiver, sampling and offline
DSP, from [55]. PBS: Polarization Beam Splitter, A/D: Analog to Digital, DSP: Digital
Signal Processing

A coherent detector is depicted in [Figure 1.14] The coherent detector is constituted of

four balanced photodetectors as described above, preceded by:

a polarization beam splitter that splits the received signal into two (random) orthog-

onal polarization components Ef and EY

- two 90° hybrids (or coherent mixers), one per polarization: the purpose of the four
output ports of the 90° optical hybrid is to generate a 90° phase shift for I and Q

components, and 180° phase shift for balanced detection

- in an ideal 90° hybrid, a 3dB coupler adds a 180° phase shift between the two output
ports.
The signal is also mixed with a 7/2 (90°) phase shifted version of the LO field [56]

- as a result, 8 optical fields are generated and fed into photodetectors, which are all

possible combinations of EX and EY signal components.

Finally, four photocurrent outputs are generated by the dual-polarization coherent re-

ceiver, verifying:

i R(ESEfp)
IHQ S(EEE; )
o1 | = Ra . fO (1.6)
I §R(‘Es ELO)
Ve S(EY E;p)
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where Ry is the photodiode responsivity and * denotes the complex conjugate. Coherent
reception allows to retrieve the real and imaginary parts of both polarization components

after balanced photodetection.

Coherent receivers are used in A¢g-OTDRs in case of complex coded probing sequences
relying on phase and intensity modulation formats (Golay BPSK, random PSK) [38, |57,
58|, or time-gated OFDR [59]. Many recent research results in ¢- and A¢-OTDR did
report the use of balanced detection, referring to it as “coherent reception” [60, 61], here

used for fading noise and frequency drift mitigation purposes.

1.2.3 Spread-spectrum pulse and continuous signal interrogation tech-

niques

We mentioned that pulsed interrogation is limited by non-linearities issues due to the
required high pulse power as soon as the operator wishes to increase the range of the
measurement instrument, or increase the spatial sampling resolution thus concentrating
the pulse power in even shorter time.

Optical Frequency Domain Reflectometry (OFDR) or frequency sweeps [62], multi-frequ-
ency interrogation |11], linear frequency modulation [3], as well as coded interrogation [38,
58, 163] address the issue of increasing the range of Rayleigh-based fibre sensors by spreading

the probe power in time.

Optical Frequency Domain Reflectometry (OFDR) consists in sending continuous,
frequency-swept probing signals to the fibre sensor, as the amplitude is kept constant.
At the receiver side, the backscattered signal beats with a single frequency or with the
reference sweeped signal [62]. The tuning of the system is such that each received frequency
corresponds to a specific location in the fibre. The frequency range will define the spatial
resolution of the system, thus allowing for very precise spatial resolutions (below the metre)
even though the sweep modulation doesn’t exceed the MHz range. For such an application,
frequency linearity of the sweep and detector are required, therefore it is mostly used on
short distances. Despite that, long distance OFDR sensing with detection of a Fresnel

reflection over 100km fibre was also demonstrated [64].

Frequency (GHz)
Frequency (MHz)

T
-~

Sweep duration T, Time (ms) Pulse duration T,, Time (ps)
(a) OFDR (b) Chirped pulse

Figure 1.15: OFDR and chirped pulse: outline schematic of probing signals

Chirped pulse Chirped pulse OTDR was introduced in [52] and [65]. It allows to

perform distributed measurements with precise spatial resolution without the need of fre-
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quency sweeps, thus avoiding frequency linearity issues over long distances. The principle
of chirped-pulse OTDR is to send optical pulses with rectangular intensity profile but
linearly shifted phase profile, which corresponds to frequency changes in a much shorter
magnitude as depicted in The strain or temperature profiles are recovered at
the receiver side by correlation of successive traces. Chirped pulse interrogation is further
used for Time-Gated Digital OFDR (TGD-OFDR) where a long chirped pulse is com-
pressed [59], which also overcomes the effects of laser phase noise in classic OFDR and
enables precise sensing over 40km. The technique was pushed forward by further pulse-
shaping and spectral occupancy management to achieve distributed sensing over 80km [3]
with over 49dB dynamic range. On the other hand, interrogation using pulse trains that
are shifted in frequency, somehow relating to a discrete chirp, did show very low noise

floor and thus very high sensitivity [11] with up to 80dB dynamic range at 1kHz.

Coded interrogation Chirped pulse methods are still sensitive to phase noise issues
if the generated pulses differ from each other along the sensing duration. An alternative
to OFDR that still spreads the energy of the probing signal is to use coded sequences.
Coded sequences are either specific binary sequences [63] or data which is coded over
a constant modulus thanks to optical communication modulators [57], with correlation
properties that allow to recover the system impulse response at the receiver side. More-
over, coded interrogation is interesting regarding avoidance of frequency distortion effects
as it is generally coded over a finite alphabet, and sent with a constant symbol rate. Se-
quences with autocorrelation properties are of different kinds, either periodic or aperiodic.
In early versions of commercial intensity OTDR, pseudorandom sequences were used in
replacement of pulsed interrogation [66]. Complementary Golay sequences were used in
direct-detection OTDR [67] provided a coding method managing unipolar codes, as well
as Hadamard-based S-codes |68] which do not need a correlation operation at the receiver
side. Later, thanks to coherent detection, it was possible to send bipolar codes on PSK
(Phase-Shift Keying) constellations [57]. Legendre codes demonstrated good results for
distributed dynamic strain sensing [38], and Golay complementary codes could be used in

their bipolar form [69).

1.2.4 Dual-polarization interrogation and Jones estimates

The above presented probing methods retrieve intensity, and/or phase of the disturbance
(strain, vibration, temperature change). It is also possible to retrieve polarization, either
with a polarimeter at the receiver side or using a polarization splitter and two receivers.

However, in interrogator set-ups that enclose a coherent receiver, a fortiori a dual-polar-
ization coherent receiver (similarly to optical communication systems), phase, intensity
and polarization are retrieved simultaneously. Yet, complexity remains in the polarization
and phase rotations along the sensor fibre: how to capture strain and vibration information

while avoiding crosstalk in distributed measurements?
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1.2.4.1 Jones calculus

The Jones notation allows to represent the effect of a retardation plate or a partial polarizer
ma MQ]

m3 my

on the intensity and polarization of incoming light as matrix operators M =

T
that operate on the incoming light vector E;, = [Ex() Ey()} [70]. Such operators
modify the state of polarization and sometimes the intensity of the light. The output light
is then described by E,; = ME;,.

When light crosses a multi-elements system, the n superposed optical elements will
correspond to a new element M®) = M, M,,_;..M>M; assuming the light crosses element
with matrix description M first, then My ... and finally M,,.

An optical system can be described as such a succession of optical elements, namely
retardation plates and partial polarizers. Such a notation will therefore be used in the
following to characterize polarization properties of the optical fibre sensor. In the para-
graphs below, Jones calculus is used for the description of dual-polarization interrogation

of a fibre sensor.

1.2.4.2 Dual-polarization Golay coded interrogation

On the one hand, distributed optical fibre sensing tends to consider the optical fibre as a
single channel which is interrogated. On the other hand, modern optical communications
tend to consider the optical fibre as a medium for transmitting over multiple channels, be
it through wavelength division multiplexing (WDM) or polarization division multiplexing
(PDM). Now, we consider the fibre sensor as a dual-polarization channel, which can be
successively or simultaneously interrogated (modulation of one or two polarization states).

For simultaneous interrogation, one has to design specific sequences per polarization.

The proposed method is a single wavelength, multiple-input multiple-output (MIMO)
approach through polarization multiplexing at the transmitter and polarization-diversity
detection at the receiver side [58]. It allows to retrieve not only the phase and amplitude
along the fibre sensor but also the backscattered state of polarization in the form of 2 x 2

Jones matrices denoted H, following;:
Eout = HEzn +N (17)

T
where FEj;, is the 2 x 1 probing signal (on two polarization axes) E;, = |:E;v0 Eyo} ,H
the 2 x 2 description of polarization and phase transformations in the fibre sensor, F,.;
the 2 x 1 backscattered signal and IN the noise contribution of the interrogation system,

also on both polarization axes.

The Golay-based probing sequences consist of two mutually orthogonal complementary
pairs {Ga1, Gp1} and {Ga2, Gy} derived from Golay codes, mapped to binary-phase-shift-
keying (BPSK) symbols that jointly and continuously modulate two orthogonal polariza-

tion states of a narrow-linewidth laser source. The complementary property gives that for
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1.2. Measurement of the phase, state of polarization, and intensity

each polarization axis (i = 1,2), {Gai, Gp; } verifies:
Gai(n) @ Ggi(n) + Gpi(n) @ Gpi(n) = 6(n) (1.8)

where ® denotes the correlation operator, d(-) stands for the delta function and n is a

time index. The mutually orthogonal property adds the fact that:

Gal (n) & Ga2 (n) + Gbl (n) & Gb2 (TL) =

! (1.9)
Gal (n) & Gbl (n) + Gag(n) & Gbg (n) =0

On a single polarization axis, we call “Golay code” the two successive sequences of a
complementary Golay pair {Ggi, G}, constituted of Nepge = 2513 symbols, where K
is an integer. A basic example of mutually orthogonal complementary pairs of length
Neode = 8 18 Gg1= [1,-1,-1,-1], Gpy= [-1,1,-1,-1], Go2= [-1,-1,1,-1], Gpo= [-1,-1,-1,1], from
which longer sequences can be obtained recursively to get the desirable probing length [58,
67].

The probing sequences are generated at the transmitter side at symbol rate fgyns, such
that the code duration is Tiode = Neode/ S, Symb, as pictured in [Figure 1.16, The fibre sensor
is continuously probed by polarization-division-multiplexed (PDM) BPSK sequences with

a period T,y4. yielding a mechanical bandwidth Biecq = 1/2 The spatial resolution

Teode*

L, is equal to Ly = cfitre/2fsymp, Where cipre = ¢/n is the velocity of light in the SMF

core.
Ts =1/ fsymb

Pol H

o5

Pol V/ 7,0// ' 5/ 10 fs - 20 - ; 30 /?35
- A ,///////_/ G,
-7 277 bl

Tkode

Figure 1.16: Overview of dual-polarization probing sequences

At the receiver side, the channel response is extracted through a correlation process be-
tween the two received symbol-vectors and the two emitted symbol-vectors. The spe-
cific orthogonality properties between the designed sequences guarantee the perfect chan-
nel estimation provided that a suitable sequence length is chosen: T.,q. must verify
4.Ty < Teoge < Teon where Ty = 2L/cyipre stands for the time spreading of the chan-
nel response for a fibre of length L and T, is the coherence time of the narrow-linewidth
laser source. To ensure that the channel remains stationary, Troge < Tron guarantees that
the reference phase is almost constant over the duration of a single code, and the condition
4. T < Teoge is necessary to avoid the overlapping of successive fibre estimations (channel

impulse responses) after correlation at the reception [58|.
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Selecting Ti,qe close to the lower duration limit 73, will maximize the sensing mechan-
ical bandwidth Bjpecq. In case of low frequency sensing, namely on underwater or buried
cables, T,.,4e can be increased to restrict the mechanical bandwidth, and a spatial reso-
lution of the order of L; = 10m is sufficient since the lower frequencies spatially spread
over large areas. Else, in the case of smart-city applications, a spatial resolution around
Lg = 1m is preferred for accurate localization [71]. To cope with 1m spatial resolution, the
symbol rate of the interrogator should be fgyms = cfipre/2r, = 100MHz. Considering that
commercial WDM (wavelength division multiplexing) systems enclose 100GHz frequency
transport wavelength slots [72], there is no risk of overlapping if a sensing signal spreading
in Beje. = 100MHz is affected to one WDM channel next to the telecom data, assuming it
has comparable launching power. Moreover, increasing the sensing electrical bandwidth

Bejec by ten times in order to have a finer resolution, is still supported by a commercial

transmission system (as demonstrated later in [chapter 6)).

Note that other coded interrogation methods exist to retrieve the full Jones matrices
H of a fibre sensor, with relaxed orthogonality conditions, such as with pseudorandom
sequences [57, |66] as mentioned in the previous section. In such cases however, the esti-
mation will include noise due to flawed autocorrelation of the sequences (not equal to a

dirac).

1.2.4.3 CAZAC and sweeps

The dual-polarization (or “MIMO”) interrogation presented above is powerful, yet limited
in terms of mechanical sensing bandwidth, i.e. in terms of sensing high frequency vibra-

tions and acoustic signals. Indeed, since Teoge > 4L/Cfipre, then the mechanical bandwidth

is limited to Bpeca < Cfsizm, which is 4 times smaller than the theoretical limit for pulse

interrogation given in [subsection 1.2.1]

CAZAC As an alternative to the above-mentioned probing technique, we consider
phase-modulated CAZAC (Constant Amplitude Zero-Autocorrelation Code) sequences
usually used in the telecommunication domain to perform channel estimation of a trans-
mission link [73]. The symbols from a class of perfect-squares minimum-phase CAZAC

sequences are defined as

¢, = exp (jjj’v X (mod (n _1, JJV) + 1) x Q"\/_NlJ n 1)) (1.10)

where n = {1,..., N} denotes the time index of the symbol with N = 4™ M is a non-zero
positive integer. Formally, the CAZAC sequences can be considered as a (discrete) phase

sweep since the modulus of the symbols is kept constant.

The alphabet is composed of 2 complex symbols having the same module and dis-
tributed over the unit circle, leading to a 2M-symbol Phase Shift Keying (2"-PSK) con-
stellation.

Similarly to dual polarization coded interrogation, the CAZAC sequences sent on each

orthogonal polarization axis should verify mutual orthogonality. Exploiting the properties
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of CAZAC sequences, we apply a circular shift of N/2 symbols onto the initial N-symbol
CAZAC sequence ¢ which leads to a sequence c¢’, as pictured in Sending ¢
and ¢’ simultaneously over two polarization states offers mutual orthogonality and
achieves perfect channel estimation as for the above codes derived from Golay, however
with a less-stringent constraint on the length of the probing sequence: when estimating a
fibre Rayleigh backscattering over a round-trip duration of T;,, the perfect estimation is
now obtained under the condition Tpq,qc > 275, .

Q Q
Sequence: -
VN-PSK o
%

Polarization 1 Polarization 2
Sequence ¢ -- N=64 elts Sequence ¢’ -- N=64 elts

Figure 1.17: Overview of dual-polarization CAZAC probing sequences on unit circle, for
a sequence with Nig.qc = 64 elements.

Frequency sweep The frequency sweep interrogation is worth considering as an alter-
native, somehow more intuitive, way to generate a dual-polarization frequency sweep as
it is achieved with the CAZAC method. A first amplitude modulated real-valued sweep
signal is used to linearly and uniformly cover the [0 : fsyms/2] bandwidth over a period
Tsweep = Teazac Over the first polarization and a second identical signal, but delayed by
half the sweep period, modulates simultaneously the second polarization. The two contin-
uously repeated signals are, for a practical use case example, digitally generated and then
converted by two Digital to Analog Converters (DACs) prior to modulating the laser light
onto the two polarization axes. Similarly to CAZAC sequences, the perfect estimation with

dual-polarization frequency sweeps is obtained under the condition Trgzqc > 275 [74).

Relative performance of dual-polarization interrogations The relative error on
intensity and phase estimation for Coded, CAZAC and frequency sweep interrogations
was investigated through simulations displayed in using a dual-polarization
Rayleigh backscatter model .

Golay codes (PDM-BPSK), digital sweeps and CAZAC sequences are generated with a
duration T' = 328us (corresponding to Neoge = Neazae = 2 elements and a symbol rate
fsymp = BOMHz) while simulations are run for fibre length ranging from 1km to 20km. The
fibre interrogation is such that a native spatial resolution of 2m is obtained. In[Figure 1.18§]
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Figure 1.18: Simulation of relative error on intensity and phase estimation depending on
the interrogation method, as a function of fibre distance

the mean relative error between the simulated segments and estimated segments is derived,

both in phase [Figure 1.18(b) and intensity [Figure 1.18(a). The maximal fibre length to be

1 N, .Cfi
probed with PDM-BPSK codes to achieve perfect estimation is L(/A{f&”é — - . [Code-Cfibre

4 2-f Symb
. . . Maz __ 1 Neazac-Cfibre . .
which yields 8.2km here, whereas the maximal length L2 %% = 3 o o is twice
-J Symb

larger when using CAZAC and sweep sequences.

Results in highlight the perfect channel estimation provided by the initial
code interrogation technique up to the 8.2km limit. As expected, the error starts increasing

beyond 8.2km whereas CAZAC codes keep providing a low estimation error until 16.4km.

Note also that the maximal achievable bandwidth is BW%% =1 Cbere = 3kHz with
1 ¢y ‘
BPSK whereas CAZAC sequences allow for BW%% =3 Cflszre = 6kHz for a given fibre

length L = 8.2km.

However, frequency sweeps do not provide perfect estimation from the smallest fibre
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lengths: they keep an intensity estimation and phase estimation error around 10~!. This is
mainly due to a loss of orthogonality in the transition period between two successive sweep
sequences. Similarly to the CAZAC interrogation method, their error starts increasing
from 16.4km vs. 8.2km for PDM-BPSK. In practical cases where system noises are present,
sweeps and CAZAC can show very similar performances to PDM-BPSK coded sequences,

which makes them evenly interesting as an alternative to PDM-BPSK coded sequences |74].

Also, CAZAC sequences are sensitive to phase noise which can degrade the quality of
the probing for high cardinality sequences. As the number of CAZAC symbols increases,
the distance between successive symbols dz decreases so much that the channel estimation
is not possible in the presence of noise. CAZAC interrogation would therefore require a
fine tuning of the modulator and a very low-noise receiver, which is not achievable in

current systems for high cardinality sequences.

Dual-polarization digital sweep and CAZAC interrogations allow to relax conditions
on the reach of the sensor (or conversely, on the mechanical bandwidth) in theory with
regards to dual-polarization BPSK coded interrogation, with a tradeoff regarding the

channel estimation accuracy, therefore the sensitivity of the system for practical use cases.

1.3 Context and use cases

In this part, we will be describing a few Coherent-OTDR, use cases and their orders of
magnitude, keeping in mind that Brillouin and Raman distributed sensing remain the pre-
ferred methods in some fields. As discussed in the opening, the applications of distributed
fibre sensing are more and more attractive, for instance in replacement of electronic point
sensors which can be more energy-consuming or bulky, or because of price and robustness

advantages of optical fibre.

Medicine In biomedical applications, fibre optics is used for spectrometry, velocimetry,
and of course vibration and temperature sensing since several decades [76]. Fibre optic
sensors are of interest in the biomedical field in order to capture parameters such as pres-
sure, temperature, strain at specific points, sometimes inside living organisms [77]. The
sensor needs to have high sensitivity and fine spatial resolution (gauge length). Besides,
dedicated sensors are used, allowing to decide on the type of glass (silica or not), to in-
scribe periodic gratings in order to enhance the backscattered signal. Fibre lengths are
of the order of the centimetre up to tens of meters, with gauge lengths sometimes of the
millimetre scale [78]. These fibre sensors can be probed by OTDR-like interrogators, to
recover the intensity, phase or polarization variations which will better convey the strain
or temperature information. OFDR and frequency sweeps are preferred because of their

high spatial resolution.

Infrastructure monitoring Structural health monitoring as well as borehole measure-
ment (oil and gas namely) applications also require optical fibre sensors, which are dedi-

cated fibres most of the time, therefore there are no associated constraints of data trans-
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mission other than transmitting the sensor data back to the interrogator. Also, the me-
chanical frequency range is pre-determined by the application, therefore the fibre sensor
can be manufactured accordingly (enhanced sensitivity in some range).

Brillouin sensors are particularly interesting for structure monitoring over long periods of
time, such as building and bridge structures monitoring, as Brillouin sensing provides a
stable reference in time - absolute measurement in contrast with Rayleigh OTDR which
is a relative measurement. Yet, measuring the Rayleigh scattering can be of great interest
for the discrimination between strain and temperature information in Brillouin scattering-

based sensors [79).

Companies such as Febus-optics [80], Luna [81] currently develop and maintain com-
mercial systems for infrastructure monitoring. Moreover, specific monitoring is developed
by the companies that develop the infrastructure themselves, e.g. in case of radiations

monitoring using DOFS for nuclear plants safety [82].

Submarine sensing Transoceanic distances are not yet covered by phase-OTDR solu-

tions [8], only by intensity DAS. Solutions that rely on interferometry, or “phase sensing”,

were mentioned in [subsection 1.1.4] above. However, distributed vibration sensing can be

of interest on “small”, namely below 200km, portions of fibre that are deployed on the ma-
rine ground. Indeed, seismic activity can be monitored such as in [83] where earthquakes
in Fidji were detected over a 40km fibre deployed in the North sea from a location in Bel-
gium. Another phase-sensitive DAS solution over a 41.5km long fibre deployed offshore
was used to explore the seafloor of the Mediterranean sea [84], with 20m gauge length. It
captured microseisms with peak ground velocity of 2um/s (measured with a seismometer)
over a [0, 15]Hz frequency range, and observed interactions between ocean and solid earth
through “oceanic surface gravity waves” in a [0.1,0.25|Hz frequency range thus getting

some insights on the energy of coastal waves.

Aerial telecom cables Telecommunications networks can be very heterogeneous, espe-
cially in the access part. Beyond the different types of fibre (single mode, multi-mode...),
the coatings of deployed fibre cables can vary, and most importantly the environment where
the fibre is deployed varies: for buried fibres, the burial depth can change, thus modifying
the pressure conditions and the sensitivity to mechanical vibrations (the ground acts as
a low-pass filter). Fibre sections can be deployed as aerial cable, supported by utility
poles. In this configuration, they are much more sensitive to environmental disturbances
as already noticed in [85]. In a recent work, [86] proposed to use the fibre optic deployed
in aerial cables to detect the presence of static weight on the cable in between two utility
poles. They notice frequency shifts in the cross-spectral-density matrices obtained from

their monitored fibre segments when static weights are applied to the fibre.

Crack and intrusion detection Intrusion detection is a broader term used since the
90’s to introduce the principle of coherent-OTDR [87] as a patent: from prior art intensity-
OTDR, Taylor and Lee describe an OTDR, system which would rely on the backscatter of

coherent light pulses. If an intruder steps over the fibre sensor, a change in the backscat-
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tered intensity would allow to detect and localize the intruder. Although the sensitivity
threshold for phase OTDR. was not yet enough to capture acoustic vibrations, the detec-
tion of a 80kg person stepping over a 44m long buried (20cm depth) optical fibre was
reported [34], yielding phase variations over 8zrad in the ¢-OTDR trace at the intrusion

location.

Pencil-crack detection [36] goes a step further in intrusion detection applications. The
proposed system relies on A¢-OTDR, with heterodyne detection. This experiment con-
sisted in breaking a pencil lead near the fibre sensor to emulate typical crack in civil
structures. Since it is not broken on the fibre but nearby, the fibre sensor detects an
acoustic vibration. It is detected and localized with a 5m accuracy and within a 1kHz
bandwidth, demonstrating a better sensitivity threshold than previous ¢-OTDR intrusion
detection. More recently, intrusion detection was improved by enlarging the sensing range
to over 130km, with a gauge length of 8m [88|, for pipelines monitoring applications in
the low-frequency range (< 5Hz). Commercial solutions for intrusion detection, border
and perimeter security that rely on DAS are currently developed by companies such as
Fotech [89], Febus or OptaSense.

Summary on the probing methods for distributed fibre sen-

SOors

Several probing methods were presented, together with the possible implementations of
such systems. Although each probing method is tunable either in terms of spatial res-
olution, mechanical bandwidth, sensitivity or reach (distance), it is important to notice
that each method will have one or several preferred domains of application. The mea-
sured metrics are of variable interest, since the phase will be preferred to monitor small
disturbances in the surroundings of the fibre sensor whereas the intensity or polarization
are more suited to capture strong mechanical events. Also, some parameters are not rele-
vant in some applications, such as large mechanical bandwidth on buried cables, since the
ground and cable coating act as low pass filters. Therefore, choosing the correct probing
method is one of the firsts concerns when designing a sensor. Then, it is necessary to
identify the remaining weaknesses and limitations of the chosen method, either to adapt

the optical setup or to aim at the most efficient signal processing techniques.

The next chapter is dedicated to system modelling, in order to understand and quantify

the limitations of a sensor and interrogator.
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Chapter 2

Dual-polarization backscattering

model

Distributed optical fibre sensors (DOFS) belong to the category of “active” sensors, as
they require that an interrogator system sends a signal into the sensor to get information
on the measurand (strain, temperature, vibration...). Also, DOFS are intrinsic sensors
meaning that the sensor is the fibre itself, as opposed to extrinsic sensors where the sensor
would be connected to the fibre but outside the fibre. Therefore to understand the DOFS

in full, exploration of both the fibre sensor and the active interrogator is needed.

In this chapter, a distributed acoustic sensor is modelled from the fibre model to the
interrogator transmitter and receiver noise contributions. The considered fibre is (telecom)
Standard Single Mode Fibre (SSMF), for which a two-dimensional model is given, taking
two polarization axes into account for the study of transmission and backscattering in
the fibre. The definitions and notations that are given here will serve as a base for the

following of this thesis.

2.1 Fibre model

Several existing models investigated the backscattered phase and amplitude from optical
fibres. The first step is to consider the fibre under static conditions [90], the second is
to add perturbations to the simulated fibre [91]. We first restrict ourselves to the static
approach and introduce the polarization dimension to the model: the channel is seen as
N successive fibre segments of length L, resulting from the spatial width of the probe
pulse, and each of these segments will be associated not only to the returned phase and
amplitude (complex scalar), but to its complete Jones 2 x 2 matrix [92], denoted H, to
also cover the polarization state dimension. The polarization state dimension was already
studied in many ways in case of transmitted light [93], and also introduced to present the
polarization-OTDR [27]. Our scope is SSMF, usually of several kilometres length, with a

highly coherent source (fibre length Ly small compared to source coherence length Lc,p,).

We are interested in the profile of coherent light backscattered from an SSMF, probed
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Chapter 2. Dual-polarization backscattering model

by a signal which is assumed to be quasi-monochromatic with optical carrier frequency wy.
The backscattered signal is a summation of the contributions of the backscattered light
from the probing signal Ej, all along the fibre sensor. [Figure 2.1| gives a schematic view
of the backscattering process. Therefore, when E;, consists of a rectangular pulse rect()
(rect(z) = 1if z € [—3, 3], rect(z) = 0 else) with an amplitude Ey and a duration Ty, the
complex optical field of the scalar optical field at the receiver side E,, can be expressed

as:
M
o L —t
E..(t) = Z A, ed9m e 20zm +ilwo(t—tm) QBZm}Egrect( T ) (2.1)

s

m=0
where M is the number of fibre segments defined by the probe symbol duration 7Ts and the
fibre length, A,,, and ¢,, are respectively the Rayleigh-distributed backscattered amplitude
and the backscattered phase from the m' fibre segment [90, 91]. o denotes the attenuation
coefficient along the fibre and 3 is the propagation constant. z,, is the distance of segment
m from the fibre start, therefore the round-trip time of the pulse travelling up to the
mth

segment is t,, = %

where and ¢/ng is the speed of light in the fibre and ng is the

refractive group index.

Figure 2.1: Backscattering model: M segments with Ny scatterers within each segment.
Segment index is m, scatterer index within segment m is i. H,, is the 2 x 2 Jones matrix
describing the SOP evolution up to segment m.

Each A,,e/®" term in (2.1]) results from the sum of elementary contributions within the

m'™ segment:
Nscat

Apefm = Z a(z)el##) (2.2)
i=0

where Ngeq+ is the number of elementary scatterers within segment m. Each scatterer is
located at a distance z; from the fibre start, as displayed in backscatters an am-
plitude a(z;) and rotates the phase of incident light by ¢(z;). The Rayleigh backscattering
is wavelength-dependent, such that a(z;) = a; = a;(A) and ¢(z;) = @; = pi(A), however we
will operate in a spectral interval A\ such that A\ < A if not specified otherwise. There-
fore, a; and ¢; are assumed constant. Note that any change in the m'" segment (length,
relative position of scatterers...) could change the value Ny and therefore change the

resulting interference of a(zi)ej*"(zi) elements in (2.2]), without a; and ¢; changing.

The model can be extended to a vector-format (for dual-polarization) using the Jones
formalism, where the backscattered phase and amplitude are distributed over a 2 x 2 Jones
matrix H,, describing the evolution of the State Of Polarization (SOP) of the transmitted
probe [92], as depicted in For the following, we define a phasor per segment
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m from (2.1 as follows:

P = Amej¢m672azm+j[wo(t7tm)72ﬁzm] (23)

Pm gives the dual-pass attenuation in the fibre together with the Rayleigh backscattered
amplitude and phase from segment m. |py,| follows a Rayleigh distribution [90].

A fibre of length Ly probed with symbol rate fsymp = 1/T5 is sampled into M seg-

M
following equation (I.1)), such that Ly = 70. To each

c
2nfsymb 2nfsymb
segment m € [1,M], a single-pass, unitary Jones matrix U,, is associated. It comprises

ments of length Ly =

the random polarization effects encountered by the light travelling through the fibre seg-
ment (forward transmission). To model these polarization effects, three random unitary
matrices are generated: Dy, = diag(e/?n;e7%m) and D,,, = diag(e/¥m;e™7¥m), diagonal
phase retarders with ~,, and f,, uniformly drawn in [—7, 7] (z — €” is the exponential

cos O,, —sin ©,,

function), and Reg,, = a polarization rotation real matrix, with

sin ©,, cos O,
O, = arcsin/§,;, and &,, uniformly drawn in [0, 1] . U; is the following product:

U,, = ¢/°Dg, Ro,, D, (2.4)

where ¢ is the common phase term to cover all possible unitary matrices. It results
from Eq. (2.4) that U, is a random unitary matrix, which is accurate to describe the
polarization state of any static fibre segment .

In the following, as the interest is on the differential phase between segments, the
common phase ¢ won’t be considered in the expression of U. Generated this way, Jones
matrices cover all possible SOPs. For verification, it is possible to switch from Jones space
to Stokes space and project the simulated SOP on the Poincaré sphere: for a significant

number of random drawings, the full unit-radius sphere is covered, as shown in

Figure 2.2: Poincaré sphere of a simulation of U matrices over 500m SSMF : SOP of all
2m fibre segments (coloured circles), unit sphere (grey, plain lines)

As we are interested in the backscattered light, the forward and reflection paths are mod-
elled for each fibre segment. The reflection is placed at the end of each fibre segment,
as pictured in the contributions of the scatterers along the m!" segment are
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aggregated into a reflection placed at a distance m X Lg from the fibre launching end.
1

0
ing polarization transfers at the reflection, introducing a transfer coefficient n € [0,0.05]:

_ [m Vi
n \m /71_77

measured and verified. The existence of such a transfer coefficient was considered for phys-

The reflection can be modelled either as a perfect reflection M = [ ] , or consider-

1 The value of this polarization transfer coefficient has to be

ical properties of silica [96], independently of optical fibre transmission. It could result
in slight polarization changes of the Rayleigh backscattered light [17], which we estimate
below 5% of light transferred from one polarization state to its orthogonal state. As it is
not considered in most studies on Rayleigh backscatter, n = 0 is set in the following, if

not specified otherwise.

The optical fibre is reciprocal from a propagation point of view, which translates into
Upackward = U?Omard, with T standing for the transpose operator. Assuming that U,,
can be the forward matrix of segment m as well as the product of all forward matrices from
segment 1 to segment m (since a product of random unitary matrices is a random unitary
matrix), the full dual-pass Jones matrix from the initial segment up to fibre segment m is
then:

H,, = p,, UL MU,, (2.5)

where py, is the phasor defined in (2.3).

Polarization Dependent Loss (PDL) and Polarization Mode Dispersion (PMD) are
considered negligible in the fibre sensor. The general shape of the Jones backscatter

matrix is computed as follows for all spatial segments m:

eI27m (cos 2By, + j sin 28, cos 20,,) —jsin 203, sin 20,,
—7sin 205, sin 20, e 720 (cos 2By, — j sin 2B, cos 20,,)
(2.6)
As the SOP of the emitted signal at the transmitter and the incident signal at the re-

H,, =pmn

ceiver side are not perfectly aligned, a misalignment parameter 6 will be considered. It

is reported as an additional rotation, for example at the entrance of the system Ry =

cos 6 —sinf L T ;
_ , resulting in H,,, = p,, U, MU,,,Ry. No phase retarder is added as the
sin 0 cos 6

considered fibre portions at the transmitter and receiver are small compared to the fibre

sensor length L.

Polarization beat length Finally, the polarization beat length L, of the simulated
fibre is considered. This way, the speed of polarization variations from one fibre segment
to the other is controlled. For single mode fibres, Ly, is of the order of magnitude of 10m
[97]. By definition if Ls/Ly, > 1, then the SOP in two successive segments is uncorrelated:
polarization parameters are randomly drawn from one segment to the other, the SOP of

light returning from segment m + 1 is independent from the SOP of light returning from

'We assume that the forward SOP is expressed in an (z,y, z) coordinate system where the z axis points
towards the propagation axis and the backward SOP is expressed in the (x,y, —z) coordinate system.
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(a) Ls/ L= 141072

(b) Ls/L,,=6.8.1072

(c) Ls/Lyu=3.4.107"

Figure 2.3: Poincaré sphere of polarization evolution along the fibre (forward transmis-
sion), for different spatial resolutions Ls. Color changes with distance to fibre start.
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segment m ; else if Ly/Ly, — 0, then there is almost no SOP change from one fibre
segment to the next ; for values of L/Ly, comprised in ]0, 1[, the change in the SOP will
be proportional to the ratio Ls/Lyp, with the polarization parameters p (referring to f,
v or ©) verifying pm+1 = pm + LL—; X Pnew, With m the segment index. pneqy is randomly

drawn as described in the beginning of this section and independent from p,,.

Simulations for different L,/L,, ratios are shown in [Figure 2.3| where it appears that
the larger Lg/ Ly, the more random the trajectory of the SOP of light in the fibre (including

attenuation «, thus not of constant modulus on the sphere).

We observe in c) that from Ls/Ly, > 1071, the distribution of the SOP over
the Poincaré sphere is already random. When targeting sensing applications over telecom
fibres, the spatial resolution Lg is typically in the range of 1m to 10m (specific fields
such as medicine are out of the scope here). Therefore, and for sake of simplicity,
the simulation study below is conducted with uncorrelated SOP from one
segment to the next (Ls/L,, > 1 case). Notice that additional simulations performed
with Lg/Lp, ~ 1071 and Lg/Ly, > 1 in the sensor, which are not displayed here, lead to

similar results.

2.2 Extrinsic noise contributions

Once the fibre model is defined, the probing method and the receiver parameters are
introduced. Many waveforms can be used for the interrogation of such a fibre model,

from simple pulse trains to frequency sweeps or specific coded sequences (including those

presented in [chapter 1]) which can be integrated to the expression ([2.1)).
gives a schematic view of a A¢-OTDR and the elements of the set-up are

associated to their main noise contributions. We call “extrinsic noise” the noises which
come from other sources than the sensor itself, namely instrumentation-related noises.

The propagation medium is the fibre, the model of which is described in the previous

section.
Laser phase noise ASE noise )
J_L Fibre under test (FUT)
Narrow linewidth — ( EE EE E E E )
CW laser Modulator Q
EDFA
LO Coherent
mixer
I T T T
Thermal noise Balanced |H Analog to digital
photodiodes M conversion
Shot noise

Figure 2.4: Schematic view of a coherent differential phase OTDR system (white boxes)
and associated noise contributions (orange boxes). CW: Continuous Wave, LO: Local
Oscillator, ASE: Amplified Spontaneous Emisssion, EDFA: Erbium Doped Fibre Amplifier
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Laser phase noise The transmitter encloses a narrow linewidth laser, modulated by a
specific pattern. The laser is not ideal, therefore its linewidth Av is not zero (phase noise)
and its frequency can fluctuate (frequency noise). Yet, since differential phase OTDRs
measure phase variations, they require a certain stability of the probe laser, which guar-
antees that the measured variations are from the fibre sensor and not from the probe. The
accurate term is “coherence” condition: the laser coherence length is defined as the prop-
agation length over which the phase of the transmitted light can still coherently add with
the output light of the laser.

In coherent-OTDR, the least condition is to have intra-pulse coherence [33] which ensures
coherent interference of the probe pulse at the fibre segment level. Another condition ap-
plies to spread-pulse techniques which require stationarity of the channel response, along
with coherence state, during the full duration of a code [58]. Therefore, any degradation
of the laser coherence leads to specific noise which we refer to as “laser phase noise” since

it implies source phase fluctuations.

Laser phase noise here is modelled as a Wiener process of variance 02 = 2rAvT; where
Av is the laser linewidth, T is the symbol period. Therefore, the coherence length L.,

is defined as
c

Leon = (27)

TnAvY
where c is the celerity of light and n the average refractive index in the fibre [33]. Although
this does not perfectly match the physical reality, for which laser frequency noise increases
in 1/f4, d > 1 (98], this enables to predict the general evolution of the error on phase

estimation over distance [99].

Simulations where the phase noise variations in time are displayed along fibre distance,
in [Figure 2.5 did demonstrate how the laser linewidth in its first approximation (white
part, no 1/f% contribution) impacts the distinction threshold over long distances of ﬁbreﬂ

0.3 ..... Av = 150Hz simulation :
Av = 100Hz simulation s i
0.25 | Ay = 50Hz simulation -y
----- Av = 30Hz simulation é _:"'::5
0.2 | = Measured StDv _:: S

04 (rad)

Fibre distance (km)

Figure 2.5: Optical phase standard deviation along fibre distance, for several laser
linewidths, compared to experimental data

20f course, other noise contributions impact the distinction threshold, such as attenuation, coherent
fading...
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In addition, a measurement of phase noise variations along fibre distance was performed
over 50km static (insulated from any mechanical noiseEI) SSMF and is displayed in black
thick line in which allowed to estimate the laser linewidth of the source that is
used in the following of the study. Indeed, a laser source is often given an instantaneous
linewidth value but it is very difficult to measure the linewidth in long time frames (of the

millisecond order).

Beyond the Lorentzian model, a typical laser frequency noise spectral density is also
composed of flicker noise at low frequencies, which is commonly referred to as “1/f
noise” [100]. A method was reported by University of Neuchatel [101} |102] to estimate
the laser linewidth from the frequency noise spectral density to separate the contributions
of flicker and white noise to the linewidth. However the 1/f noise contribution did not
appear as a main contribution to the noises for distances below 50km, as demonstrated
in above where an experimental measurement is well approached by simulation
including first order phase noise only. Such a 1/f noise model might come useful in case

of longer simulated fibre distances, i.e. 100km and beyond.

Other research groups in the distributed sensing domain investigated the impact of
laser phase noise. They show how narrower laser linewidths allow an increase of the
Signal-to-Noise Ratio (SNR) for distributed acoustic sensors [103], and different groups
investigated laser phase noise immunity of their interrogation technique to relax the co-

herence conditions [33, 104].

White noise An interrogator system encloses electronic and optic devices, among which
active elements that all introduce Additive White Gaussian Noise (AWGN). Passive ele-

ments will generally introduce losses, such as insertion losses.

At the transmission stage, an Erbium Doper Fibre Amplifier (EDFA) is used to amplify
the signal at the output of the modulator before sending the probing signal towards the
fibre sensor. White noise is generated here in the form of Amplified Spontaneous Emission
noise (ASE), due to the amplifications mechanisms of Erbium. Also, fluctuations of the

source output power can cause Relative Intensity Noise (RIN).

Secondly, the backscattered light from the fibre enters the reception stage through
the circulator. The reception block encloses a dual-polarization coherent receiver prior
to analog-to-digital conversion and post-processing. The balanced photodiodes are sub-
ject to shot noise or quantum noise mainly from the photodetectors, and thermal noise
mainly from their trans-impedance amplifiers (TTA). The circulator and coherent mixer
are included in the model as losses whereas the photodiodes are considered as a source of
AWGN. The white noise of the receiver is considered as 0%,y = 0% + 02+ 0%y, where
the contributions of the shot noise 02 and thermal noise o2, are dominant compared to

the RIN in our case, due to low backscattered power level.

At the receiver side, analogue-to-digital conversion is performed after photodetection.

3Soundproofing or “mechanical insulation” of a box means that foam-like materials have been placed
on the inside of the box such that external environmental perturbations are sufficiently damped to avoid
affecting the fibre.
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Since the Rayleigh backscattered signals can be very low-power, a fine quantification is nec-
essary at this stage. Coarse quantification by the Analogue-to-Digital Converters (ADCs)
can be a source of imperfections and thus of noise at the receiver. A thorough study of the
quantification requirements enabling the determination of the minimal Effective Number
Of Bits (ENOB) is outside the scope of that manuscript.

2.3 Dynamic model ; limitations

Once the full dual-polarization backscatter model is set up, it is of interest to introduce
small variations to the model, to emulate external perturbations. While the backscattered
State Of Polarization (b-SOP) is impacted by strong disturbances such as bending the
fibre or strain directly applied to the fibre, the backscattered phase is rather impacted by
acoustic perturbation in the surroundings (that mainly impacts the phase as it induces

small longitudinal strain).

We develop a small disturbance perturbation model for the fibre model. We now
consider a single segment location in A low frequency excitation is applied
point-wise at the center of a selected fibre segment to emulate a periodic longitudinal
extension, and the segment extremities are assumed to be fixed points. Therefore, the
system behaves such that the full segment is excited, and this segment only. The excitation
changes the geometric coordinates of the elementary scatterers in the segment according
to the instantaneous amplitude and to a time varying term p,, (defined in Eq. ) The
rest of the equation, that is the polarization and the reflection terms, is left unchanged,

which is an acceptable assumption in case of a low energy perturbation.

Initial (static case). at t=0 Acoustic pressure

x Scattering centers (a;, z;)
+H ‘ / /

V4

—H Fibre segment length Ly = 21

(a) Fibre model
Dynamic case, at t=t; -
X Acoustic pressure
+H £(t) Strain
0

h(t) Z

I
—H z W
U=

(b) Deformation

Figure 2.6: Dynamic model: local perturbation geometry

Figure 2.6(a) displays a schematic view of the modelled fibre segment of length L = 2]
which experiences strain. The strain will be such that the middle of the segment moves

along axis z of a distance h(t) comprised between —H and +H, orthogonal to the fibre axis
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z. Consequently, the distance between the virtual scattering centres is modified following
Figure 2.6(b): the fibre elongates such that the half fibre segments verify I’ = /12 + h(t)?2,
shifting the scattering centres along the new fibre segment length. Finally, the fibre
segment stretch is modelled as a longitudinal stretch (along axis z only) as pictured in
U(t)—1

Figure 2.7} The strain applied to the fibre segment is expressed as (t) = -

Dynamic case, at t=t,

£(t) Strain
+H

—-H Fibre segment length L (t) = 24/1? + h(t)?

Figure 2.7: Dynamic model: equivalent longitudinal strain

The dynamic simulation runs similarly to the static simulation defined in the previous
sections, with the sole difference that, for a given segment m, the p,, common phasor

varies in time.

A dynamic simulation result is displayed in A 1km long fibre is simulated
and the segment located 410m from the fibre start is excited with an increasing extension
h(t) (see [Figure 2.8|(a)) such that the extension of the segments ranges from 0 to 100 ne,
at fsirain = 200Hz frequency. Laser phase noise is added to the simulation (Av = 75Hz),
codes are used for the interrogation which verifies fgym;, = 50MBaud, Byecq = 760Hz.
The time versus distance phase map of the simulated fibre between 406m and 416m is
displayed in (b) The excited segment is clearly noticeable as we see its phase
being modulated in time, with growing amplitude as the simulated strain increases. The
optical amplitude (expressed as the modulus of the determinant of backscattered Jones

matrices |det |) and phase backscattered from the excited segment and its neighbours are
displayed in

The difference in the mean values of backscattered amplitude in time are due to coher-
ent fading, namely the random drawing of p,, values during the modelling process of the
fibre. We notice in M(a) that the backscattered amplitude is also modulated by
the strain, although not in the same proportions as for the phase. In both the amplitude
and phase figures in the adjacent segments are also affected by the disturbance
as we notice a small modulation of amplitude and phase around 412m. Other segments
are simply affected by laser phase noise. This is mainly due to the noise which degrades
the differential phase process, which in turns propagates residual phase variations to static
segments. Such artefacts are observed on experimental measurements as well. Working
on the mitigation of such artefacts is more convenient with a simulation model where each

noise contribution is monitored, hence the interest of such a dynamic model.

Yet, the “small disturbance” model rapidly meets its limit as the observed behaviour of
light backscattered from an excited segment includes a modulation of the determinant of

backscattered Jones matrices [105] even at small strain values, and that in most observed
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Figure 2.8: Dynamic model: fibre extension yielding strain from 0 to 100ne, at fstrain =
200Hz and on 20074, duration (0.13s) and corresponding Time/Distance map of phase
for a simulated fibre where the segment around 410m (segment size is 2m) is exposed to

strain
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Figure 2.9: 0 to 100ne simulated strain perturbation around 410m (segment size is 2m)
on 2007 ,qe duration (0.13s)

real-life situation the b-SOP is modulated as well. Moreover, this dynamic model did not
include variations of the SOP (at the perturbation location: Dg,_,Reg,,,D~,,) which would
allow to fully characterize the polarization variations induced by a disturbance near the
fibre sensor. Therefore, a close understanding of the b-SOP is needed to further develop
a comprehensive dynamic dual-polarization backscatter model, which is outside the scope
of this study.

Summary on the use of a dual polarization backscatter model

The development of a dual-polarization backscatter model first allowed to compare the
roles of the different noises and attenuations occurring in the fibre, therefore giving an
evaluation of the contributions of each block of the interrogator system. The laser linewidth
was identified as a major contributor to the increase of phase noise at long fibre distances

for example, in addition to the usual attenuation in optical fibres.

Also, all random polarization effects were modelled along the fibre, allowing to change
parameters that are usually constant in optical fibres such as polarization beat length.
In the following, the polarization dimension will be exploited to compare different phase-

OTDR interrogation methods of the fibre sensor.
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Chapter 3
Polarization effects and reliability

A comprehensive model for dual-polarization Distributed Optical Fibre Sensors (DOFS)
was developed in the former chapter. Different aspects of light transmission and back-
scattering in fibres were defined, such as intra pulse interference for backscattered light
and polarization effects. Moreover, the main noise contributions to a A¢-OTDR were

mentioned.

Now that the fibre and interrogator system are defined, we aim at understanding the
interrogation (or probing) process which was first described in[chapter 1} Mainly, Rayleigh
scattering is known to be polarization-dependent [106], so the role of polarization in fibre
sensor interrogation is investigated in this chapter. Eventually, we aim at quantifying the
advantage of polarization diversity, be it at the receiver side or at the transmitter side of
a coherent A¢-OTDR. A robust interrogation method is proposed as we reach a better
understanding of DOFS.

3.1 Input and output polarization states: on the mitigation

of polarization fading

In this first section, we define the phase estimators according to the interrogation scheme.
The input and output states of polarization are considered such that we can compare
single and dual polarization interrogation schemes, considering Single polarization Input
- Single polarization Output (SISO), Single Input - Multiple Output (1 x 2 SIMO) and
Multiple Input - Multiple Output (2 x 2 MIMO) probing techniques, and investigate the

issues related to each of them.

v h
hyg Y AN Y
X——> X X X 7
Nex Nex X yz X X

(a) SISO (b) SIMO (c) MISO (d) MIMO

Figure 3.1: Schematic of different transmission configurations, with two projection axes
at the receiver and transmitter.
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Chapter 3. Polarization effects and reliability

In we illustrate the different possible interrogation schemes from a general
telecommunications point of view, with projections on arbitrary orthogonal polarization
axes X and Y.

3.1.1 Phase estimators and polarization diversity

The Jones notation [70] was briefly described in [subsection 1.2.4] and used for system
modelling in [chapter 2 It allows to represent optical elements that can modify polarization

state, phase or intensity of light as 2 x 2 matrix operators. Then it allows to further express

the optical field F,,; at the output of an optical system as a function of the input field
E;, and of the optical elements H as follows: E,,; = HE;,.

Therefore, the Jones matrices allow to express the contributions of optical elements to
the polarization state of the light. In our case, the optical elements are the successive fibre
segments described in We denote z and y the orthogonal polarization axes, for

. The subscript xy means “received on x

example in Jones notation = = 0 and y =

axis, sent on y axis”, as depicted in [Figure 3.2

P hmy

yr hyy

Figure 3.2: Convention on Jones matrices terms: in thin blue is what was sent on polar-
ization axis = (to x and y), in thick red is what was received on polarization z (from x
and y)

SISO interrogation: SISO also consists in sending light on one polarization axis. It

recovers information on one polarization only (h,, for example), such that the estimated
phase is ¢s150 = Z(haz).
A SISO interrogator is displayed in [Figure 3.3(a)} it is an implementation of A¢-OTDR

where only one polarization is modulated at the transmitter side and one polarization is

recovered at the receiver.

SIMO interrogation: SIMO probes a single polarization. For a recovered signal on
both polarizations, if the probing is done over the = polarization, then we get a channel

estimation H’ = [hes hye |7, and the common phase can be estimated as:
QESIMO = Z(h:m: + hya;) (31)

“ x
Note that in Eq. (3.1]) we also have ¢sryr0 = arctan <\y > with R, & the real and

imaginary parts of hy, and hy, data [107].

The SIMO interrogator set-up is depicted in |[Figure 3.3(b)| as as a A¢p-OTDR setup

where only one polarization is modulated at the transmitter side, it is as a usual imple-
mentation of A¢p-OTDR in the recent literature.
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Pulse pattern
P o —
generator

Narrow linewidth

CW laser
‘ 90° Hybrid
— Iy
Balanced Analog to digital
photodiodes Qu conversion N

(a) SISO interrogator set-up
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(b) SIMO interrogator set-up
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(c) MISO interrogator set-up
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(d) Coherent-MIMO interrogator set-up

Figure 3.3: Interrogator set-ups, according to the number of polarizations at the trans-
mitter and receiver. MIMO: Multiple In, Multiple Out; CW: Continuous Wave; EDFA:
Erbium Doped Fibre Amplifier; LO: Local Oscillator; MZ: Mach-Zehnder, Pol.: Polariza-

tion
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Chapter 3. Polarization effects and reliability

MISO interrogation: MISO proceeds the same way as SISO at the receiver side: only
one polarization is recovered, therefore we get hy; + hyy with no additional information
to differentiate both polarization components. Two components are recovered because
the MISO interrogation probes two polarization axes at the transmitter side. Estimated
MISO phase is then QASMISO = L(haz + hay).

The MISO interrogator depicted in [Figure 3.3|(c)|is an unusual but possible implemen-
tation of Ap-OTDR where two polarization are modulated at the transmitted side but

without polarization diversity at the receiver.

MIMO interrogation: MIMO relies on specific interrogation sequences or sweeps that
are simultaneously sent onto two orthogonal polarization axes, as detailed in
The sequences sent on one polarization axis are orthogonal to the sequences
sent on the second axis, or at least show a satisfying extinction ratio, such that the full

2 x 2 Jones matrix H of the channel is recovered.

For H which general expression was given in , we assume H has a common
backscattered phase ¢ such that H = ej¢[:§;: Z%;Z], where [Z;’j: Z;Z] is unitary. With
H being the dual-pass matrix of the channel, ¢ is the dual-pass phase. Hence the use of
the following phase estimator:

éMIMO = 0.54(det H) (3.2)

where det H is the determinant of H (yielding det H = hyyhyy — hyxhxy)ﬂ and Z denotes
the angle function. We recall below the A¢-OTDR set-up associated with MIMO which
was presented in [subsection 1.1.3|as [Figure 3.3|(d)}

3.1.2 Polarization intensity fading

We consider the backscattered field Em from a fibre segment m. Em results from the sum-
mation of Ny elementary fields reflected in segment m. In we considered
that all contributions were aligned, so that a scalar summation was realized. Yet in the
general case, each elementary field is with a specific polarization €. Therefore:
Nscat
By = Z a(z)el? g (3.3)

1=0

Similarly to coherent fading which occurs if the a(z;)e/?(*) interfere destructively in case

of aligned contributions, polarization fading occurs in case the €; are orthogonal.

For example, with Ng.q; = 2, the resulting intensity I,,, of Em is:
I, = 2(&; - &) %(a(zl)a(zz)ej(‘P(Zl)‘P(Z2))) (3.4)

therefore if €; 1€y, then I, = 0. Moreover, polarization fading occurs at the receiver side

!The 0.5 factor in the expression of (ﬁM}Mo iAs due to the derivation of det(H) where each h;; holds the
phase information, therefore det(H) holds 2 X ¢amrrno-
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of the sensor system when the incident SOP €, and the SOP of the Local Oscillator (LO)

€10 at the receiver become orthogonal, as followsﬂ

Inx = 2(&n - €10) %(AmALOe]'(SDmSOLO)> —0x %(AmALoej(¢m¢LO)>

Polarization fading was identified in interferometric sensors |22, |108|, and remains an
issue in coherent detection DAS. In more recent fibre sensors with coherent detection,

polarization effects can prevent detection of the strength of perturbations [36].

Existing SISO and MISO configurations do not necessarily include a coherent receiver
with polarization diversity but rather a single polarization or single 90° hybrid direct de-
tection receiver, and use all-optical techniques to recover the phase such as delay lines,
dual pulses, chirped pulses... Using direct detection, there is no sensitivity to SOP vari-
ations of the incoming light: the full intensity of the signal is received [56]. We recall
that the difference between ¢-OTDR and A¢-OTDR was given in [subsection 1.1.2} in di-

rect detection and coherent source scheme (namely phase OTDR), it is possible to have a

rather stable »-OTDR trace from comparisons of successive power-versus-time traces [34].
Further trace-averaging can be performed if a speckle pattern is still noticeable [63]. Also,
it was noticed that considering polarizations separately could bring a better accuracy to
the system [109].

Referring to the notations in [subsection 3.1.1] polarization fading strongly impacts

SISO configuration: when detecting h,,, an intensity fading will occur for periodic (0, 3)
pairs corresponding to orthogonality between the emitted x-polarization and the received

x-polarization, resulting in no reliable phase estimation.

To overcome this polarization intensity fading effect, recent work focus on the receiver
design and uses a dual-polarization coherent receiver [57, |107] so that the overall re-

ceived optical power is kept constant independently from the state of polarization of the

incident signal at the receiver side.

3.1.3 Polarization induced phase noise

A widespread assumption is that polarization-diversity receivers are the key to mitigate po-
larization fading [54], yet polarization-diversity reception can be improved [110]. What’s
more, the dual-polarization receiver setup is not sufficient to provide a perfect channel
estimation. It would be more accurate to mention “polarization fadings” as several mech-
anisms are involved. The transmitter setup must as well be taken into account for fully
achieving a polarization insensitive sensor as polarization induced phase noise is actually
transmitter-dependent. This effect was observed in [111] and further analysed in [112], it

depends on the input state of polarization (SOP).

SIMO resilience to polarization in A¢p-OTDR Here, we use Ap-OTDR, namely

coherent detection based phase-OTDR with a coherent laser source. Coherent receivers

2See the coherent detection equations in [subsection 1.2.2)
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Chapter 3. Polarization effects and reliability

are sensitive to the SOP of incoming light. To recover the full signal, we need to use a
polarization diversity scheme, where each polarization component is detected by projecting
the incident signal over two orthogonal polarization states and beating each projection with
the same LO [56]. Since the polarization information is fully recovered with SIMO and
MIMO, there is no polarization intensity fading in these systems. In other words, SIMO
and MIMO modes are supposed to be resilient to polarization fading, meaning there will

always be a phase estimation that is stable in time for a given segment m:
dsivo = £ <pm . (eﬂ”’” €08 2B — 7 sin 26, (e72™ cos 20, + sin 2@m)>> (3.5)

here, Eq. (3.1]) is applied to H defined in with polarization transfer coefficient
n=0as H=p, UL MU,,. We recall U is defined in equation (2.4) as a function of phase

retarders Dg , D, and arotator Re,,. The MIMO phase estimation is ¢arrvro = Z(pm)-

Yet, without considering coherent fading effect that could lead to Z(p;) — 0 and there-
fore —> undeterminedﬂ it appears that phase-OTDR systems in SIMO configuration
encounter unexpected fading effects that their authors report as “polarization-related is-
sues”, such as in [53, [113]. When [22] first reported input polarization phase noise in
interferometric sensors in the form of visibility fluctuations, they mitigated the effect us-
ing a depolarized signal at the sensor input. In recent phase-OTDR systems, we expect
input polarization phase noise to stay present in case the probing signal comes from a

single laser without further processing (no depolarization).

It is worth noticing that MISO also allows to recover a phase estimation as its expres-
sion is similar to that of SIMO using Eq. : even if the receiver SOP is orthogonal
to polarization y, polarization x will be recovered, and vice-versa. Of course, MISO- and
SIMO- estimated absolute phases differ from the real common phase due to polariza-
tion effects (SOP transformation parameters ©,+, 8 appear in their expression) but when
sensing dynamic events, we are only interested in phase variations compared to a stable
reference. Therefore, polarization diversity at the transmitter side would in theory allow
to mitigate some of the polarization-related noise, even without polarization diversity at
the detector.

3.2 Impact of polarization effects on phase estimation

Recent and older results, together with our definitions of SISO and SIMO, agree on the
need for multiple receivers, should it be in direct detection [114] or by employing polar-
ization diversity system in coherent OTDR [53| 54]. However, some impairments referred
to as “polarization effects” are still reported, which we relate here to input polarization
phase noise. Meanwhile, MISO case is not considered in the literature for optical systems,
even though it is of great interest for radiocommunications. Yet, it seems interesting from
a theoretical point of view to investigate the impact of diversity at the transmitter. In

fibre interferometers, using depolarized light at the transmitter was reported to limit the

3More precisely, Z(p;) — Z(0 4+ noise), therefore ¢sraro will tend towards the phase of noise, which is
a random phase.
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3.2. Impact of polarization effects on phase estimation

polarization fading effects [112]. The polarization beat length was also mentioned, as it
could play a role in the quality of the received signal when confronted to polarization
fading [91].

For the detection of an event, we chose to monitor the standard deviation of the dif-
ferential phase over time, along the fibre distance, denoted o,: when an event occurs
along the sensor, phase variations appear in time, thus increasing the phase standard
deviation locally; conversely, in the absence of an event no phase variations should occur
and o, should remain close to zero (ideally zero). Therefore, o, in the absence of events
is used as a distinction threshold metric of the system. We will show later how it is

translated to a strain (¢) noise floor.

The displayed traces in this section are simulations of a A¢-OTDR, where the phase

is recovered according to the estimators defined in [subsection 3.1.1] All simulations are

static, e.g. with no strain variation applied to the sensor. Therefore, this study focuses
on the false alarm issue, not onto the non-detection case (from a statistical point of view):
the main requirement for phase sensors is that no variation or “false alarm” occurs when
the fibre is not disturbed, which is also the condition to achieve the lowest distinction
threshold.

3.2.1 Accuracy and false alarms

Firstly, the global behaviour of the o, along sensor distance is considered in order to
highlight the difference between the given phase estimators. Secondly, paying attention to
the o, peaks, we show how they relate to the polarization rotation and birefringence in
the fibre segments.

Figure 3.4| gives the phase standard deviation o, integrated on a given duration (here,

2s), along fibre distance for static simulations along 50km SSMF, where [Figure 3.4(a)| is
a zoom on 1.4km at the beginning of one simulated fibre, with a spatial step of 20m.

We use the polarization multiplexed BPSK codes presented in [subsubsection 1.2.4.2] The

interrogation duration is 5.24ms with a symbol rate fs s = 25Mbaud, at a constant
power of 7dBm at the entrance of the fibre sensor, and a power density of Additive White
Gaussian Noise (AWGN) cawen = 1.7mV s at the receiver. The spatial resolution,

corresponding here to the gauge length of the system (see definitions in [subsection 1.1.1J),

is 4m.

[Figure 3.4{(b)|displays the o, averaged over 50 independent fibre simulations for SISO,
SIMO (MISO similar to SIMO, not displayed) and MIMO phase estimators, and for a the-

oretical case with no polarization effects along the fibre with a spatial step of 200m, along
50km SSMF. This theoretical case is derived by taking only coherent noise into account,
i.e. U; in Eq. becomes the identity matrix for all fibre segments. Averaging of fibre
simulations is performed in to evaluate the global impact of polarization
effects on estimations, while avoiding the local false alarms induced by coherent fading.
shows a clear hierarchy between no polarization diversity (Dual Polarization,
DP) at all, DP at one side, and DP at both TX (transmitter) and RX (receiver) sides.
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Figure 3.4: Phase o, along distance, laser linewidth Av = 75Hz, 50km fibre simulations.
Zoom on the beginning of one fibre with 20m resolution and averaged simulations along
50km with coarser resolution.

As depicted in [Figure 3.4{(b), the general trend of the o, over long distance is to grow
exponentially with distance, with a slope depending on the laser linewidth Av 99].

The value Av = 75Hz is used in the simulations since it corresponds to the laser used in
the experiments. What differentiates the phase o, traces of the different phase estimators
is the amount and dynamic of o, peaks, or false alarms, as shown in the single fibre simu-
lation from (e.g. SISO o, peaks are almost two orders of magnitude higher
than MIMO o, peaks). Deriving the mean value over several simulations as displayed in
Figure 3.4{(b)|shows how variable the phase estimation tends to be according to the chosen
estimator. We also demonstrate in that considering no polarization effects
or using MIMO probing will lead to the same phase o, values. On average, MIMO is

matching the theoretical fading-free phase o, profile: it is polarization-independent.

Relative performance of the estimators What comes out is that MIMO estimated

phases are the most stable, with no o, value above 5.10"%rad over the first 5km. It
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corresponds to a strain distinction threshold of 1.31ne in a 190Hz bandwidth, over the
given 200m gauge length, which is lower than 100pe/ vHz. Meanwhile SISO can vary a lot
locally and quite often over fibre distance with 6 peaks above 10~ 'rad (above 190pe/v/Hz)
within one km in for example. SIMO and MISO show an intermediate
behaviour with randomly distributed o, peaks, here 1 to 3 o, peaks above 10~ 'rad within
1km. shows that after 50km of fibre sensor, the o, decreases by a factor of
5 and 2 when going from SISO to MIMO and SIMO to MIMO respectively. Therefore, for
sake of clarity, the rest of the study concentrates on the comparison between SIMO and
MIMO cases only.

Polarization-dependent false alarms Regardless of the phase estimation method,
the evolution of the state of polarization in the fibre is described mainly by O, 3, ~
and 6 defined in provided that the Rayleigh scattering is an ideal reflector
(no polarization transfer n at reflection stage). In a 3-D view involving the
evolution of angles © and 6 for fixed randomly drawn values of v and 3 together at a single
segment location with a fixed reflected intensity is used to track the o, behaviour. It shows
that the occurrence of sudden phase variations (errors on the phase estimation, or “false
alarms”) in SIMO is not random, but rather concentrated at some specific polarization

parameters.
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Figure 3.5: Phase standard deviation in one fibre segment as a function of rotations in the
fibre, Av = 75Hz with and without 7.

Specific (©,0) pairs at fixed random v and § trigger o, peaks in SIMO, which is
quite clear in [Figure 3.5(a) and (b) (with dashed lines that show alignment of the false

alarms in (a)). On the same fibre simulations, the corresponding MIMO estimation is
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performed in [Figure 3.5(c): the estimated phase is stable for all possible (©,6) pairs. If
n # 0 where 7 is the polarization transfer coefficient defined in (i.e. M is not
an ideal reflector and introduces some crosstalk), then the locations of o, peaks change
as shown in [Figure 3.5(b): the false alarms peaks occur for different (0, 6) locations, and
the level of o, increases of 1073 to 3.1073 rad. The noise floor also slightly rises in MIMO
in (d) compared to n = 0. The laser phase noise Av impacts the height of the
o, peaks and o, values and not the general shape (position of the o, peaks in the (O,
) plane), so the case Av = 0Hz is not displayed. From we may suspect the
phase estimation to be modulated by some (0,6) “pathological” pairs which degrade the

backscattered information. This assumption is further investigated below.

SIMO phase-fading coefficient Back to [subsection 3.1.1 the SIMO phase estimator

for segment index m was defined as:

P <pm x (eﬂ% C08 2By —  5i0 26m (€727 cos 20; + sin 2@i))>
= Z(Pm X Cruit,SIMO )

if n and 0 are dismissed. It is recalled that © stands for the random polarization rotation
in the fibre segment, and 3, are phase retarder coefficients, defined in This
estimator is declared immune to intensity fading issues as it allows to get a phase estimation

at all locations in the fibre, regardless of the state of polarization.

However, the phase Z(p;) is modulated by the coefficient ¢, s1m0- This coefficient is
plotted in [Figure 3.6(a)| (for a given input angle § and a randomly chosen 7). Some (0, /3)
pairs lead to extremely low values for that coefficient, which highly attenuate or “fade”

the received phase value. For 7 # 0, this phase-fading coefficient ¢t s1M0 becomes a

function of v, 8, ©,n and produces a similar, still less regular pattern than in|[Figure 3.6(a)|

This is illustrated in [Figure 3.6(b)l where a constant v is chosen in [—m, 7], and 7 is set
to 0.15. This configuration also has fading combinations of v, 3, ©, shown here for ©, 3

varying in [—m,7]. It is possible to predict the values of the polarization parameters for
which they cause such phase-fading.

Note that there is no phase fading with MIMO phase estimation since the equivalent
coefficient for MIMO is ¢yt Mo = abs(det H) = 1 since H is a unitary 2 x 2 matrix.

Overall, we were able to confirm the existence of input polarization induced phase
noise in Ap-OTDR as we demonstrated how the phase coefficient can be modulated

by Cmuit,stmo, a “phase-fading” coefficient. cp,u1,sM0 depends on polarization parame-

ters and can get close to a null value even using a polarization-diversity detector.

3.2.2 Sensitivity expectations

The o, was previously introduced as a distinction threshold metric in the absence of a
perturbation (“static” configuration). Indeed, the variations of the differential phase cap-
tured from the sensor in static configuration are due to detector Additive White Gaussian

Noise (AWGN) including thermal noises, laser source phase noise, attenuation and fading.
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Coeff
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(a) Function of © and 3, random constant -y (b) Function of © and [, random constant -y
between —m and w, n =0 between —m and 7w, n = 0.15

Figure 3.6: Phase-fading coefficient ¢,,.,s1M0 as function of polarization rotation param-
eters : SIMO phase modulation for a single fibre segment

This static level of o, defines the level below which perturbations are not going to be
detected, namely the distinction threshold. o, is also used as a metric for the detection

of events in dynamic configuration, which will be addressed in the next chapters.

We have seen in [subsection 3.2.1| how SIMO and MIMO detection thresholds differ,

especially on long distance. To further quantify the performance increase brought by

MIMO probing and its associated phase estimation compared to SIMO, a study is con-

ducted by means of simulations. Here again, the fibres are probed using complementary

codes described in [subsubsection 1.2.4.2| on either one or two polarizations.

SNR definitions for phase and strain We introduce two metrics to help fairly com-
pare the sensing performance as a function of the interrogation method. The intensity
metric Intensity,;z and the distinction threshold metrics SNR, 45 and SNR; gp are de-

rived as follows:

Intensity ;5 = 101logo(| det(H)|) (3.6)
SNR,, 45 = 101og;, (1 /oi)
4néG (3.7)
SNR. 45 = 101ogy, (1 /03) = 20log;, (i)
%)

with n the refractive index of the fibre, £ the photo-elastic scaling factor in isotropic
material, A the laser wavelength of the interrogator expressed in nm, G the gauge length

is the system, in m. The gauge length G definition is based on the receiver characteristics

which define the performance of the interrogation system, see [subsection 1.1.1] therefore
G = cTs/2n with 1/Ts the symbol rate of the system, here T's = 20ns therefore G = 2.05m.
We remind that these parameters were already defined for the expression of equation (/1.2))

which gave an expression of the measured differential phase in A¢p-OTDR.

The Intensityyp in (3.6]) is the intensity estimated from | det(H)| which, as emphasized
in the following (see |[section 3.3|), informs about the ability to reliably derive a phase
estimate from H.

Aoy,
4mnéG

The SNR, 45 in (3.7]) expresses the strain sensitivity following the relation o, =
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Chapter 3. Polarization effects and reliability

(see |16] and ([1.2)) in ne, where the standard deviation of phase in time o, expresses the
2

noise floor of the system (in radians). Therefore N, = is the strain noise power

meca
density as the phase estimation at each segment is refreshed each Tipoge = (2Bmeca) L

We define SNR. 45 = 10log;(1/0?) to express the strain noise in the absence of signal
(assuming a reference strain signal of power 1ne?). The maximum value of o. (or equiv-
alently minimum value of SNR;) in a static measurement will be considered to be the
strain distinction threshold of the interrogator. SNR. = 0dB corresponds to a lne strain

sensitivity in a given mechanical bandwidth B,,ecq.

Statistical comparison of SIMO and MIMO estimators The statistical study is
conducted on a high number of simulations (N = 10° simulated points, corresponding to
2000 fibre generations for 340m length, 40 fibres for 25km and 20 for 50km), with fg,mp =
50Mbaud, corresponding to a gauge length G = 2m. MIMO and SIMO probing simulations
are run on randomly generated fibres, and the o, is derived for every fibre segment.
The polarization beat length L, is selected such that L,, < Lg, assuming independent
polarization state between consecutive segments (see . L is defined as Ly =

Cfibre h _
5= her = L.
2fsy7nb ’ ere G s

Three different fibre lengths are simulated to investigate the influence of distance on
the o, distribution, and therefore on the SNR. according to the phase estimation method,
so to compare the relative robustness of the SIMO and MIMO estimators over distance.
The MIMO values in o, are highly concentrated around low values (yielding high SNR. 4p)
and spread with an exponential decrease, whereas SIMO values are less concentrated and
spread further. This is translated into values of SNR, 45 in where the probabil-
ity density function of SNR. 4p is displayed for 340m fibre, 25km and 50km respectively.

The distributions shapes change with distance, however the same differences are ob-
served between SIMO and MIMO cases: MIMO allows to get a lower o, noise floor than
SIMO, consequently a higher SNR, 4p: displays a 10dB difference in the
lower SNR, 4p values for MIMO and SIMO after a short fibre distance, and so does
for lower SNR values with probability density below 5.1073. SIMO distributions
have a lower SNR, 4p mean value than MIMO.

From 25km and beyond, a concentration of low SNR values appear at the left tail of the
distribution which is due to the attenuation in distance: coherent fading and attenuation
are an other source for false alarms. In other words, the left peak is mainly constituted of
accumulated loss whereas the overall distribution is constituted of points which are subject

to coherent fading. It is particularly visible in [Figure 3.7(c)| for 50km fibre. However,
MIMO estimator allows to decrease the attenuation-related-false alarms peak.

We show in that up to 50% of estimated segments for SIMO case yield
higher false alarms (lower SNR,) than 75% of MIMO estimated segments over 340m. This
comes to 35% for 50km fibre distance (25km being an intermediate case). Also, 15% of
the SIMO estimated segments yield higher false alarms than 95% of MIMO estimated
segments over 340m as displayed in and which comes down to 9% for 50km
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Figure 3.7: Probability density function distribution of SNR; values, SIMO and MIMO

phase estimation methods, fibre simulation with L, = 2m gauge length, Arv = 75Hz,
N = 10° simulated points

fibre distance.

Moreover, displays the difference between the mean values of MIMO and SIMO
distributions “u(MIMO)-u(SIMO)”, which can be seen as the mean strain distinction
threshold of SNR,, in SIMO compared to MIMO method: it is of 3dB at 340m, and grows

to 11dB at 25km and 7dB at 50km. We conclude that MIMO enhances the mean achieved
SNR and also reduces its fluctuations with respect to SIMO.

From a high number of random simulations, it appears that SIMO phase estimations
bring in more variations than MIMO, therefore bringing higher false alarm levels, for

the same simulated fibre with same scatterers distribution and birefringence, and for all
distance ranges.

The performance gap between SIMO and MIMO methods is striking for short distances
(below 1km), and remains significant at very long distances (up to 50km here) when
coherent fading and attenuation also affect the measurement. Coherent-MIMO sensing

appears as a strong, stable phase estimator on short fibre lengths as well as on longer
distances.
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Figure 3.8: Cumulated probability density function distribution of SNR, 4p values, SIMO
and MIMO phase estimation methods, 340m fibre simulation with Ly = 2m gauge length,
Av = 75Hz, N = 10° simulated points

3.2.3 Discussion on polarization beat length

Regarding undesirable polarization effects, the polarization beat length was also men-
tioned, as it could play a role in the quality of the received signal when confronted to

polarization fading [91].

Polarization beat length, denoted Ly, is a fibre-dependent parameter. We remind that
for single mode fibres, Ly, is of the order of magnitude of 10m [97], and by definition if
Ly > Ly, then the SOP in two successive segments is uncorrelated. In this subsection,
we aim at comparing the amplitude and frequency of o, false alarm peaks as a function
of Ly, with fixed L,. This should allow to determine if and why there would be a specific
Ly, range for which the system would encounter more false alarms than usual, in SIMO

interrogation (which are the most common systems in the recent research).

Using our simulation tool and SIMO interrogation, L, varies between the gauge length
value G, here G = L, and the fibre length L, since variations below the gauge length will
not impact the algorithm described in and so will the variations of polarization
beat length variations beyond the fibre length. Simulations are run for a fibre length
Ly = 10km and a symbol rate fey,s = 50MBaud yielding a gauge length (which we define
here as the spatial sampling resolution Ly) of Ly = 2m and L, is varied between 1m
and 10km. The results are displayed in with zooms on two locations of the
simulated fibre.

Though o, false alarm peaks are noticed whatever the polarization beat length, on smaller
peaks (see between 2.95 and 3.1 km in [Figure 3.9(a)) the higher Ly is, the lower o, is.
Indeed in a), Ly, = 1m yields a high number of medium o, false alarm peaks
(< 10~ %rad), Ly, = 10m yields less peaks but with higher values, whereas L, > 100m
display a lot less false alarm peaks as only a few peaks remain at particular fibre distances,

yielding several kilometres of fibre free from false alarms, see from 2.95km to 3.25 km in

60



3.2. Impact of polarization effects on phase estimation

1074
T T T T —
2.5 | == Lpp = Im
10m
9| 100m
— lkm
<
g 15| 10km
Na |
s ;
1 [ |

o
ot
T

bk
| ;J"fx\v‘l—@”“‘ N .\v.uu ’...‘;L“,* o
0 P ;g — 3.1

Fibre distance (km)

(a) Zoom of a 500m portion around 3km

1074
5 — T T T T T T ]
Ly, = 100m
— lkm

41 10km I
:CJ‘G\ 3l periodic effect |
ok
<
& 9L

1 J

0 [ | | |

| w |
96 9.65 97 975 9.8 985 99 995
Fiber distance (km)

(b) Zoom on common periodic effect for higher Ly,

Figure 3.9: SIMO simulation for different polarization beat lengths, Av = 0H 2

Figure 3.9(a). Also, when monitoring o, over the full fibre length, a periodicity of false

alarms is noticed (with a period of about 2m) for L, > 100m: it is visible around 3.2km
in [Figure 3.9(a) and 9.77km in [Figure 3.9(b).
Overall, the SOP can take specific values which will degrade the SIMO fading coef-

ficient cpnuie,s1mo locally. The intuition here is that if L, is long enough, such specific
values could span several segments and trigger fading zones over several consecutive seg-
ments. With a lower sampling resolutiorﬂ the periodic pattern is very well identified in
for Ly, = 1km (black thick line): peaks are identified every two kilometres,
spreading over almost lkm, with o, peak values around 0.4rad. No periodic effect is
noticed for smaller L,;, values though random peaks are present, while for L,, = 10km,
which is equal to the full fibre length, there are no more o, peaks.

For a large enough Ly, there will be less false alarm peaks, which is in line with . This
could also trigger false alarms before L, becomes longer than the fibre length, on consec-

utive segments, which is in line with the intuition exposed earlier.

4See [subsection 3.3.4t /A note on low sampling resolution in the presence of potential artefacts]’ below.
10-fold lower sampling resolution does not modify the polarization changes for Ly, > 10Ls,.
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Figure 3.10: SIMO simulation, no laser noise, lowresolution=10

’ in this experiment corresponds to a quasi constant SOP

Overall, “large enough Ly’
along the full fibre segment. L, = Ly would mean the fibre (L is the fibre length) is a
fibre with (very) low birefringence. In such a case, the constant SOP is either a “good”
SOP which does not yield polarization induced phase noise (e.g. in, or a “bad”
SOP yielding polarization phase noise. Therefore, L, does play a role in the quality of
the backscattered signal, yet increasing or decreasing L,, will not change the number
of degraded segment responses but rather change the spatial distribution of degraded
segment responses (the larger Ly, is, the more gathered the unstable phase estimations

due to polarization induced phase noise).

Finally, in case of usual telecommunication fibre distances (several kilometres at least),
it is not realistic to consider L, close to the full fibre length (we recall Ly, ~ 20m in single
mode fibres [97]).

In practical cases, we assume Ls > Ly, by one order of magnitude, which was presented
as close enough to yield uncorrelated SOPs from one fibre segment to the next in
This also explains why periodic patterns such as in are not measured

while sensing over single mode fibre: given Ly, > L; in such a case, local occurrences

of ¢uir,stvmo fading should not exceed one fibre segment.

3.3 Optimisation of reliability: defining an intensity estima-

tor

We have seen how polarization fading could be partially avoided [38,53},|107] or completely
mitigated using Coherent-MIMO interrogation. However, several forms of fading still
stand in the way towards optimum sensing performance as coherent fading (also known
as speckle noise or Rayleigh fading) remains. Indeed, coherent A¢-OTDR relies on the
random constructive and destructive intra-impulsion interferences of coherent light inside
the fibre sensor |[115] such that the sensitivity randomly fluctuates along the fibre sensor

and in time.
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In order to mitigate Rayleigh fading noise without increasing measurements or process-
ing time, several groups proposed low-cost approaches to either discriminate or remove the
false alarm peaks induced by fading effect: in A¢p-OTDR, it is possible to identify whether
a phase term is an artifact by comparison of successive phase measurements [116] ; one
can also select a lower sampling resolution set of backscattered points, chosen on a signal-
to-noise ratio basis |99 as addressed further. In these cases, the criterion to decide on the
quality of a measurement is based either on the phase alone or on the sole backscattered
intensity. Here instead, we aim at introducing a criterion based on the Jones matrices
estimates of the fibre sensor (prior to any phase extraction) for early identification of the
Rayleigh backscatter fading points from the A¢-OTDR trace.

To do so, we rest on the knowledge brought by MIMO interrogation investigated here
above: the retrieval of the full Jones matrices of the fibre segments along the fibre proved

itself to give reliable measurements of the phase. Therefore, we wish to push further

and come out with reliable measurements of the backscattered intensity.

3.3.1 Analytic development of estimators error

Provided that dispersion is negligible, the optical field Eqyt backscattered in a SSMF can
be expressed as the product of transmitted optical sequences E;, with 2 x 2 Jones matrix
Hg;, which stands for the dual-pass impulse response from the start of the fibre to the

1th fibre segment at time index j and the injected optical field, as follows:
Eouwt = Hi;Ein (3.8)

The channel response is thus fully characterized in terms of intensity, phase and polariza-

tion. Onme sensing method providing estimations of H is Coherent MIMO, described in

[subsubsection 1.2.4.2] It was shown in the above sections that this probing technique fully

removes both polarization intensity fading and polarization-induced phase noise effects.

We remind that the symbol rate fy,m,, used to inject the probing code of duration Tr,q. =
Neode X foymp determines the gauge length, or fibre segment length, Ls = cripre/(2fsyms)-
Neode is the number of symbols that compose the code. The cumulated phase for seg-
ment index ¢ is derived from H; as % x Zdet(H;). The local phase per segment is then
obtained by spatial differentiation of the cumulated phase. By continuously injecting the
probing codes, the system provides periodic estimations H;; with a period T¢,q. equal
to that of the code. Following Nyquist theorem, the achieved mechanical bandwidth is
Biieca = 1/(2Tcoge)- In summary, vibrations with a spectral signature below Bj,ecq 0Occur-

ring along the fibre can be captured and localized with a spatial accuracy L.

Now focusing on the Rayleigh fading effect, let us remind the expression of a back-

propagated Jones matrix response at segment index :
H; = A;p;U/ MU; (3.9)

where Uj; is a unitary Jones matrix describing the state of polarization (SOP) within

segment i, 1" is the transpose operator, M is a reflection matrix, assumed for sake of
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simplicity as equal to identity matrix to emulate perfect reflection per polarization axis.
A; and p; are the attenuation and phase of the Rayleigh-distributed backscattered field
at segment index ¢. Consequently, the response comes down to H; = A;p;V; with V,; =
U;TFMUi unitary as well. The product A;p; results from the sum of all randomly spread
elementary scatterers and the fibre segment is subject to Rayleigh fading when its intensity,

defined as |A;.p;|?, vanishes.

Intensity expressions in noiseless conditions The backscattered intensity is derived
from the Frobenius norm of H; = [Zzz Z;Z] as ]Hi\fcmb = |haw |2+ hay 2+ hya |2+ hyy | [99].
Since V is unitary, it is of the form [ _§. ab*] where a and b are complex values such that

laf? + b2 = 1, therefore | det(Vy)| = 1.

Then [H;|%,,, = [Aipi*-(Jaf* + [b]* + | = b*|* + |a*[?) = 2.[A;.pi]*. The intensity can alter-
natively be derived from the determinant of H by calculating |det(H;)| = |A;ps|?.(aa* +
bb*) = |A;p;|*>. Therefore, the two estimators are equivalent and perfectly estimate the

intensity of the backscattered optical field in MIMO sensing:
1 2 2
o+ Hilfrop = [ det(Hi)| = |Aipi| (3.10)

hacx] —

Note that in SIMO configuration, the estimated channel comes down to H; = | ho

Aipi| % |, where the terms V,, and V, depict the energy received on the x and y polarization
axes of the receiver, respectively. In that case, no determinant can be computed and
]I—L@mb = |Aipi|*.(IVa|? + [V, ]2). |I:Ii’?”7‘ob = | A;p;|? as well as for (3.10)) in the absence of

noise.

Intensity expressions in noisy conditions Given the imperfections of the optical
and electronic elements present in a sensing system setup, the estimated matrix H at
the receiver side can be modelled as the H = H + ¢ with ¢ = [i;‘/; i;fj] an Additive
White Gaussian Noise (AWGN). Under this assumption, the two intensity estimators
may diverge. After analytical development, we get the two following expressions for the

Frobenius and determinant estimators respectively:

1 - 2 1 2 1 2 2 2 2
o Hilfrop = 5-Hilfrop + 5 ([eaal” + leay [ + legal ™ + leyy %) (3.11)

+R(a" epp + 0" 0y — beya + a.cyy)

| det(H;)| = [|det(Hy)| + (€aatyy — EayEya)+ (3.12)

(0% Eqp + b* Eay — bys + a.yy)] '
where R(X) stands for the real part of complex scalar X. [Figure 3.11}(a)| shows, derived
from the above model, the module of the error as a function of the signal to noise ratio
achieved by simulating AWGN error matrices of various levels whereas the backscattered
intensity term |A;p;|? is fixed to unit norm. Though both estimators are equivalent at
high SNR values, the |det | estimator outperforms the Frobenius one below a 10dB SNR

with an estimation error module reduction by 2 to 3dB for negative SNR, values. This
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negative SNR case reflects the situation of low backscatter intensity segments, which may
exhibit SNR values far below 0dB with experimental sensing systems. This statement
derived from our analytical error model is confirmed by simulations in when
simulating the interrogation of a 50km fibre and then comparing the Probability Density
Function (PDF) of the backscattered intensity estimated with both estimators.

3.3.2 Unreliable points on simulated interrogations

The fibre is simulated by means of the static model developed in and probed

using Coherent-MIMO interrogation which was described in [subsection 1.2.4 We use a
217

symbol rate fsym» = 50MBaud, binary codes made of Neoge = symbols, which yields
a gauge length Ly = 2m, a code length T,,5. = 2.6ms and so an analysis bandwidth
Beca = 190Hz. 500 successive codes of duration T,.,q4. are injected, that gives a 1.3s
overall analysis period of the backscattered channel. The dominant simulated noise is the
laser phase noise, set to a linewidth of Av = 75Hz through a Lorentzian model to emulate

the laser source used later in our experimental self-homodyne setup.
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Figure 3.11: Comparison of |H|?ET pand | det(H)| backscattered intensity estimators
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The static model used for simulating the fibre generates the set of Jones matrices H;,
one per 2m length fibre segment. So, the estimated intensity, averaged over the 1.3s period
by each of the two methods can be compared to the true generated intensity |A;p;|?, as
displayed in The PDF of the |A;p;|? reference backscattered intensity
follows the expected Rayleigh distribution. Both estimators match the reference intensity
distribution for high reflective segments (high SNR), but the estimation is significantly
compressed at low reflective ones, with a PDF tending towards a Gaussian shape. This is
particularly emphasized with the Frobenius estimator, which hardly allows to discriminate
between segments of low (Intensitysz = —90 to —100) and even intermediate intensity
(Intensityyg = —80) relatively to the intensity distribution. The |det| estimator PDF
much better fits to the reference intensity distribution with low-reflective segments. In
other words, it provides a much higher robustness to noise. Therefore, when willing to
detect the segments subject to Rayleigh fading and to estimate their intensity, the |det |

estimator is to be preferred in MIMO sensing.

Beyond intensity concerns, we remind that phase variations at segment index ¢ are
estimated by periodically calculating ¢arraro = 0.5.4det(H;). Therefore, an estimation
error on the matrix intensity also translates into a phase estimation one, giving rise to
phase artefacts that degrade the phase sensitivity and which can be wrongly interpreted
as mechanical disturbances (false alarms). We reuse the 50km simulated fibre along with
the simulation parameters introduced above. The differential phase is calculated from a
subset of fibre segments by selecting, according to both estimators, the highest intensity
one among every 10 consecutive segments, leading to an average resolution of 20m. This
technique brings a distinction threshold gain at the cost of spatial resolution loss [99], see

later in [subsection 3.3.4l
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Figure 3.12: Impact on phase distinction threshold of intensity estimator when selecting
a highly reflective segments subset (spatial sampling resolution 100m). 50km simulated
fibre

Figure 3.12[shows the standard deviation of the phase (o) during the 130ms simulated
period calculated by phase differentiation between the subset of higher intensity segments.

In absence of any simulated perturbation, the phase variation is mainly induced by the

66



3.3. Optimisation of reliability: defining an intensity estimator

Rayleigh fading and by the laser coherence loss, this latter effect being responsible for
the constant o, increase with distance whereas local variations are induced by randomly
distributed Rayleigh fading. The higher intensity segment subset selected from the |det |
criterion shows a much lower o, of their differential phase and so a better distinction
threshold along the 50km simulated fibre; and this is a direct consequence of the lower

error induced by | det | intensity estimator relatively to the Frobenius norm.

Therefore, with MIMO sensing that gives access to the Jones matrix estimation H; of
the backscattered optical field at any fibre segment, the determinant module of H is,
beyond a fair intensity estimator, also a powerful indicator of the ability to numerically

extract a reliable phase estimation.

For sensing methods with polarization diversity at the receiver side only (SIMO), we
get hgy + hyy = Aipi X (Vp +V,) # A;p;. Therefore, the intensity estimation, defined
as Isrro = |hee|? + |hy|?, encloses the Rayleigh fading. Note that this is the only way
here to estimate the backscattered intensity level. Nevertheless, Isrmo estimator can also
be exploited as an indicator of the ability to extract a reliable phase estimate for SIMO

implementations.

3.3.3 Observed artefacts mitigation by reliability monitoring
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Figure 3.13: Experimental MIMO sensing setup. LO: Local Oscillator, MZ: Mach-
Zehnder, CW: Continuous Wave, EDFA: Erbium Doped Fibre Amplifier

The previous section, based on analytical development and simulations, has shown the
relevancy of | det(H)| metric in MIMO sensing to enhance the backscattered intensity esti-
mation at low reflective fibre segments compared to the more usual Frobenius norm. The
finer discrimination between low intensity segments was shown to select a more relevant
segment subset, thus also improving the estimated phase along the tested fibre thanks to
a lower distinction threshold. This section aims to experimentally confirm the benefit on
the phase distinction threshold.

recalls the overall experimental setup. The Fibre Under Test (FUT) is
probed over two orthogonal polarization axes thanks to a Mach Zehnder modulator which
modulates a 1536.1nm ultra-narrow linewidth (75Hz for low frequency interrogation [99])
laser source with the same interrogation setup (codes and baud rate) as in the simula-

tion part. In a first experimentation, we probe a 50km length standard telecom fibre
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spool placed in a mechanically insulated box to make it less sensitive to environmental
noise. The Rayleigh backscattered signal is captured by a coherent mixer, electrically
converted and then digitized. After correlation process, a set of Jones matrices estimating
the backscattered optical field in both time and distance dimensions is available. The
differential phase is finally derived from a subset of highly reflective segments according
to both Frobenius and |det | criteria in the same way and so to achieve the same spatial

resolution as in the above simulated case.
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Figure 3.14: Impact on phase distinction threshold of intensity estimator when selecting
a highly reflective segments subset (spatial sampling resolution 20m). 51km experimental
measurement, no excitation

igure 3.14] displays, as with [Figure 3.12 the temporal o, of the phase along the 50km
©

FUT. The phase o, is slightly higher than in the simulation case mainly due to a lack of
soundproofing at low mechanical frequencies, the noise floor in the lab being of 60dBgp1,_c
and 49dBgp1,— Aﬂ However, we observe the same trend here: the segment selection made
with the |det| intensity criterion brings on a final basis a much lower rate of artefacts
than with the Frobenius one (here, 3 false alarms peak > 50mrad above the laser phase
noise remain using | det |, compared with 10 to 20 peaks with Frobenius), and so a lowered

distinction threshold.

We have until now considered the o, of the phase per fibre segment in absence of
external perturbation. This is based on the statement that, in such a static case, both
intensity and phase remain quite stable at any segment during the observation time. Let
us now focus on a dynamic case with the FUT mechanically excited at a segment location.
A 1km SMF fibre is locally excited by a 15Hz acoustic sine wave at 640m from the fibre
start. The sound pressure level reaching the fibre could not be accurately measured at
such a low frequency. However, the captured phase variation was sufficiently low to assume
that polarization parameters are left unchanged and so that it only affects the fibre length
locally.
shows the variations in time of the differential phase measured at the excited

5Soundmeters are usually fitted with filters to adapt to the human sense of sound, depending on the
frequency range. See [Appendix Alfor details on the acoustic sound pressure level (SPL).
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Figure 3.15: Phase variations with fading artefacts observed at a fibre segment perturbed
by a 15Hz sine wave (black,bottom) and associated normalized | det | estimator (grey,top).
Correspondence of low |det | values with distorted phase signal is established with red
ellipses.

segment position. The sine wave excitation is quite well captured by the phase though
some distortion can be observed, with local artefacts. Superimposed is Ry the intensity
estimated by | det | metric, normalized over all the Hg ; of the measurement within a certain
time window (where d is the segment index and ¢ the time index), defined as follows:

— det(H

Ry = 1 0ct(Ha) (3.13)

’ det(H
max | det(Ha)|

Firstly, we observe that the |det| metric (namely R4;) is modulated by the captured
mechanical excitation. This was expected since the applied excitation, when expanding the
length of the excited fibre segment, slightly modifies the initial position of the elementary
scatterers and so modulates the intensity term |A;p;|?. Secondly, there is a correlation
between the position of the artefacts observed in the phase response and the local minima
of the |det| metric. This correlation is not perfect since |det| intensity estimator is
slightly biased at low intensity levels and so false positives or negatives cannot be excluded.
Nevertheless, it highlights that such artefacts are erroneous phase estimates that occur

when the Jones matrix intensity drops.

Therefore, the |det| metric can be exploited in MIMO sensing not only as a fair
intensity estimator but also as a criterion that informs about the ability to extract from

any Jones matrix H a reliable phase information.

The normalized intensity estimator within a certain time window R4 appears in
superimposed to the phase plot under the form of a colour code to inform about
the confidence level of each extracted phase term. The tuning of the quantized metric is
in practice set-up dependent and can be updated periodically. This soft-decision metric
can be conveniently used in practical situations to distinguish between true mechanical
information and artefacts induced by the phase extraction process. Also, it may advanta-
geously feed a further automatic recognition system to enhance the classification process
of the captured waveforms.

Note that the SIMO intensity estimator Israro could also be used as a first order quality

estimator, despite not being immune to coherent fading.
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Figure 3.16: Phase variations in time at segment location from [Figure 3.15| Superimposed
is colour coded |det | criterion to highlight the artefacts detection

Blind areas in a sensing system, realistic conditions Overall, Edﬂg allows to identify
blind (distance, time) areas of the A¢-OTDR traces. Over such blind areas, we verify that:

- The presence of an artefact does not indicate the detection of a real vibration or

acoustic event

- No event that occurs within this distance and time frame will be detected by the

system

Yet, we observed that low-reliability (blind) areas occur over short period of time within
a single segment (Figure 3.16)), and rarely occur over several successive segments (Fig]
. Moreover, dynamic events in deployed fibre environment rarely occur over
less than one gauge length (here of the order of the metre) or during less than one code
duration (of the order of the microsecond). Therefore, real events such as acoustic dis-
turbances could be retrieved on adjacent segments or adjacent time periods, for example

using interpolation between consecutive (distance, time) measurements.

Such a processing method based on the reliability metric, and involving interpolation
and pattern recognition would pave the way to the automation of event recognition in

distributed sensing systems.

We have highlighted the relevance of a correct estimation of the backscattered inten-
sity in A¢-OTDR applications. MIMO sensing gives access to the Jones matrix of
the backscattered optical field and we have demonstrated that the module of its deter-
minant introduces a smaller error than the standard Frobenius norm to estimate the
intensity [105]. In a first step, it has allowed to better discriminate between low reflective
segments along the sensed fibre, thus lowering the phase distinction threshold.

In a second step, we have shown that this determinant module can be used as a soft-
decision reliability metric to detect phase artefacts induced by local intensity drops that
potentially superimpose to any detected mechanical signal. This metric is of major
interest for further post-processing to help improve the classification of the captured

mechanical signals (including artificial intelligence based algorithms, which are out of

the scope of this thesis).
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3.3.4 A note on low sampling resolution in the presence of potential

artefacts

The “low sampling resolution factor” has been already mentioned in the previous sections
of this chapter, especially when it comes to display sensor results along distance. Indeed,
from a native spatial resolution or “gauge length” of the order of magnitude of the metre,
several kilometres measurements are often displayed with a resolution around the hundred

metres. The motivation for this low-resolution process is twofold:

1. When sensing with a short gauge length with regard to the fibre length, the number
of segments to monitor is large, which requires high processing resources and memory
storage: in practice, it can be preferred to relax the spatial sampling resolution to

save resources ;

2. In the presence of low-reliability segments or points, one straightforward and quick
solution would be to remove them from the measurement, at a cost of a coarser

spatial sampling resolution.

Low sampling resolution is achieved by selecting a segment subset from the native reso-
lution set: for achieving a downsampling factor p, we choose, among every p consecutive
segments, the one that provides the highest backscattered intensity on average over the
time dimension. The relevance of this intensity-based selection criterion was first justi-

fied for dual-polarization interrogation in |117] and is now more convincing following the

analysis in [section 3.

An example on the use of multiple downsampling factors over a 50km measurement is

given in here after.

The experiment consists in the interrogation of a 50km single mode fibre spool by

means of dual-polarization codes (subsubsection 1.2.4.2) of size Neoge = 217 with symbol

rate fsymp» = 50MBaud yielding a code duration T¢,q. = 2.63ms. A multi-tone perturbation
perturbation is introduced by means of a Piezo-Electric Actuator (PEA) at 0.88km from
the interrogatorﬂ To avoid a permanent monitoring of all fibre segments at Ly = 2m
corresponding to feymy = S50MBaud, we start by processing the differential phases from

the highest-intensity segment in each group of adjacent N = 250 segments.

On the left part of (a), we show the selected highest-reflecting segments
over the first eight kilometers and the evolution of the corresponding differential phase
over one second. The perturbation induced by the actuator is easily detected using an
energy criterion, as shown through the power spectral densities of the phases in the insets
of at an average sampling resolution Leogrse = 250Ls = 500m. The initial
detected position is 1100m. A new selection process is activated locally over the segment
preceding the detected alarm using an enhanced sampling resolution L ... = 5Ls = 10m

(random value chosen for illustration). A new localization result at 879m is shown on the

right with a better accuracy.

5The usage of PEAs for the introduction of localized, low frequency excitations is further developed in
the next chapter.
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Figure 3.17: Multi-resolution event localization. On top: initial coarse sampling resolu-
tion monitoring showing Rayleigh Back-Scattered (RBS) intensity as a function of distance
on first 8km & phase evolution at selected best segments each 500m. o, along distance
for event detection. Dash-dotted box: selection of excited zone displayed in (c). Lower
part: power spectral density of phase for two selected segments, one enclosing an event
detection. Second-stage monitoring with a finer selection each 10m over a smaller section
bounded by the position of the detected alarm and the preceding alarm-free position.

This multi-resolution approach is capable of handling several alarms in parallel over all

the sensed fibre by refining the localization in an iterative way, thus saving computation

efforts compared with a permanent monitoring at the native gauge length.

Summary: On the way to optimize reliability

In this chapter, we were able to explore different fibre sensor interrogation methods, mainly
based on polarization diversity: indeed, polarization diversity at the receiver was already
considered with interest in the literature as it yields a stable measure of the backscattered
signal. Conversely, polarization diversity at the transmitter was not yet precisely studied
until now: we demonstrated the advantage of probing a fibre sensor onto two orthogonal
polarization axes and finally proposed a probing method which is immune to polarization
fading. This method is referred to as “Coherent-MIMO”.

Having explored the mechanisms of Coherent-MIMO, we did also define a reliability
metric for Coherent-MIMO measurements in this chapter. An analytical and experimental

comparison of two intensity estimators was conducted and resulted in the definition of a
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soft bit metric which is of major interest for further post-processing of sensing data.

Yet, this chapter’s discussions on polarization effects and accuracy assessments enable

to go on with some experimental demonstrations and comments on the “Coherent-MIMO”

sensing system in Later on in the remaining fading effect — namely
coherent fading, will be tackled and possibly mitigated.
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Chapter 4

Coherent-MIMO sensing in

practice: experimental results

Previous sections allowed to determine the performance of the Coherent-MIMO interroga-
tion system, relying on a method which is immune to polarization fading and which allows
to assess the reliability of each time-distance-resolved measurement. In the following sec-
tion, we highlight the system performance, not only by assessing the noise floor levels on
static measurements as previously done in simulation, but on real deployed fibres. We
evaluate the performance of the Coherent-MIMO sensing system with different types of

(realistic) disturbances and environments.

Probing Sequence
Generation
¥
Pulse Pattern PR clock |
generator generator ; Insulated boxes — :
YYJT% - Insulated l
. s @ cabin 80%1 !
corridor I
. PolV,” \% e '1’)) v 3
— ¢
0,8 m |
High coherence DP-Coherent |  _________ ______ ___ i
laser source Lo mixer |
I T TT A 4
Balanced o Analog to digital L, Offline MIMO
photodiodes M conversion processing

Figure 4.1: Experimental setup for high mechanical bandwidth detection, adapted
from [118]. LO: Local Oscillator, I/Q: In-phase/Quadrature, Pol: Polarization, DP: Dual-
Polarization, MIMO: Multiple-In, Multiple-Out

Setup description displays the overall experimental setup for high me-
chanical bandwidth detection over Standard Single Mode Fibre (SSMF). The highly co-
herent laser source is an OEWaves OE4030 Whispering Gallery Mode laser operating
at A = 1536.6nm, the pulse pattern generator is the Arbitrary Waveform Generator
AWG5200, 16bits from Tektronix. The AWG provides the stable clock reference. At
the receiver side are: a coherent 90° hybrid from Kylia and four Thorlabs PDB480C-
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AC Fiber Coupled Balanced Photodetectors with 1.6GHz bandwidth. The acquisition is
performed by a 16bits PCle Gen3 RazorMax Express acquisition board.

The fibre under test is a SSMF made of a first spool of length L1 placed inside a
soundproofed box. In this experimental study, soundproofing or “mechanical insulation”
of a box means that foam-like materials have been placed on the inside of an home-made
box such that the Sound Pressure Level (SPL) of the surroundings is below 42dBgpy, o and
61dBspr,,c, meaning that external environmental perturbations are sufficiently damped to
avoid affecting the fibre. Then, it enters a 0.8mx0.8mx2m also insulated cabin that
contains a loudspeaker placed at a 0.5m distance from the fibre, as displayed on the left in
This 0.8m fibre section is tight between the two walls of the cabin, such as to

maximize its sensitivity as described in[subsection 4.2.2] A second fibre spool of length L2,

still soundproofed, extends the tested fibre section which stays in the laboratory. Then,
the fibre continues in the crawl space of an 80m long corridor, see last picture in
before terminating with a final insulated spool of length L.3. The spool sections consist of
bare fibre whereas the fibre is covered by a 0.9mm diameter plastic jacket in the insulated
cabin and a thicker one (3mm diameter, which is a standard protection as the fibre cable
in the corridor was originally meant for communication between two laboratories) in the

underground section.

Loudspeaker

L1

0,8m width

Figure 4.2: Experimental setup for high mechanical bandwidth detection, pictures

The overall length of the fibre span (L14+L2+L3+480.8m) is limited to no more than 2km
in this experiment. Indeed, we aim at detecting high bandwidth signals since the round
trip time of light T;,. in a lkm fibre span is short enough (T}, ~ 10us) to allow a fast
repetition rate of the probing signal (below 100us would allow a mechanical bandwidth
Bineca > 5kHz). Also, as stated in the previous sections, the interrogator is assumed to
be highly sensitive (distinction threshold of the order of 10 to 1ne strain within By,ecq)
therefore we aim at detecting low energy signals as well as signals with a high dynamic

range (a significant ratio between highest and lowest sound level).
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4.1. Capturing large bandwidth signals

4.1 Capturing large bandwidth signals

To study the feasibility of recording large mechanical bandwidth signals using a SSMF
and a Coherent-MIMO interrogator, a first qualitative study is performed by applying
controlled and localized strain to a portion of the fibre under test by mean of a Piezo-
Electric Actuator (PEA). This technique is advantageous to handle the exact position
where the perturbation reaches the fibre and also to quantitatively relate the optical phase

change to the magnitude of the mechanical perturbation [43, [119].

L1 L2 + corridor + L3
© ? (@

PEA

TX sensing @
LO

RX sensing

Figure 4.3: Fibre setup for high-bandwidth, mechanical excitations by means of a Piezo-
Electric Actuator (PEA)

The simplified setup is displayed in where the PEA replaces the soundproofed
cabin from and L1 = 871m and L2+corridor+L3 = 1010m. The piezoelectric
actuator is a cylindrical (d = 5cm diameter) element which diameter slightly contracts
and dilates according to the voltage U applied to its sides, following Ad = 400pm/Vgums
where Ad is the diameter variation, therefore :

AL 7Ad(U) 400

= U.10~1? 4.1
L d 0.05 (4.1)

AL
where T is the elongation of the coiled fibre for a given coiled fibre length L, in ¢ = m/m.

Linearity of phase response to piezoelectric excitation As an illustration of equa-
tion , gives sensitivity and linearity assessment of a fibre sensor interrogated
with dual-polarization binary codes of length T,.,q. = 1.05ms, subject to 100Hz sinewave
piezoelectric excitations at two locations of the fibre sensor. The gauge length for this fibre
interrogation is G = 0.8m. We notice that at a distance d = 870m from the fibre start, the
detection threshold is of 10nm extension i.e. € = 12.5n¢ in the Biecq = 1/2T¢oqe = 476Hz
mechanical bandwidth (strain density 573pe/v/Hz), whereas after d = 20.87km no strain
is detected up to 90nm (e = 112.5ne, strain density 5.15pe/v/Hz). Overall, once the detec-
tion threshold is exceeded, the measured amplitude of phase variations A¢ comply with
the applied strain following the linear relationship A¢ = 47nALE/ .

More generally, the use of PEAs allows to target only a specific portion of the fibre

under test, also avoiding multipath acoustic issues.

High bandwidth piezoelectric excitation L = 3lcm of fibre (= 2 fibre loops)

are coiled around the actuator. For the interrogation of the fibre sensor, we use dual-

polarization codes presented in [subsection 1.2.4] with symbol rate fy,, = 50MBaud and
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Figure 4.4: Phase amplitude as a function of fibre extension, at two locations on a 25km
fibre, from [119]

code duration T,yq. = 81.9us, yielding a mechanical bandwidth B;,e., = 6kHz.

To explore the full bandwidth and linearity of the response, we generate a frequency
sweep spanning a [0.1,6]kHz range and inject it with constant power level to the PEA.

The backscattered phase from the excited segment is measured and its Power Spectral

60

>
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Power Spectral Density (dB)
[\~
o

—-920 | | | | |
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Figure 4.5: Frequency sweep from 100Hz to 6kHz mechanically applied to the fibre by
means of a PEA: Power Spectral Density of the measured phase at the excited fibre
location

Density (PSD) is displayed in The standard deviation of the PSD between
[700, 5300]Hz is of 0.9dB. This relative flatness of the spectrum illustrates the linearity
of the fibre microphone as well as the linearity of the PEA (indeed, there is no simple
method to determine whether the small PSD fluctuations are induced by the fibre sensor

or the PEA).

Note that even though the human hearing range is Bey = [0.02,20]kHz, the usual
bandwidth of the analogue telephony is Bppone = [0.3, 3]kHz which is acceptable to rec-
ognize voice signals. Therefore, now that the flatness of the fibre sensor is assessed up to

6kHz, a 1-second speech signal is recorded and again injected into the PEA at a precise
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location along the fibre [120), [121].
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Figure 4.6: Normalized phase variation of a speech signal “Bonjour”, from ||

shows the original recorded speech signal and the backscattered phase signal
from the excited segment. The mean square error of b) with regards to the
reference in [Figure 4.6(a) for the first 0.6seconds is 0.098% and the standard deviation of
noise after 0.6 seconds is 0.022%. The experiment demonstrates how sensitive the fibre
sensor is in a qualitative manner, as the backscattered phase could be listened to, allowing
an easy speech recognition . Beyond the low distinction threshold, the high dynamic

range of the sensing system contributes to such performance.

4.2 Capturing acoustic signals

The above results were achieved with mechanical excitations directly applied to the fibre by
means of piezoelectric actuators. For practical situations, the excitation sources (vehicles,
machineries, pedestrians...) are rather located a few meters away from the fibre cable
deployed by the telecom operator. The fibre is perturbed by vibrations or by acoustic
waves over a distance and with an attenuation which is strongly environment-dependent.
This situation makes quantitative measurements potentially difficult to achieve in the field

and the extrapolation of the results to other environment questionable.

4.2.1 Assessment of detection-identification of an acoustic signal

We describe for illustration an experimental study carried out in the building corridor,
located after L1 + L240.8 = 620m SMF and placed in a crawl space 0.8m below the floor
as pictured in [Figure 4.1| and [Figure 4.2|

Figure 4.7: Loudspeaker placed in a corridor for acoustic measurements
The setup is tuned to capture perturbations over a 1.53kHz bandwidth and with a 2m
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gauge length (coded dual-polarization interrogation, 50MBaud symbol rate, N ,q. = 16384
BPSK symbols yielding Troqe = 3281s). An acoustic perturbation is generated at 640m
from the fibre start by means of a loudspeaker positioned on the floor (see that
generates a 663Hz pure tone. The tone is emitted from the loudspeaker at various power
levels: from 65 to 90dBgpr,, and the related Sound Pressure Level (SPL) is measured at
the fibre cable closest vertical position in the crawl space by means of a sound level meter.

The measured building background noise is of 54dBgpr..

T T
* —o— 640.53 m

)
20 *t!';_ - 635.40 m |
= 641.55 m

Power Spectral Density (dB rad”/Hz)

,402 N g P i R Y
0 50 100 150 200 250 300 350
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1000 025

Power Spectral Density (dB rad2/Hz)

(a) Frequency noise in the frequency/distance (b) Main frequency components (100Hz, 150Hz
plane and harmonics) measured in the corridor

Figure 4.8: Power spectral density (PSD) of unwanted low frequency noises (from 5Hz)
present in the building, measured along the fibre sensor

displays the power spectral density of acoustic noise in the absence of the
loudspeaker excitation. High pressure level acoustic signals components are captured
below 300Hz, mainly due to the air conditioning in the building and to specific machinery
in the neighbourhood. The common spectral signature of such machinery is a frequency
comb, with a low fundamental frequency (25, 50 or 100Hz) and its harmonics (multiples of
the fundamental frequency). In (b), two main perturbations generate 100Hz and
150Hz perturbations, therefore frequency peaks are noticed at 200Hz and 300Hz (second

order harmonics).

Then the loudspeaker is switched on, in the corridor. Figures and @ display
the PSD of the phase variations captured along the fibre within a 2-second period when
the sound pressure level at the fibre side is equal to 68 and 88dBgpy, respectively. The
differential phase is processed over a subset of segments that yields a 15m coarse spatial

sampling resolution, and low frequency contributions are filtered out so to keep a proper

dynamic (in some low-frequency noise contributions reached 50dBrad?/Hz).

highlights that the 68dBgpy, pure tone is detected at an estimated position
of 646m from the fibre start, roughly 15dB above the phase noise observed in the distance
versus frequency plane. When the acoustic waveform reaches the fibre with a sound
pressure level of 88dBgpy,, the pure tone is now detected at 640m and 39dB above the noise.
We do not exactly retrieve the 20dB pressure level difference between the 2 measurements,

mainly due to the spatial resolution of the analysis.

In addition, it can be observed in |Figure 4.9(b)| that the 653Hz tone is not simply
detected at the fibre position the closest to the loudspeaker (640m from fibre start), but
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Figure 4.9: Detection of a 653Hz pure tone (close to E5 music note), acoustically generated
0.8m away from the fibre cable at 640m distance

over a wider distance along the fibre: the 653Hz tone is detected about 20dB above the
noise 445m and 529m from the fibre start, which is below the 39dB dynamic observed at
the peak but still noticeable. The reason is that the high-level excitation of the latter test
induces an acoustic radiation in the crawl space below the corridor, thus also affecting
fibre cable segments located some tenths of meters away from the loudspeaker position.
This contrasts with piezo-electric perturbation for example, which introduces strain at
a single location on the fibre sensor. For such a spread event detection, we remind the

possible signal spatial interpolation in case of a blind spot along the fibre in the disturbed

area (see [subsection 3.3.3)).

This first acoustic study proves the ability to detect, localize and identify acoustic

perturbations of various pressure levels by means of a standard SMF cable deployed in

a building.

4.2.2 Sensitivity as a function of the fibre settings

Further sensitivity experiments were conducted with regards to the fibre physical settings.
At this point, the fibre section of interest is the 0.8m fibre inside the insulated box, located
at 420m from the fibre start (Figure 4.1)). A single-tone 600Hz acoustic signal is generated

with various power levels by a loudspeaker located approximately 50cm from the fibre.
The fibre span is interrogated by means of dual-polarization codes. The fibre section under

test is attached to different props:

- firstly, the fibre is slightly pulled such as the fibre stays horizontal between the two

sides of the insulated box, without any prop

- a second fibre section under test is still pulled tightly but also glued to an aluminium

metal plate of thickness 9mm

- the third fibre is glued to a thinner metal plate (1mm thickness) and finally the last

tested fibre section is pulled on a Plexiglas plate of thickness 5mm.

The sensitivity of the fibre section in each configuration is assessed in
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Figure 4.10: Sensitivity of the fibre section depending on its prop, adapted from [120]

For low sound pressure level radiated by the loudspeaker, all configurations are subject
to low sensitivity due to the noise floor of the system. From 55dBgpy, the free fibre and
plexiglas fibre start showing higher sensitivity than those fixed to metal props. Beyond
65dBspy, the sensitivity of the free fibre configuration gets ahead the other ones, while

fibres fixed to plexiglas and thick metal reach a comparable sensitivity level after 83dBgpr,.

The sole excitation signal for this study is an aerial, acoustic signal. Further con-
siderations on the propagation of sound in different materials is out of the scope of this

non-exhaustive feasibility study.

Overall, this experiment demonstrated the better sensitivity of aerial fibres to acoustic
signals compared to fixed or buried fibres, independently from the interrogator setup

configuration (Baud rate, code length...)

4.3 Experimental validation of SIMO and MIMO relative

performance

In we demonstrated the advantage of MIMO interrogation over SIMO interro-

gation, in terms of lower distinction threshold and for simulated fibre interrogations.

The experimental setup described in is used for the interrogation of a 340m
SSMF in the absence of perturbations (static mode), with one polarization channel being
switched off at the transmitter side for SIMO interrogation. SIMO and MIMO measure-
ments could not be performed simultaneously, however they are performed successively to

ensure close experimental conditions for both methods.

The measured o, is displayed in The o, for MIMO interrogation presents
attenuated peaks that coincide with SIMO interrogation o, and two independent false
alarms. The coincident peaks are likely due to coherent fading, whereas the higher SIMO
peaks are mostly a consequence of polarization fading as described in eq.. Overall,
the o, level is higher with SIMO interrogation compared to MIMO.
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Figure 4.11: Experimental measurement, SIMO and MIMO interrogation of 340m SSMF":
o, along distance

Though allows to quantitatively assess the advantage of MIMO interro-
gation over SIMO, we study the distribution of o, in [Figure 4.12; in [Figure 4.12(a), the
Probability Density Function (PDF) of o, values is displayed, which shows how the SIMO
o, values are more spread towards higher phase variations. b) displays the cu-
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Figure 4.12: Experimental measurement, SIMO and MIMO interrogation of 340m SSMF":
Distribution of o, values

Figure 4.12(b) validates the simulation results as we show again that up to 50% of the
SIMO estimated phases vary more than 75% of MIMO estimated phases over 340m.

In terms of maximal o, and o, values, i.e. the distinction threshold, we show here a
5dB difference, assessing a distinction threshold in MIMO which is significantly below the
SIMO one.
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Experimental measurements confirmed the better performance of Coherent-MIMO inter-
rogation over SIMO A@p-OTDR. Among other advantages brought by MIMO probing,
the MIMO strain distinction threshold was lowered 5dB below the SIMO strain one on a
340m fibre distance, which is promising regarding the performance of Coherent-MIMO

sensing.

4.4 Capturing acoustic speech signal on a standard telecom
fibre

This final section is to demonstrate the sensitivity of the system, in terms of noise floor,
dynamic range as well as mechanical bandwidth. The ability of using the fibre as a

microphone array (“multi-microphone”) is also demonstrated.

The fibre span in[Figure 4.1 with L1 = 420m, L2 = 200m and L3 = 300m is probed over
two orthogonal polarization axes with codes of length T,,5. = 82us that are repeated with a
period equal to the code length (continuous probing), leading to an analysis of mechanical
perturbations affecting the fibre over a frequency range from DC up to Bjecq = 6.1kHz.
A mechanical bandwidth of 6.1kHz is considered large regarding the capture of speech
signals since a [0.3, 3]kHz bandwidth is known to mostly enclose sufficient information and

so to allow for interpreting any speech message.

The 82us time length code is composed of 4096 BPSK symbols transmitted at foymp =
50MBaud, which yields a gauge length of 2m. Therefore, the 1km fibre is virtually split
into 500 segments, or 500 independent microphones. Calculating the differential phase
between consecutive segments allows to locally monitor the fibre, with a 2m native gauge
length here. Hence, we continuously monitor the temporal phase changes at different

sections of the fibre.

Moreover, we study here the impact of the spatial sampling resolution onto the detec-
tion sensitivity by emulating lower spatial sampling resolutions of 4, 8 and 16m respec-
tively. This is achieved by selecting a segment subset from the native resolution set: for
achieving a spatial resolution downsampling factor p, we choose, among every p consec-
utive segments, the one that provides the highest backscattered intensity (or reliability

metric) on average over the time dimension.

We inject a 5s male voice signal into the loudspeaker placed in the insulated cabin
which locally perturbs the fibre at 420m from the start with a Sound Pressure Level
(SPL) of 75dBgpr, similar to that of a standard conversation volume [123]. In addition,
the 80m fibre section in the corridor crawl space is exposed to acoustic and vibratory
perturbations present in this part of the building, such as fans in adjacent labs and air

conditioning machinery.

Figure 4.13((a) displays the standard deviation of the differential phase, measured along
the 5s measurement time, as a function of the fibre distance. On top of the 2m native
spatial resolution, we superimpose the standard deviation of the differential phase esti-

mated every 2, 4 and 8 segments on average following the above described lower spatial
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Figure 4.13: Detection and localization of multiple acoustic signals along a 1km fibre span,
mechanical bandwidth: 10Hz high-pass filter

sampling resolution selection procedure. We observe two events at 420m and 660m from
the fibre start, which indicates joint detection of two independent mechanical events at
the respective locations. These two events are displayed more precisely in
and The former one is accurately localized, with a peak of equal magnitude at 420.2m
from the fibre start for all sampling resolutions, meaning that the disturbance spreads
over 2m or less. The latter one spreads over 50m, between 640 and 680m, meaning that a
perturbation is captured by the fibre over a large area in the corridor. shows
how a more precise spatial sampling resolution allows to determine how the disturbance

is spread along the corridor.

a) displays the differential phase of the disturbance measured in the corri-
dor as a function of time along with its associated PSD captured at 678m from fibre start
(native resolution) in [Figure 4.14b). The second event spectral signature is concentrated
in the very low frequencies, with a fundamental component at 18Hz along with its first
three harmonics (36, 54, 72Hz) and also a 100Hz component. This detected event is actu-
ally caused by a fan machinery installed in a laboratory 10 meters away from the corridor
where the fibre is deployed. Such very low frequencies attenuate slowly with the distance,
which explains why it is captured by the fibre over 50m around the actual noise source

position.
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Figure 4.14: Identification of an acoustic low frequency signal located at 678m from fibre
start
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Figure 4.15: Detection and localization of high mechanical frequency event, band-pass
filtering between 100Hz and 6.1kHz, for different sampling resolutions

Figure 4.15 shows the same information as in [Figure 4.14)(a) but including high-pass

filtering onto the differential phase time slices to get rid of spectral information below
100Hz: the peak around 650m has vanished, as it could be expected with regard to the
spectral signature of the fan machinery [Figure 4.14] Conversely, the former one at 420m
is left unchanged, with comparable peak magmtude to and same width,

which complies with a speech signature since human voice does not contain any information
below 100Hz.

Figure 4.16{a) displays the phase variations measured at the first peak location (420m)
for each of the four spatial sampling resolutions. The four signals superimpose with tiny
differences only: [Figure 4.16b) zooms on a silent zone of the captured speech signal to
magnify differences between the various sampling resolutions. The figure shows lesser
phase variations (o,) at lower sampling resolutions (8 and 16m) than at the native one
(2m). Finally [Figure 4.16|c) displays a zoom on a time slice where some voice signal was

detected. Unlike the noisy section, recorded signal sections are very similar whatever the
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Figure 4.16: Backscattered phase from the fibre segment exposed to the loudspeaker for
different spatial sampling resolutions, with close view of the silent part and close view of
captured voice

spatial sampling resolution choice.

Coming back to the phase standard deviation in figures [Figure 4.13] and [£.15] lower

0, is also observed in the regions where the fibre is not mechanically excited (insulated

spools): essentially, coherent fading is mitigated by selecting high intensity peaks at the

cost of a reduced spatial sampling resolution.

Listening tests of the speech signal captured at each spatial sampling resolution [122]

bring two observations:
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Firstly, regardless of the spatial sampling resolution, the voice captured acoustically by
the fibre is artefact free, of high audio quality, roughly comparable to that of a mobile
phone communication in terms of bandwidth and of dynamic range. They also confirm
the capability of the coherent-MIMO phase sensing approach to mitigate Rayleigh back-
scattering polarization-fading effects and so to accurately capture complex mechanical
signals featuring large bandwidth and high dynamic range.

Secondly, the audio background noise brought by the system is slightly reduced when

relaxing the spatial sampling resolution, in line with the visual observation from

fure £.16{(b) [118].

Though the fibre is excited over 0.8m only thanks to the insulated box, the differential

phase measured over a 16m segment enclosing the box offers a higher sensitivity than the
one measured over a 2m segment. It highlights the importance to calculate the differential
phase from highly reflective segments to enhance the SNR, at the cost of a loss in accuracy

of the event localisation as discussed in [section 3.9

Summary: On the way towards an ultra-reliable DAS

The present chapter highlighted how the fibre is sensitive to all mechanical disturbances in
its surroundings, even the most complex ones such as speech signals (which also extends to
musical ones). We especially demonstrated that it is possible to retrieve this information
by means of accurate probing of the fibre sensor, in our case using Coherent-MIMO which
advantages were demonstrated in the complete mitigation of polarization fading
effects allows to gain over twice the distinction threshold achieved with single-polarization
interrogation even with polarization diversity detection (namely SISO and SIMO interro-

gations).

However, we also pointed the presence of coherent sensing in coherent fibre sensors,
which lead to unreliable points along the sensor and degrade the spatial resolution as
well as the event detection. It was first introduced with a theoretical description before
mentioning simple ways to avoid it in[section 3.3] and giving examples of that “lower spatial
sampling resolution” in action in Now, we aim at a better understanding of
this coherent fading effect and potentially mitigate it without (or with a limited) loss of

resources.
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Chapter 5

Diversity through signal
processing to mitigate coherent

fading

Coherent phase-sensitive OTDR, sensors are subject to three main impairments: polariza-

tion fading, coherent fading, and laser phase noise. The latter issue was briefly approached

in [chapter 1] In[chapter 3| we demonstrated that Coherent-MIMO is immune to polariza-

tion fading, thus allowing to fully focus on coherent fading in this chapter.

Coherent fading is inherent to coherent ¢-OTDR and A¢-OTDR since the technique
relies on the speckle pattern resulting from the interrogation of the fibre using a highly
coherent source [115]. As a main drawback, the distinction threshold randomly fluctuates
along the fibre sensor, and in time if the conditions of the fibre sensor change. This
impairment is also referred to as Rayleigh fading, interference fading, signal fading, fading
noise or speckle noise, as it exists in various fields of application. In the following, we keep

the appellation “coherent fading”.

The impact of coherent fading cannot be mitigated thanks to trace averaging when
using a high coherence laser, since each optical fibre has its own deterministic speckle
signature due to how the density fluctuations got frozen in the silica glass. However, it
can be limited by the use of coarse and finer frequency-diversity methods which will be
addressed in this chapter, coarse referring to optical frequency spacings of the order of
the GHz, e.g. using different laser sources or sweeping a single source, and finer referring
to frequency spacings of the order of the MHz e.g. using a same laser source with specific

modulation.

In this chapter, we present an interrogation method that relies on fine frequency-
diversity but prior to reaching the optical domain of the interrogator: frequency-multiplexed
interrogation codes are digitally generated such that we can obtain independent responses
from same segments. The interrogation codes generation and the processing of backscat-
tered traces are developed in a specific case where frequency diversity leads to spatial

diversity. Different configurations are experienced, in both model and experimental envi-
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Chapter 5. Diversity through signal processing to mitigate coherent fading

ronments.

5.1 Electrical bandwidth and fading pattern

5.1.1 On the necessity of the fading pattern for ¢- and A¢p- OTDR

We recall the expression of the backscattered optical field from a fibre sensor probed by a

signal E;,, given in [chapter 2| as equation (2.1)).

M
i —t
E..(t) = Z A e m e 207m+ilwo(t—tm) 2ﬁZm]EOrect( T =)

s

m=0
Each A,/ term in (2.1)) results from the sum of elementary contributions
within the m'™ segment in (2.2) below:

Nscat
A, elfm — Z a(z;)e??)
=0

In we identified the effects of polarization fading and could mitigate this effect
using Coherent-MIMO interrogation. Indeed, the general expression of eq.([2.2)) is given in
eq.(3.4)) as reproduced below:

Iy = 2(€; - &) 9‘%(a(zl)a(zz)e—j(w(a)—w(zg)))

where €; are the polarization orientations of the different backscattered fields. Now that
polarization fading is solved, we simply consider the €; are aligned, yielding eq.(2.2)). Since

all backscattered fields have the same frequency, coherent fading issues remain:

Coherent fading happens when the summations in interfere destructively, result-
ing in A,,e/®" — 0 locally. These interferences result in a speckled intensity trace at the
reception [31]. -OTDR and A¢-OTDR techniques rely on the change of interference fig-
ure F,., when a vibration occurs: this effect allows to precisely retrieve the phase variation
induced by the strain or vibration applied to the fibre. If a vibration occurs, the optical
path changes and so does the interference figure, allowing for precise phase measurement
within a short time and thus over a high bandwidth, hence coherence effects shouldn’t be
mitigated using low-coherence sources [63} [124]. They are also the reason why intensity
variations due to a perturbation have no linear relationship with that perturbation. Such
variations are reported as an issue for OTDR techniques that rely on intensity, or that
need high spatial resolution [63, [125], since intensity variations affect locally the sensor

response.

Hence, coherent fading mitigation without damage to the phase information is needed.
The most interesting method yet is to use multiple uncorrelated channels to probe the
line: the channels being either frequency channels [126] or different modes of an optical fi-

bre [127], which in both cases will make the most of uncorrelated backscattered amplitudes
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and phases per channel. Therefore, we will adapt the Coherent-MIMO probing technique

to solve the coherent fading issue.

5.1.2 Conditions for independent patterns: what kind of patterns?

Coarse frequency-diversity methodsf'_-] rely on the dependence of the Rayleigh pattern of
a given fibre to the interrogation wavelength, therefore on the independence that exists
between the Rayleigh patterns of the same optical fibre that is interrogated at different
wavelengths e.g. with a 50GHz wavelength spacing [128, pp. 258-260], thus requiring
multiplexing and demultiplexing several optical carriers at the transmitter and receiver.
Finer frequency-diversity methods operate within smaller spacing, around hundreds of
MHz [126} 129, |130].

There are two main types of frequency-diversity interrogation: multiple pulses with
different carriers sent to probe the fibre sensor [131]; single pulses with frequency chirping
(linear frequency modulation, LFM) [125], from which the channel response of the fibre
sensor is recovered by correlation at the receiver side. In »-OTDR, the introduction of a
chirped pulse method can also allow to perform quantitative strain measurement [65] based
on the amplitude of ¢-OTDR traces, thus avoiding some of the phase-related impairments.
Recent works push forward the sensor optimization as they use a series of frequency-shifted
interrogation pulses by combining frequency and polarization multiplexing in ¢-OTDR [11,
132], thus injecting more individual pulses that would be allowed by the round-trip time
of light in the fibre sensor and increasing the spectral occupancy without any impact on
the probing duration. The associated optical set-ups may be complex which make them
difficult to deploy for field tests outside the laboratories |133].

Instead, we choose here to tackle coherent fading by exploiting the Rayleigh phase pat-
tern diversity. Our approach involves fully digital Orthogonal Frequency Division Multi-
plexing (OFDM) of probing codes to achieve carrier phase diversity, allowing for coherent

fading mitigation while keeping a simple optical setup.

5.1.3 Usage of the electrical bandwidth in fibre interrogation

The electrical bandwidth or modulation bandwidth for fibre sensing is not always explic-
itly mentioned, except in terms of pulse repetition rate or pulse width. Indeed, when
the fibre is used only as a sensor, the available fibre bandwidth is several THz wide and
therefore is not a concern. However, if we consider co-propagating sensing signals jointly
with telecommunication data, the bandwidth is much more constrained and it must be
considered. As an example, the DWDM (Dense Wavelength Division Multiplexing) full
C-band is constituted of over 80 slots (channels) of 50GHz each, and every GHz is valuable
in today’s crowded networks. Thus, a (small) multiple of 50GHz modulation bandwidth
would be typically allocated to sensing, such as in |[13] where 3 slots (= 150GHz) are allo-
cated to a counter-propagating sensing channel. The bandwidth allocation here depends

on the symbol rate or pulse repetition rate which defines, along with the pulse shape, the

LThis can also be referred to as “wavelength diversity”
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Chapter 5. Diversity through signal processing to mitigate coherent fading

occupied electrical bandwidth, but also and more importantly on the interrogator peak
power which should not induce non-linear interference with data channels. In 13|, the

sampling rate is of 125MHz (< 150GHz) for 40ns probing pulses.
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Figure 5.1: Outline schematic of the occupied spectrum in single-carrier and multi-
carrier interrogation, with phase independence criteria verified (statistical independence
of backscattered patterns)

We observe that an electrical bandwidth B around 100MHz, fixed by the symbol rate
fsymp and by the pulse shapinéﬂ, is usually enough to sense a fibre with a spatial sampling
resolution of the order of the metre. Over such a narrow bandwidth, the elementary
scatterers have a flat amplitude spectrum response, and wavelength diversity cannot be
achieved. However, to reach statistically independent intensity fading, the fibre should
be probed with signals separated by Af > feymsy [126, (130, |134] where foyms = 1/T5s.
This is illustrated in (without consideration for the pulse shape). Therefore,
we introduce an OFDM scheme to independently probe the line over several orthogonal
subcarriers, verifying Af = fsyms (lower bound for the independence condition) inside
the electrical bandwidth Bgjec.

5.2 Getting independent responses from the same segment:

a digital multi-carrier interrogation scheme

5.2.1 Orthogonal Frequency Division Multiplexing

The dual-polarization codes E;,, = [gz | of length N,uqe symbols, defined in |subsection 1.2.4

for single-carrier Coherent-MIMO sensing, are mapped onto Ng. subcarriers. The OFDM
signal is created by serial-to-parallel, inverse Fast Fourier Transform (iFFT), and parallel-
to-serial operations. The iFFT is performed as follows: for a vector Y of length N, the
elements of vector X = iFFT(Y) verify, for ¢ € [1, N]:

N
1 1) (b
X(0) =+ D Y(k) 7y DD (5.1)
k=1

2In this work, rectangular symbols are sent in the time domain yielding a sinc function spectrally, in
that case we verify Bejec = 2fsyms considering the main lobe of the cardinal sine.
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where Wy = e 727/N are the N roots of unity.
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Figure 5.2: MIMO-OFDM signal processing at the transmitter side up to digital-to-
analogue conversion (by means of Digital-to-Analogue Converters, DAC) and modulation,
two-subcarriers example

displays the general block-diagram of the signal processing at the transmit-
ter side, before digital-to-analog conversion through an Arbitrary Waveform Generator
(AWG), independent of the optical setup design. The example is given for 2 subcarriers
but can be extended to an arbitrary number of subcarriers, as long as N, = 2% where k

is an integer.

Similarly, gives the general block-diagram of the signal processing at the
receiver side after coherent detection and analogue-to-digital conversion (by means of
Analogue-to-Digital Converters, ADC).

Offline MIMO digital Golay code
signal processing Subcarrier] :
Received sequence, I
T ADC Subcarrierl ®
x FFT v
| | Received sequence, Dual-polar.
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Figure 5.3: MIMO-OFDM signal processing at the receiver, from analogue-to-digital con-
version after coherent detection, two-subcarriers example

At the transmitter side, the dual-polarization (MIMO) bipolar codes are generated and
duplicated (multiplied up to the desired number of carriers), then combined through iFFT
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Chapter 5. Diversity through signal processing to mitigate coherent fading

into a flow of OFDM symbols intended to modulate the probing laser. This step is per-
formed offline as the single-carrier code is determined by its desired length and the iFFT
can be tabulated, which is less resource-consuming. At the receiver, the received symbols
are redistributed into subcarriers through a Fast Fourier Transform (FFT) step, before
correlation with the transmitted probing codes so that the dual-polarization channel es-
timation by each subcarrier is retrieved (correlation stage is applied to each subcarrier

separately) to obtain Jones matrices estimations of the full fibre on each frequency band.

Considerations on the general case of OFDM interrogation In the general case,
different binary codes could be loaded into each subcarriers. Since the codes have their
values in a {-1,1} alphabet, the OFDM alphabet after iFFT is simplified, following the
expression (5.1): having Y (k) = £1, the X (i) become linear combinations of the N roots
of unity, divided by Ns.. Sending several different codes at the transmitter would require

a precise tuning of the modulator for fibre sensor interrogation.

In case of dual-polarization coded interrogation, we have seen in [subsection 1.2.4]that

the codes are sent continuously to probe the fibre sensor. Therefore, it is possible to map
codes of different lengths into the presented OFDM multi-carrier scheme. Multiplexing
codes with same length would lead to several estimations of same fibre segments on a same
mechanical bandwidth, whereas multiplexing codes with different lengths could allow to

probe simultaneously on several mechanical bandwidths.

A special case of OFDM interrogation for channel estimation For sake of sim-
plicity, we limit ourselves to the case where all N,. subcarriers enclose the same code.
Contrary to data transmission, where the purpose is to maximize the fibre capacity, here
we aim at channel estimation, so probing a low number (typically 2 or 4 in practice) of
sub-carriers with the same codes is not a major concern and makes the implementation
easier. shows a simple example for one polarization axis and two subcarriers,
Ny = 2. The subcarriers carry the same code {Gga1,Gp1} for Neoge = 8.
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Figure 5.4: OFDM combination for two subcarriers SC1 and SC2, one code duration, one
polarization

Following iFFT ({1, £1}) = {£1,0} and more generally:

iFFT({1,---1}) = {1,0---0} and iFFT({-1,---—1})={-1,0---0}
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interrogation scheme

the OFDM code alphabet is now limited to {-1,0,1}. A constant mechanical bandwidth
Biyeca (by keeping the time duration of the probing codes constant) is maintained for fair

comparison between the different sensor interrogation methods.

There is an interdependence of the full electrical bandwidth Beje. = 2 fsymp, number

of subcarriers Ny, and spatial resolution L following:

Ls _ CfibreNsc (52)

2f5ymb

. Jsymb
hence a symbol rate per carrier fsymporpm = yme,

Moreover, we define the gauge length G of the int%crrogation system as a function of the
sole full baudrate fgymp:
_ Cfibre

B 2fSymb (5'3)

- If we choose to maintain a constant B...: the spatial resolution of the sensor is
Cfibre

Ly= ————

2. fsymb,0F DM

single-carrier scheme. Constant B yields a constant gauge length G .

, resulting in Lg being degraded by Ng. times compared to a

- Otherwise, keeping a constant electrical bandwidth per subcarrier: Bgje. increasing
by Ny times thus expanding the electrical bandwidth when the symbol rate per

subcarrier fsymporpa is left unchanged, to keep a constant spatial resolution.

In the particular configuration using the same code over the Ng. subcarriers, the OFDM
interrogation amounts to performing an interrogation of the fibre sensor with a Ng.-fold
expanded version of the original code (done by inserting Ng. — 1 zeros between symbolaﬂ).
Such a configuration maximizes the Peak-to-Average Power Ratio (PAPR)E| of the interro-
gation signal compared with other generic OFDM implementations, since the mean input
power is kept constant and therefore it will end up being concentrated into the non-zero
symbols as displayed in

1 1 —15 1

(a) Nse =1 with 4 symbols (b) Nge =2 with 4 OFDM symbols, 8 symbols

Figure 5.5: N-fold expanded BPSK code: Ny = 1,2 examples

Yet, such PAPR is still negligible compared with pulsed interrogation as the power
is still spread in time over multiple (OFDM) symbols, thus limiting any nonlinearity-
related issues. Furthermore, the OFDM formalism is especially suitable for the linear

combination of the backscattered signals at the receiver side through the demultiplexing

of the carriers by means of an FFT operation.

3The detail of same-code OFDM codes is derived in

40r “extinction ratio”
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5.2.2 Nyquist-shaped digital multicarrier multiplexing

An alternative way to generate multiple frequency interrogation is by means of Frequency
Division Multiplexing. Here, we use also dual polarization codes. The first band is gen-
erated by duplicating the code such that it occupies 1/Ng. of the full desired spectrum
Bejee- It is then shaped using a Root Raised Cosine (RRC) filter with desired roll-off
factor. Several codes could be generated, yet here we stay in the simplified case where all
subcarriers will be loaded with the same code. Therefore, the next subcarriers are simply

replications of the first band, then frequency shifted with a multiple of 1/Ng..

Unlike OFDM for which N, = 2¥ with k integer, here the number of subcarriers can
be any integer, provided the frequency shift of each band is enough so that they don’t
overlap, and at a cost of a possible worse spectral efficiency. At the reception, each spectral
band is filtered and then processed separately, similarly to OFDM processing, to obtain

Jones matrices estimations of the full fibre on each frequency band.

The implementation of such a method can be complex, what’s more the performance of
this multicarrier multiplexing technique is slightly worse than OFDM, including because

of modulator tuning constraints.

5.3 Combination of multiple subcarriers

MIMO-OFDM interrogation yields Jones matrices responses for each time instant ¢, seg-
ment at distance d and subcarrier index n: Hy 4,. More precisely, we have V. estimations
for H; 4 compared with single-carrier MIMO. The next step is to take advantage of these
independent estimations to tackle the coherent fading issue, by either selecting the best
estimation per time instant ¢ and fibre distance d, or by thoughtfully combining them.
Indeed, a simple summation is not a viable option, as depicted in (a).

The backscattered SOP (b-SOP, evolution of the energy on the four terms of the Jones
matrix) is expected to be common to all subcarriers at any time and distance, thus it is not
involved in the combination of subcarrier information. The independent phase and ampli-
tude information is therefore enclosed in the sole Jones matrices determinants det(H; 4.,)
from which the local cumulated phase is extracted as ¢;q, = %4det(Ht7d7n), and the
reliability metric derived from the backscattered intensity as R g, = |det(Hq,)|, as
defined in Consequently, we choose to constructively combine the subcarriers

responses from their respective Jones matrix determinants det(Hy q.,).

The rotated-vector-sum combination method is applied to the D, g4, = det(H;qy)
vectors, so as to maximize the combined modulus [125]. For a given segment index d, the
time-average of phase ¢ ,, is derived for each subcarrier n and subtracted from the phase

of all Dy 4., as depicted in [Figure 5.6(b).

The resulting combined determinants are:
NSC

Dy q
Dt,d,combined = Z %7”
n=1 eXp(]¢d,n)
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(a) Summation of complex vectors (b) Rotated-vector-sum method

Figure 5.6: Schematic description of the Rotated Vector-Sum (RVS) operation, Ny, = 2

The final differential phase between adjacent segments is obtained by subtracting the

: 1
phases of adJ acent Dt,d,combineda such that AS‘%,d,combined =3 (lDt,d,combined_ lDt,d—l,combined) .

The operation in ([5.4]) consists in removing the averag cumulated phase values ad,n
and keeping the sole variations of the cumulated phase in time, per segment, since the

relevant information is enclosed in the differential phases eventually.

- On the one hand, if the fibre segment is static (no mechanical perturbation), then
the random variations of phase around the $d7n are independent and they will fade

after combination.

- On the other hand, if the fibre segment is mechanically excited, then all subcarriers
are affected the same way such that their oscillations around the phase references

ad’n align, so magnifying the overall captured excitation.

Moreover, did show that Ry q,, = | D¢, is not only the most accurate intensity
estimator in MIMO sensing up to our knowledge but also a reliability criterion that informs
about the ability to extract a fair phase estimation from any Jones matrix. Therefore, the
combination in equation is naturally weighted by the reliability metri(ﬁ Ry 4n, hence

a lower influence of the unreliable estimations on the final result.

5.3.1 Individual subcarriers and their combination

To detect mechanical events along the sensor, the differential phase standard deviation

(denoted o, expressed in radians) is monitored along distance: theoretically zero-valued

in absence of events, and non-zero positive in case of any detected disturbance.

The o, from static measurements indicates the distinction threshold below which an event
cannot be detected. Also, the reliability metric R; 4, (or normalized Et,d,n) gives a priori
information on the soundness of the estimation, as defined in Its minimum
value in time per segment index d gives an indication on the probability to get local

unstable phases estimations giving rise to false alarms.

We simulate a 4-subcarrier OFDM interrogation of a static 1km long Single Mode
Fibre (SMF), with laser noise Av = 75Hz and Additive White Gaussian Noise (AWGN)

5Averaged over a certain time window, namely several seconds or tens of seconds. In the following
experiments, the time window is the full measurement duration
60r equivalently, by the normalized reliability metric Ry 4, = Rt,dm/mdax(Rt,d,n).
t,d,n
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Figure 5.7: Simulation OFDM4, 1km SMF, Av = 75Hz, AWGN at the receiver, individual
subcarrier responses compared with combined response

at the receiver (shot noise and thermal noise), we set Byecqa = 760Hz and Beje. = 100MHz
(fsyms = 50MBaud). The fibre is kept short such that the attenuation with distance does
not participate to the fading effect, thus focusing the study on the sole coherent fading
effect. Every separate subcarrier is monitored, alongside with the subcarrier combination.
illustrates the enhancement brought by an OFDM interrogation.

Figure 5.7((a) gives the minimum reliability metric per segment versus distance, and
shows that the reliability increases after subcarrier combination compared with individual
subcarriers where it locally dives towards 0. In other words, the worst case points are
avoided, to the detriment of the best ones. Yet, we remind that the low-reliability (low
backscattered intensity) points are statistically the ones that trigger phase artefacts or
“false alarms”, whereas the distinction between medium reliability and very high reliability
points is not relevant when it comes to phase: the estimations remain stable. Therefore,
decreasing the level of the highest reliability points has negligible impact on the phase
distinction threshold.
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5.3. Combination of multiple subcarriers

b) shows o, along distance, giving the noise floor above which a mechanical
event can be detected. The combined measurement presents a noise floor below 0.017rad
all along the 1km fibre, which is locally up to 10 times lower than the level given by a
single subcarrier (subcarrier 3, around 850m, pointed by the arrow in [Figure 5.7(b)).

Notice that the combined o, in (b) reaches values that are even lower than
the lowest o, per subcarrier at several locations (300m, 500m, 880m). This shows that
in addition to avoiding the worst-case distinction threshold situations, the
OFDM combination scheme performs an averaging on the system noise and

thus significantly enhances the overall distinction threshold.

5.3.2 Impact of noises and OFDM contribution

The distinction threshold gain through OFDM is investigated first by simulation: the
interrogations of a static, 1km long SMF are simulated. Single-carrier, OFDM with 2
subcarriers and OFDM with 4 subcarriers interrogations are performed. The mechanical
bandwidth is fixed to Byhecq = 760Hz for all of the following measurements and simulations.
We recall the intensity and sensitivity metrics defined in by equations (3.6))

and (3.7 respectively:

Intensity ;5 = 101ogo(| det(H)|)

SNR, a5 = 10 10%10(1/0520)

4néG

SNR. 45 = 10log((1/02) = 20 108;10()\7)
Op

In the following, the Probability Density Function (PDF) distributions of . and Intensity ;5

will be studied. The relation between o, along distance and its PDF distribution is dis-

played in below.
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Figure 5.8: Probability density function of o, values: subcarrier and combination

We notice that the highest values of o, spread on a wide range, therefore for easier

readability, the distribution of SNR, 4g and SNR, 4 will be studied: problematic values
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Chapter 5. Diversity through signal processing to mitigate coherent fading

appear on the left side of the distribution.

In this study, two spectral occupation cases are considered and pictured in

1. The exploited Bgje. is kept constant Bj.. = 100MHz in which case the spatial resolu-
tion decreases with the number of OFDM carriers according to Ls = ctipre/ (2 fsymb,carr)
where fsymp,carr = fsymb/Nsec = Betee/2Nse

2. The spatial resolution is kept constant with fsymporpy = 50MBaud yielding Ly =
2.05m, in which case the total interrogation electrical bandwidth changes according
to Beiee = 2fsymb = 2fsymb,orpm X Nsc

Therefore, we have either G = 2.05m for constant fg,m, = 50MBaud, or G = 2.05/N,. m
in constant spatial sampling resolution case following the gauge length definition in (5.3)).

Belec Beiec
<« >
- > f
f symb,carr symb,carr
B elec B elec
e —
- . T — L@ »
fsymb,carr fsymb,carr
(a) Constant Ls (b) Constant Bejec

Figure 5.9: Schematic for comparison of the two spectral occupation cases, for two- and
four-subcarriers cases

Simulations are conducted on an important number of fibre drawings to quantify the

impact of subcarrier combination on the distribution of intensity and phase.

White noise only, constant B.,.. Simulation results with AWGN contributions at

amplification and detection stages are displayed in [Figure 5.10| for constant B case.
The observed probability density functions verify a shrinking of the distributions as the

number of subcarriers increases, especially the amount of points present in the left part

of the distribution which are the most likely to trigger false alarms decreases.

White noise only, constant L; In the same simulations are conducted

but with a varying Bgj.. such that the spatial sampling resolution stays constant.

The observed PDF is similar for the intensity, as we see how the distribution shrinks
as the number of subcarriers increases. However, having increased the full B, and thus
decreased the gauge length, a decrease of the SNR, is noticed in (b) compared
to [Figure 5.10|(b): though the distributions shrink, their mean value slides towards lower

SNR. values. The reason for that increase is twofold:
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Figure 5.10: Intensity;p and SNR. probability density functions, constant Bgje.. lkm
static simulation, AWGN at the receiver, no phase noise
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Figure 5.11: Intensity;p and SNR. probability density functions, constant Ls. 1km static
simulation, AWGN at the receiver, no phase noise

1. Having a wider overall B, integrates more AWGN over the interrogation

2. The strain noise floor per subcarrier did not change compared to single-carrier,
however the gauge length to which the strain applies got smaller as the fibre is
probed by shorter temporal symbols, yielding a stronger noise per distance unit.
This is described below:

The SNR,, is obtained per segment, namely the backscattered phase variations per “spatial
resolution” Lg, which is constant in the present case.

Looking at the SNR,, distribution in corresponding to the strain distribution
of (b), the worst phase noise level per gauge length improved as the number of
subcarriers increased: +12dB from 1 to 4 carriers (pointed by the arrows in [Figure 5.12)).
Yet, the gauge length of the interrogation system follows G = 2.05/Ng. so it was also
divided by 4, from G = 2.05m to G = 0.51m to reach 4-subcarrier interrogation while

keeping an overall spatial sampling resolution Ly = 2.05m.
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Figure 5.12: SNR,, probability density function distributions, per fibre segment, constant
L, case. 1km static simulation, AWGN at the receiver, no phase noise

Therefore, even though the sensitivity per segment is enhanced, the sensitivity per meter

(or per gauge length) did not benefit from the combination with comparable scale.

White noise and laser phase noise Secondly, laser phase noise is added. The narrow-
linewidth laser used for the following experimental measurements has a linewidth estimated
to Av = 75Hz for low frequencies (see . In the simulation, its phase noise is
modelled as a Wiener process of variance 0% = 2rAvTs where Av is the Lorentzian laser

linewidth and Tg the duration of a symbol in the interrogation codes.
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Figure 5.13: Backscattered intensity probability density distributions. 1km static simula-
tion, AWGN at the receiver, laser phase noise Av = 75Hz

igure 9.13| shows the Intensity,p distributions in constant B, and constant L cases,
for 1 to 4 subcarriers. As for white noise only (above), the electrical bandwidth has no
impact on the intensity distributions, since the sole increase of subcarriers and constructive

combination shrinks the intensity distributions.

Now, displays the SNR, simulation results in presence of white noise and
laser phase noise. In|Figure 5.14fa), the SNR. behaves as in|[Figure 5.10(b) (no phase noise

case) where the distributions shrink as the number of subcarriers increase, keeping roughly
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Figure 5.14: SNR, probability density distributions. 1km static simulation, AWGN at the
receiver, laser phase noise Av = 75Hz

the same mean value while the worst case moves forward ; whereas (b) shows
clearly that the mean value of the SNR; distribution decreases as the number of subcarriers
increases. However, if the distributions were shifted of several dB in [Figure 5.11|(b), here
in the presence of laser phase noise the worse case point remains around —10dB strain (as
pointed by the arrow in (b)) Subcarrier interrogation and combination looks
more efficient in presence of laser phase noise in the constant L, case. Yet, the sensitivity

increase per segment was still not enough to bring significant improvement per meter.

Simulations demonstrated the interest of using several subcarriers for interrogation in
constant Bg.. case as it results in an improvement of the sensitivity of the interrogator
system from 2 subcarriers with an improvement of the worst case sensitivity of almost
8dB with 2 subcarriers and 12dB with 4 subcarriers compared with single-carrier, in the

presence of laser noise and AWGN.

In case of constant L however, despite the advantage of interrogating on several sub-
carriers and constructively combining, doubling or quadrupling the electrical bandwidth
led to much smaller gauge length. Therefore, the advantage per segment did not turn

into an advantage per metre regarding the distinction threshold.

Is it useful to increase the number of carriers? Although a higher number of
subcarriers can be used for channel interrogation, the sensitivity gain tends to decrease
after a certain number of carriers, under the fixed constraints of equivalent electrical
and mechanical bandwidths. shows the evolution of the SNR, 45 PDF when
the number of subcarriers increases in the particular case of Bge. = 100MHz on a lkm
simulated distance. After interrogation on 4 subcarriers, an increase of carriers does
not bring a significant sensitivity gain (lower mean sensitivity in (b) with
8 subcarriers); this is due to the use of a decreasing code order (smaller N.,q.) when

increasing the number of subcarriers, which results in a lower achieved SNR [58].
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Figure 5.15: SNR. gp on 1lkm, for 1 to 16 subcarriers, simulation with 5000 points per
interrogation method, Av = 75Hz and AWGN noise at the receiver

5.3.3 Experimental results

The interrogating setup presented in is based on our previously introduced
Coherent-MIMO interrogation setup: the probing codes are sent onto two orthogonal
polarization axis through a dual-polarization 25GHZ electro-optical 3dB bandwidth I/Q
Mach-Zehnder modulator to modulate the optical wavelength. Although [Figure 5.16|shows

the general 1/Q configuration, we restrict ourselves to a BPSK or {—1,0,1} modulation

per polarization in this work, as described previously in [subsubsection 1.2.4.2
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Figure 5.16: OFDM-MIMO interrogation setup. EDFA: Erbium Doped Fibre Amplifier,
MZ: Mach-Zehnder, MIMO: Multiple-Input/Multiple-Output, OFDM: Orthogonal Fre-
quency Division Multiplexing, LO: Local Oscillator, PEA: PiezoElectric Actuator, Pol.:
Polarization

OFDM sensing is permitted by placing processing blocks before and after the optical setup,
namely a MIMO-OFDM coding block at the codes generation stage and a MIMO-OFDM

decoding block after coherent reception and analog-to-digital conversion which contents
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5.3. Combination of multiple subcarriers

were previously detailed in[Figure 5.3} The core optical setup of the interogator is therefore

unchanged.

5.3.3.1 Static experiments: noise floor level

Static experiments are first conducted in laboratory conditions, in a mechanically insulated

environmentﬂ The Fibre Under Test (FUT) in [Figure 5.16| consists in a 1300m long
Standard Single Mode Fibre (SSMF) made of the junction of a 400m SSMF spool with

an other 900m fibre spool. Similarly to the simulations in [subsection 5.3.2 two cases are

considered, namely “constant electrical bandwidth” with Bgj.. = 100MHz and “constant
spatial resolution” with L; = 2.05m. The mechanical bandwidth is also kept at Beca =
760Hz, and the frequencies below 60Hz are filtered out to avoid capturing the noise of

electrical equipment in the lab.

Constant B..: The first measurements are successively single-carrier, OFDM2 and
OFDM4 2-seconds interrogations of the same fibre with fg,,,;, = 50MBaud, yielding spatial
resolutions of 2.05m, 4.10m and 8.20m respectively. The length of the probing code is
Neode = 32768 symbols for single carrier interrogation, Neoge = Neode,single/Nse for OFDM
interrogations, such that T.,q. = 655us yielding an overall constant mechanical bandwidth
Bineca = 760Hz.
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Figure 5.17: Static experimental trace, OFDM interrogation of 1.3km SSMF, constant
Bgjee = 100MHz configuration

The performance of these interrogations is displayed in As opposed to the
simulation, it is noticed that the combination of intensities from several subcarriers leads
to a growing overall |det| when the number of subarriers increases, in addition to the
shrinking of Intensity 5 distributions already observed in [Figure 5.14|(a). This could be
due to the applied normalization at the reception: we normalize each trace with a division

by the highest reflected intensity, therefore changing the mean intensity from trace to

trace. Meanwhile, the distribution of SNR, values behaves as predicted in [Figure 5.14{b)

"Soundproofing or “mechanical insulation” of a box means that foam-like materials have been placed
on the inside of the box such that external environmental perturbations are sufficiently damped to avoid
affecting the fibre.
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as the distribution shrinks when increasing the subcarriers number, without any significant
change regarding the mean value of the distributions. The worst case SNR, improves

by over 6dB when comparing single-carrier interrogation to OFDM4.

Constant Ly Next, successive measurements of 2 seconds each are performed, this time
with Beje. = 100MHz, 200MHz, 400MHz for single-carrier, OFDM2 and OFDM4 inter-
rogations respectively, therefore fsymp carr = 50MBaud in all cases yielding a constant
spatial resolution L; = 2.05m. We remind that as a consequence, the gauge length G

Cﬁ#. The length of the probing code is N.oge = 32768
2fSymb,carrNsc
symbols for all interrogations such that T.,q. and therefore Bj,.., are kept constant.

decreases following G =
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Figure 5.18: Static experimental trace, OFDM interrogation of 1.3km SSMF, constant
Ls = 2.05m configuration

igure 5.18| displays the Intensity, z and SNR, distributions of the measurements.

The Intensity,p distribution here matches the simulation result (Figure 5.14f(a)) with
shrinking distributions. In [Figure 5.18|(b), the SNR. distribution shrinks and shifts to-
wards lower SNR values as the number of carriers increases, with a comparable worst-case
value. This result in [Figure 5.18|(b) also matches the simulation result of [Figure 5.14|(b)
well. Note however that despite the apparent same worst case SNR. around —15dB, the
worst case is actually better in OFDM, with a 4.5dB gain from single to 2
carriers and a 8.5dB gain going to OFDM4 as pointed out by the arrows in

Figure 5.18((b).

Thanks to subcarrier combination, the measured estimations of the fibre segments from

Rayleigh-backscattered probing codes are more reliable, thus increasing the overall qual-
ity of intensity and phase estimations. At constant gauge length, this decreases the strain
noise floor, allowing to detect smaller strain events with several subcarriers than with
single-carrier. Such a reduction of the noise floor (minimal SNR, values) is expected to

decrease false alarm occurrences, together with an increase of the detection capabilities

of the system in dynamic configurations.
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5.3.3.2 Dynamic measurements

A piezoelectric actuator is added to the fibre under test in the previously described labora-
tory configuration: 3.1m of SSMF is wrapped around the actuator and connected between
the 400m and the 900m fibre spools . The actuator is driven by a 440Hz,
2Vpp sine wave signal. Each measurement lasts for 2 seconds similarly to the previous

static interrogations.

Constant B, The first series of dynamic measurements is conducted while keeping
Bejee constant, B, = 100MHz. Three successive measurements are performed, one for

each interrogation method (single carrier, OFDM2 and OFDM4 respectively).
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Figure 5.19: Interrogation of 1.3km SSMF excited by 440Hz piezoelectric actuator at

420m, 2 seconds measurement. Constant Bg. = 100MHz, detection and localization
figures

gives the detection data for the constant By, configuration: reliability
versus distance in [Figure 5.19(a) and measured strain € in nm/m (or ne) versus fibre dis-
tance. The reliability in |[Figure 5.19(a) predicts the quality of the measurement along the

fibre: The lower are the minimal reliability values, the higher the false alarm probability
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on the detection figure. Indeed, for single-carrier interrogation, the low value at 1.14km
on[Figure 5.19|(a) (pointed by the arrow in the figure) deserves some attention, as it trans-
lates into a false alarm on [Figure 5.19(b) at the same location. All interrogation methods
have a consequent peak where the dynamic strain is applied, as expected. More precisely,
since the same strain was applied during all measurements, the same peak amplitude was
expected. Both OFDM2 and OFDM4 detection peaks are of 8.87ne and the detection
peak with single-carrier is slightly higher since we suppose that external noise was also

captured.

The dynamic range DR is defined as the difference between false alarm level and
detection peak level. Here in the detection peak has a better DR when
the number of subcarriers increases thanks to the decrease of the phase noise level (false

alarms). Thus we gain ADR = 3.67ne between single carrier interrogation and

OFDM4 as pictured in [Figure 5.19|(b).
In we display the optical phase measurement around the excitation de-

tection, in the frequency domain. Similarly to the detection stage, the identification (of
the detected sound or disturbance) gets better when the number of OFDM subcarriers
increases: the noise level on shrinks by 15dB between single-band interroga-
tion and OFDM4. Therefore, even though the measured Power Spectral Density
decreases in its dynamic is 4.3dB higher in OFDM4 than in single-
band interrogation, for a similar excitation intensity from the piezoelectric

actuator.

Constant L; Secondly, the constant spatial resolution (Ls) configuration is investigated.
We keep the single-carrier measurement with B, = 100MHz and successively perform
new OFDM measurements: OFDM2 with Bg.. = 200MHz and OFDM4 with B, =
400MHz (respectively fsymp = 100MBaud and 200MBaud), hence Ly = 2.05m for all

measurements.

In the disturbance is detected with 2.05 meters accuracy for all interroga-

tion methods, with increasing alarm level: from 5.67ne for single-carrier to 19.15ne with 4
subcarriers as pointed by the arrows in the figure. This is directly related to the increase
of the electrical bandwidth for interrogation, and consequently the decrease of the gauge
length: the strain is constant, and the strain per gauge length increases.
The average distinction threshold, or noise floor, slightly increases as the number of subcar-
riers grows. However, false alarms contribute to increase the true distinction threshold for
single-carrier and OFDM2 interrogations. Therefore the detection dynamic, defined
as the difference between false alarm level and detection peak level, increases
from 2.16ne for single carrier interrogation to 7.73n¢ for OFDM2 and 17.17ne
with OFDMA4.

The Power Spectral Density (PSD) of phase computed at the location of the distur-
bance (the location is determined thanks to the detection peak in [Figure 5.21)) is used

for further identification of the disturbance. The PSD of phase at disturbance location
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Figure 5.20: Interrogation of 1.3km SSMF excited by 440Hz piezoelectric actuator, 2
seconds measurement, constant Bej.. = 100MHz. Identification by spectral pattern recog-
nition of the perturbation on the phase measurement at the excitation location
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Figure 5.21: o, along distance, measurement on 1.3km SSMF excited by 440Hz piezoelec-
tric actuator, 2 seconds measurement, constant L, = 2.05m.
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Figure 5.22: Power spectral density of phase at the perturbation location, zoom on identi-
fication peak within a 760Hz mechanical bandwidth, measurement on 1.3km SSMF excited
by 440Hz piezoelectric actuator, 2 seconds measurement, constant L; = 2.05m.

is displayed in for all three interrogation methods. The PSD peak around
440Hz reaches above 7dB rad?/Hz for all methods. The shape and width of the peak is

similar to all methods as well, the only difference between methods being the noise floor
on both sides of the peak. Here again, the dynamic range increases with the number of
subcarriers from 40.6dB rad?/Hz in single-carrier interrogation to 49.9dB rad?/Hz with
OFDM4. This brings in an overall gain of 9.3dB which is better than the one

observed in for constant B.j...
Figure 5.23| finally shows the minimum reliability min(R) per segment in constant L

configuration. Indeed, at a given fibre distance, the reliability R varies in time, and we
chose to monitor its minimum value in time as a reliability threshold. An increase of the
reliability is observed from single-carrier to multi-carrier interrogation, with no striking
difference between OFDM2 and 4 (except for one low value with OFDM2 around 750m).

It demonstrates how the decrease of false alarms relies on constructive combination, which
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Figure 5.23: Minimum reliability in time along distance, measurement on 1.3km SSMF
excited by 440Hz piezoelectric actuator, 2 seconds measurement, constant L, = 2.05m.

is beneficial from the first iteration.

In accordance with previous static simulations and measurements (in [subsection 5.3.2|

and [subsubsection 5.3.3.1] respectively), an improvement of the sensing quality was no-

ticed with the use of OFDM interrogation compared to single-carrier interrogation.
Moreover, the detection and identification capabilities are increased when the number
of OFDM subcarriers increases (from 2 to 4 carriers here), be it in constant By, config-
uration or constant Ls one. Even though constant Ls didn’t bring in a better sensitivity
floor, we see a better minimum reliability in that case as well. The improvement is
brought mainly thanks to the decrease of false alarms, in line with an increase of the
reliability of the measurement [135].

5.3.4 Lower sampling resolution as an alternative to multi-carrier?

In this chapter, we have been using mainly a simplified version of OFDM interrogation:
OFDM with same codes. It is described in further details in Now, as multi-
carrier interrogation with same codes leads to lower spatial sampling resolution (constant
Byec case) or increased electrical bandwidth (constant Lg case), a legitimate question

would be: “why not simply perform lower resolution?”

Reminders

- Lower spatial sampling resolution was used in several parts of the manuscript and

detailed in [subsection 3.3.4f Lower spatial sampling resolution with a downsampling

factor P consisted in selecting the most reliable fibre segment among P and every
P fibre segments, which reduced the spatial sampling resolution and allowed to get

rid of the most annoying o, false alarms.

- We introduced in a combination method which allows to get rid of false
alarms due to unreliable fibre segment estimations as well, which is called “Rotated
Vector Sum” (RVS)
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Lower spatial sampling resolution by means of RVS Using the model from
ter 2| we simulate a 1-km long single-mode fibre. Firstly, only AWGN is added to the
interrogation. For a lower spatial sampling resolution of P, the fibre is interrogated by
single-carrier Coherent MIMO, then every P consecutive fibre segment estimations are
combined using RVS. In other words, instead of picking the highest reflecting segment
among P, the P consecutive ones are combined. It is compared below with OFDM using

P subcarriers in constant Bej.. configuration.
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Figure 5.24: o0, along distance: comparison of OFDM combination and low resolution
combination, AWGN only. “nat”: native resolution, “lr rvs”: low resolution - rotated
vector sum

Figure 5.24{a) shows a comparison of o, for a low resolution P = 2, and [Figure 5.24{(b)

for P = 4. For P = 4, a lower spatial sampling resolution (P = 2) of an OFDM2 interro-
gation was performed as well as an intermediate case. We can see that performing RVS
on consecutive single-carrier segments or on the estimations of a same segment performed
in independent subcarriers lead to different results. Moreover, in the presence of white
noise only, the RVS on consecutive fibre segments estimations seems to bring in a lower
noise floor for static estimation than RVS on multi-carrier interrogation. This would sug-
gest that single-carrier interrogation brings estimations of fibre segments which are more
diverse than the estimations of several subcarriers on a same segment, therefore better

mitigating coherent fading with consecutive segments Combinationﬂ

Then, laser phase noise with Av = 75Hz is added and the results are displayed in
As all noises of the system are simulated, the performance of subcarrier and
RVS becomes the same as lower spatial sampling resolution RVS. This would mean that in
the presence of laser phase noise and AWGN, single-carrier and multi-carrier interrogations
bring comparable diversity in their estimations of segments and subcarriers, leading to a

comparable mitigation of coherent fading effects.

8Note that the laser output power was the same for all measurements, however the EDFA output power
should be double-checked: indeed, a constant output power set-point is a possibility, but not a certainty.
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Figure 5.25: o0, along distance for OFDM combination compared to lower spatial sampling
resolution combination, laser noise Av = 75Hz and AWGN.

Hence, the use of OFDM with same codes can be considered as an elegant digital signal
processing method to perform lower spatial sampling resolution, in addition to paving
the way to more complex multi-carrier interrogation techniques which would allow to

interrogate the subcarriers with different code lengths and thus to focus on various

features of the detected mechanical events.

5.4 Identification of a moving target: sensing experiment

on deployed fibre cables

The OFDM interrogation scheme will be applied to a deployed cable scenario. A fibre
inside a deployed multi-fibres telecom cable, like any other fibre, will experience coherent
fading issues. Moreover, the deployed cable is exposed to permanent and moving per-
turbations and impairments, potentially leading to complex traces where multiple event

signatures are present.

In the following, we propose to detect a moving event along a deployed telecom cable,
meaning that the energy of the disturbance will be spread in both time and space, making it

more difficult to detect and localize than a usual locally applied and monitored disturbance.

For sake of fair comparison between the single-carrier and OFDM cases, we use a
common electrical bandwidth B., determined by the symbol rate. With the multicarrier
approach, the rate per subcarrier is P times lower than that of the transmitted OFDM
flow, which degrades the initial spatial resolution Ls = cfipre /2. fsymb, Where cpipe is the
speed of light in the fibre, by a P factor compared with the single carrier case. Also, the
subcarrier code length is adjusted to provide the same duration 7.4 as for the single

carrier case, so preserving the mechanical bandwidth By, = 1/T pge-

5.4.1 Experimental setup

A 700m-long coated cable enclosing six SSMF's is deployed between two buildings on an

enterprise campus. It is buried approximately 0.6m under an asphalt road for most of the
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distance, first in a small pipe together with water and electricity lines and then fixed to

the wall of a 2m high underground tunnel.

B guried fiber
[ Fiberin tunnel

Y Limits for driving
‘ Permanent event

NOKIA Bell Labs

A ~som B
_._ A"
y‘ o $~ 60cm below

the ground
Figure 5.26: Experimental setup: Path of deployed fibre

gives an overview of the 700m long fibre cable path deployed between the two
buildings. The Coherent-OTDR is installed in a lab in the “Nokia Bell Labs” building,
and the cable ends in the “Alcatel Submarine Networks” building. On the cable path,
we show the main points of interest for this study, namely a permanent disturbance after
300m from the fibre launching end which is discussed in the next subsection, and the limits
between which the vehicle moved for the dynamic part of the study. In we
show a picture of the road over which the vehicle drove. We notice several manhole covers

along the road, which will trigger stronger phase variations at the acquisition.

Figure 5.27: Road under which the fibre is deployed

The interrogation setup is depicted in The optical part setup is the dual-
polarization interrogation coherent (MIMO) phase OTDR with a highly stable laser source
at 1536nm mounted in a homodyne configuration and already introduced in
isubsection 1.2.41

The novelty here lies on the multi-carrier digital processing blocks introduced in the current

chapter. At the transmitter side, the polarization-division-multiplexed OFDM signals are
calculated from the selected code length and taking into account the desired number of

subcarriers prior to injection into the Mach-Zehnder Modulator (MZM).
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Figure 5.28: Experimental setup: Lab interrogator setup

5.4.2 Static measurements

Firstly, one fibre from the cable is interrogated at a symbol rate of 50MBaud without
any vehicle in motion on the road, successively through single-carrier, OFDM with 2
subcarriers and OFDM with 4 subcarriers interrogations. At the receiver side, OFDM
demodulation is performed through an FFT for both polarization channels. Correlation is
then applied per subcarrier and followed by the combination of Jones matrices as previously
detailed.

The reliability and sensitivity results are displayed in for the [150 — 450]m
cable section. a) shows the minimum reliability value R in time for each fibre
segmemﬂ This metric is chosen since phase estimation artefacts occur more likely as R gets
close to 0, which affects the detection performance. Here, the overall reliability clearly
increases with the number of subcarriers. |[Figure 5.29(b) shows the system distinction
through the standard deviation of the differential phases captured along the same cable
section. Beyond the sensitivity, stationary disturbances such as machinery noise, water
pipes, echoes in the tunnel locally induce backscattered phase variations. The peak at
300m observed on every measurement in (b) comes from the noise of a water
pipe crossing the fibre path. When P increases, the number and levels of false alarms
shrink such that the OFDM4 case, thanks to its higher sensitivity, further highlights the

mechanical event and more generally enhances the detection performances.

5.4.3 Dynamic measurements and trajectory identification

Secondly, the fibre response is tested while a vehicle moves at a stable speed of 40km/h
between A (t = 0s, d = 350m) and B (¢ = 4s, d = 390m) locations.

Figure 5.30(a),(c) and (e) displays the phase response in the time versus distance
9The reliability metric was defined in [subsection 3.3.3
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Figure 5.29: Indicators on reliability and disturbances along distance

plane for the three tested configurations. The false alarms are indicated circled in red
in |[Figure 5.30(a), demonstrating how the single-carrier measurement is disposed to false
alarms. With OFDM measurements, the false alarms vanish while the vehicle trajectory

is getting more visible with the increase of the number of subcarriers.

Note that raw phase measurements are displayed, however the acquisition encloses
backscattered polarization and intensity information in addition to the phase. Moreover,
further processing could increase readability of the traces e.g. by substitution of the phase

variations by coloured dots as performed for the reliability metric in the following.

We also look at the reliability metric in the time-distance plane in [Figure 5.30|(b),(d)
and (f), in order to validate the behaviour that was observed for static measurements
in The reliability obviously increases with the number of carriers used for
the interrogation, as [Figure 5.30|b) looks overall covered in bold, dark points (i.e. low
reliability points), especially compared with d) and (f). If the differences
between ODFM2 and OFDM4 interrogations were not clearly stated in (c)
and ( M(d ) and (f) depicts how they actually differ by their amount of low-
rehablhty points on the reliability maps.

One surprising, yet somehow expected aspect is the remaining low-reliability points in
Figure 5.30(b),(d) and (f), especially on OFDM interrogations: they follow the vehicle’s
trajectory. Unlike low-reliability points outside the trajectory which were eliminated by
the first OFDM combinations (from [Figure 5.30((b) to (d)), the time-distance points which
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really experienced the vehicle were truly exposed to strong variations, therefore affecting
their local state of polarization as the fibre certainly was shaked at some points. As
a consequence, the probability to get low reliability at these places did grow, and even

OFDM processing was not able to recover enough reliable points.

MIMO-OFDM complements the previously introduced fading free MIMO phase sens-
ing by further enhancing its sensitivity performance, as illustrated here in a deployed
scenario [136]. The number of OFDM carriers fixes the trade-off between the targeted
coherent fading reduction and spatial resolution (in our case where a common electri-
cal bandwidth B, is used, yielding 2, 4 and 8m resolution respectively), and must be

adjusted according to the application case requirements.

Summary: Towards an adaptive subcarriers scheme

MIMO-OFDM proved itself to be a flexible solution for fading mitigation as it allows to
perform multi-carrier interrogation in a fully digital manner. In [Figure 5.15 we’ve seen
that there was a limit to the performance increase brought by multi-carrier interrogation,
and more generally throughout this chapter, we were able to show the advantage of multi-
carrier interrogation and constructive combination from the first iteration, whatever the

configuration in terms of electrical bandwidth or spatial sampling resolution.

Also, long-distance case was not investigated here on purpose in multi-carrier interro-
gation to avoid involving attenuation effects to the statistics of coherent fading initially,
and due to time constraints eventually. However, we believe that this technique, such
as every other multi-carrier interrogation technique investigated in the literature, is also
suited to longer distances cables, of the order of tens of kilometres.

Among all application cases that Distributed Acoustic Sensing (DAS) can address, multi-
carrier interrogation should be an option, yet the performance limit as shown in

would have to be adapted to the use case (laser linewidth, distance...).

Simulation results are presented in below for different fibre distances and
in the case where fgymp, = 50MBaud (yielding Bei. = 100MHz). Due to length con-
straints on the interrogation codes, the mechanical bandwidths differ as well (see
fection T2.43).

It appears that, similarly to the long distance experiments in [subsection 3.2.2| a new
low-o. peak appears at the left of the SNR distribution (see (b) and inset in
(a)): due to attenuation and most importantly laser phase noise in distance,
the o, irremediably increases. Yet, shows how the use of multi-carrier inter-

rogation and subcarrier combination allows to shift the o, distributions towards higher

SNR values. Joint work on laser phase noise reduction and subcarrier combination would

allow to increase the distinction threshold for long-distance sensing in the future.

Furthermore, electrical bandwidth was introduced through a discussion of spectral
occupancy in telecommunications networks. In such a context, the spectral occupancy is
indeed very constrained but it is dynamic as well, as the allocation of spectral resources

can evolve in time. A solution such as Coherent-MIMO interrogation which would operate
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Figure 5.31: Static fibre simulations: Probability density function of strain distinction
threshold for long distances (16 & 50km resp.), with Bee. = 100MHz, Av = 75Hz, and
AWGN added.

alongside telecommunication data should adapt to such dynamic allocation of resources,
and OFDM-MIMO is a solution for adapting the sensing signal to the needs of the operator

on given spans.
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Chapter 6

Increasing the sensing range to
network scale: long distance,
quasi-distributed, and forward

sensing

Having lowered the detection threshold of the interrogation system and process, namely
reducing the noise floor in order to detect smaller phase variations, it is now possible to
explore the reach of the Coherent-MIMO interrogator. Coherent-MIMO is a distributed
fibre interrogator, with digital, low peak power probing signal. The constraints on the
distance were discussed in in terms of energy, or signal-to-noise ratio, as well as
regarding laser phase noise. In detection thresholds as a function of distance

were given and both [Figure 2.5 and [Figure 3.4]illustrated the constraints in terms of phase

noise and interrogation method respectively.

In order to scale with real deployed networks, the distributed sensing system must
reach acceptable detection threshold and dynamic range on terrestrial and submarine
fibre span distances. It must also coexist with telecommunication data traffic. Moreover,
the mechanical conditions of deployed telecommunication cables will lead to distributed
sensing systems that are less sensitive than the configurations presented in the
thick coating of fibre cables, the mounting or burial of the cables in specific environments...

are not engineered so as to get a sensitive fibre sensor, rather the opposite.

Experiments are conducted on Standard Single Mode Fibre (SSMF). Firstly, we assess
a complex perturbation identification over 50km fibre in laboratory conditions, by means
of synthesized vibrations. Secondly, we prove the possible coexistence of sensing signals
and Dense Wavelength Division Multiplexing (DWDM) data transmission over a 82km
link comprising deployed fibre as part of an underground 6-fibres telecommunication cable
naturally subject to multiple acoustic perturbations which we detect. Eventually, we
discuss the use of the distributed sensing interrogator in quasi-distributed mode to span

ultra long-haul links such as submarine cables.
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Chapter 6. Increasing the sensing range to network scale: long distance,
quasi-distributed, and forward sensing

6.1 Dual-polarization interrogation over a 50km SSMF span

In this section, we use the coherent-MIMO interrogation the way it is described in
[subsection 1.2.4.2] The detection threshold of the sensing system is enhanced thanks to
the elimination of polarization effects as described in

6.1.1 Experimental setup

. 5
Generation generator generator

343 |
High coherence | | DP-IQ @ @ (@) @ (@] @ (l?

Probing Sequence N Pulse Pattern Clock

laser source Modulator 0,9km T 49 9km X 1km
Coherent FEAL PEA2
LO mixer
I T T T
Balanced [ Analogtodigital |
photodiodes H conversion

Figure 6.1: Experimental Setup 50km (PEA: PiezoElectric Actuator, LO: Local Oscillator,
DP-IQ: Dual Polarization — In-phase and Quadrature, SSMF: Standard Single Mode Fibre)

The setup is presented in[Figure 6.1l The probing signals are sent on two orthogonal po-
larizations through a dual-polarization I/Q Mach-Zehnder modulator ( fsyms = 50MBaud)
to modulate the optical wavelength. The figure refers to the general case of an I/QQ modu-
lation, however we restrict ourselves in this work to a BPSK modulation per-polarization.
The modulated signal is then amplified to an average power of 5dBm and sent through
a circulator into the sensed fibre. The Rayleigh back-scattered signal goes through the
circulator to a dual-polarization coherent mixer. The in-phase and quadrature information
of the signal projection over two orthogonal polarization states are captured by 1.6GHz
3dB-bandwidth balanced photodiodes. The four captured signals are then sampled at
2fsymp = 100MSamples/s using a 12-bit resolution scope. Off-line signal processing is
carried over the acquired sequences, starting with power normalization, followed by a cor-
relation with the transmitted sequences to periodically extract the fibre response given
by a series of 2 x 2 Jones matrices separated with a gauge length G = 2m imposed by
the symbol rate fsymy = 50MBaud. A time synchronization is then applied to detect the

periodic responses with a period of T, pge-

An overall 52km-long SSMF link is sensed. Two mechanical perturbations are applied,
the first one at approximately 0.9km and the second at approximately 50km from the
interrogator. We use cylindrical Piezo-Electric Actuators (PEA) with an outer diameter
of 5cm to apply strain on bare fibres (no cable). The first actuator (PEA1) has 55cm
of fibre coiled around it while the second one (PEA2) has 133cm. These actuators are
fed with electrical signals. The signal generated for the experiment presented in the next
section is a combination of tones which emulates an engine noise, used to demonstrate

localization of different events as well as identification from spectral analysis.
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Figure 6.2: Measured frequency noise spectrum of the laser source through a self-
heterodyne linewidth measurement setup: Power Spectral Density (PSD) of laser fre-
quency noise vs. frequency. Beginning of white frequency region in the spectrum pointed
out by a red cross.

An ultra-low-linewidth laser emitting 10dBm at A = 1536.6nm is used as a source at the
transmitter and a local oscillator at the receiver, with a given Lorentzian linewidth inferior
to 1Hz in a 10us time window according to its specifications sheet. We characterized the
frequency noise spectrum of the laser through a self-heterodyne linewidth measurement
using decorrelation with a delay line with an acousto-optical modulator in one arm of the

interferometer.

The obtained frequency noise spectrum is shown in Fig. At high frequencies,
we can spot the beginning of the white frequency noise region at 0.06Hz?/Hz starting
from 500kHz (pointed by red cross in from which we measure a Lorentzian
linewidth (corresponding to the intrinsic noise of the source) of about Avyerent, = 0.067 ~
0.2Hz which agrees well with the specifications. We also emphasize on the increased
noise at low frequencies that impacts the quality of the phase measurements at long
distances over which the effective linewidth will be higher. The longer the observation
time-window is, the more low-frequency phase noise is added [101]. Indeed, as we are
computing differential phases, we need a stable phase reference which translates into a
high-coherence length requirement for the laser. Ideally, the phase observed by the probing
signal at the modulation step and the one that is added by the local oscillator at the

coherent mixer on the receiver side should be the same despite of their relative delay.

6.1.2 Experimental results

First measurements in static conditions (no disturbances applied through the actuators)
with codes of length T..,4. = 1ms allowed to get the phase standard deviation o, measured
over an observation window of 1s. It was already shown as a function of distance in
and is reproduced in (bold black line). We notice an exponential
growth of phase noise towards 45km and beyond. An exponential growth of the phase o,

is also forecast from the numerical simulation shown for different laser linewidth values,
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Figure 6.3: Phase standard deviation as a function of distance in static mode (simulations
for various laser linewidth values and the experimental result). Av of the experimental
measurement estimated at 75Hz.

leading to a challenging identification of mechanical events over long distances. Only high-
energy perturbations impacting the fibre after tens of kilometres can be detected with a

given probing code length, i.e. a fixed targeted mechanical bandwidth.

We observe that the experimental phase o, over the fibre distance is well fitted by the
model when considering a phase noise of a laser with an equivalent Lorentzian linewidth
around 75Hz. This is understandable when we look at the non uniform level of the

frequency noise that characterizes the used laser source.

6.1.3 Recognition of a synthetic engine noise

In this part, we demonstrate the detection of signals that emulate vibrations generated
by vehicle engine. Indeed, phase noise limits at several distances were measured in [119]
through the recognition of a single tone perturbation, and we wish to verify the per-
formance of the interrogator system for more complex signals. As engine noises can be
typically characterized by the association of three main inharmonic frequencies [137], we

synthesize a three-tone signal at 50, 105 and 145Hz to simulate an engine noise, and its

power spectral density is shown in [Figure 6.4(b)| (dotted line).

We apply the same signal through the two actuators located around 1 and 51km
respectively from the interrogation unit. The probing code length is T.,qe = 2.62ms
yielding a bandwidth of Byecq = 193Hz. [Figure 6.4)(a) shows the measured phase standard
deviation o, as a function of the fibre distance. The two mechanical events appear as two

o, peaks at the expected locations. The phase evolution over the 1s measurement window

is also displayed in |[Figure 6.4(c)| and [Figure 6.4{(d)| for each of the two detected peaks

locations.

In [Figure 6.4(b), we plot the PSD of the differential phase at the locations of the two
o, peaks. The spectral signature of the engine noise at the first location (~ 1km) is well

preserved, with a Signal-to-Noise Ratio (SNR) of 30dB approximately. After 51km, the
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Figure 6.4: Features of the differential phase along the fibre with an engine noise pertur-
bation injected at 0.97 and 51.16km from fibre start

enhanced phase noise resulting from the increased loss of coherence of the laserfl| source

reduces the SNR to 10dB roughly, however the recognition of the mechanical event is

still possible even after a round-trip propagation over 51km of SSMF. We also notice the

higher peak power levels detected at 51.1km, which is consistent with the longer coiled
fibre length at this location (133cm coiled fibre at 51.1km versus 55cm at 0.9km).

!Following the expression eq.(2.7)), our theoretical laser coherence length is Leon o~ 890km
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The use of a dual-polarization coherent receiver along with the designed codes in
[tion 1.2.4lenabled a mathematically ideal estimation of the fibre response. The modeling
of the noise limits associated with the usage of our laser source and interrogation method
in allowed to anticipate the detection threshold as a function of fibre distance,
giving the maximum reach of this dual-polarization and narrow linewidth configuration
for a given detection threshold requirement. Mechanical events, made of a sum of three

tones emulating an engine noise, were detected, localized and identified from a spectral

analysis over a fibre distance that exceeds 50km.

6.2 Long distance sensing along with co-propagating data
channels
Now we intend to push the reach further, while keeping the same laser source at the

transmitter side. Now, the fibre under test also encloses a deployed fibre cable, and the

detected disturbances are real acoustic signals.

In [subsubsection 1.2.4.3] we presented an interrogation method by means of digitally

generated sweeps which does not manage to give a perfect estimation of the fibre, yet allows
to either double the mechanical sensing bandwidth B,,eqq or double the reach (compared
to the reach with BPSK Golay-coded sequences) by relaxing the condition on the interro-
gation sequence length. Indeed, for a round-trip time of light in the fibre Tj,., the coded
sequence condition is T4 > 4.7; while for a digitally generated dual-polarization sweep
the condition becomes Tgpeep > 2.T3 [74]. Moreover, relaxing the detection threshold
requirements, it is still possible to trade increased distance and polarization fading by

switching to SIMO interrogation and further relaxing the condition to Tsyeep s1ar0 > Tir

as briefly developed in [chapter 1} [Interrogation, estimation, and processing. Adapting to|

fthe contextl

In the meantime, the following experiment aims at demonstrating the possible coex-
istence of digital sensing and telecommunication data over a span length. In [13], a first
demonstration of fibre sensing based on 40ns optical pulses has been reported with 1 me-
ter resolution for localization. However, since signal pulses in the Distributed Acoustic
Sensing (DAS) system exhibit high peak powers, they interfere with data channels if they
are co-propagating due to fibre nonlinearity. The DWDM signals and sensing signals were
thus counter-propagated and three 50GHz slots were left empty to ensure non-intrusive
coexistence between both signals, which is a waste of spectral resources in today’s crowded
networks [138]. In the following, the possible co-propagation of sensing and DWDM chan-

nels with small frequency spacing is demonstrated.

6.2.1 Assessing the impact of co-propagating data onto the sensor phase

noise

A general overview of the sensing interrogator and transmission setup is given in|[Figure 6.5
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Figure 6.5: Experimental setup for static sensing and data copropagation tests in labora-
tory conditions

First coexistence measurements We compare the interrogator performance for differ-
ent configurations, first by setting the coupler ratio before the circulator, then by changing

the power level of co-propagating telecom data.

After coupling the sensing and data fibres by means of a 90/10 coupler to set the power
of the sensing signal similar to other DWDM slots used for transmission, the input power
of the sensing transmitter is modified to evaluate its impact on the o, in The

input power is measured at the fibre input and is denoted P;,. For low amplification values
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(a) Lower EDFA amplification values (b) Higher EDFA amplification values

Figure 6.6: Static sensing on 50km SMF, o, along distance for different input powers
(circulator input)

in (a), the system behaves as it would intuitively: the higher the input power,
the more precise the measurement, mostly on long distances. However, (b)
shows that beyond a given current value, no more enhancement is noticed. Therefore, we
keep the amplification pump current at I;, = 125mA yielding P, = —3.31dBm in the

following.

Coexistence with full C-band data The transmission system is now constituted of
the full C-band channels, except for the frequency slot around the sensing wavelength. In
the spacing between sensing channel and data channels is modified, as well as
the data input power, initially at 21dBm (for 86 channels, corresponding to an average
input power per DWDM channel which is comparable to the power of the sensing chan-
nel). The input power of the full C-band signal varies from 19dBm to 11dBm, while the
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frequency slot allocated to sensing is 50GHz (“Large Spacing”) at first, and then 30GHz
(“Small Spacing”).
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Figure 6.7: 50km sensing & data interrogation, o, for different adjacent data input power
levels and spacings

The impact of the channel spacing on the transmitted data is discussed in the next sub-
sections. As for the sensing performance, the detection threshold evaluated in terms of o,

seems to stay stable.

Of course, variations are observed in [Figure 6.7(a) as a function of the input power
of the data, which could lead us to think of a lowered phase noise or detection threshold
in the presence of data transmitted with higher input power. |Figure 6.7(b) displays o,
measurements for different frequency spacings and at different moments of the day, and
the time of the measurement is shown to have a higher impact on the detection threshold
than any other parameter: This brings up the concern of system stability, as it appears
that the same configuration (here “Large spacing”) yields performance fluctuations that
are more important than the change of one parameter (namely the channel spacing). The
main conclusion from would be that the changes in the transmitted data
features has less impact on the sensing performance than the usual fluctuations

of the system.

Therefore, we are confident about the sensing capabilities of the system going into a
dynamic study of joint sensing and data transmission in deployed fibre cables over more
than 50km which is a long distance with regards to DAS (note that < 100km is short-reach

in terms of transmission, 100km being typically a span length).

6.2.2 Experimental setup

An 82-km span of SSMF consisting of fibre spools and a 1.4km long deployed fibre cable
alternatively placed at different distances from the transmitter is set in three possible
configurations as displayed in

The deployed fibre in use is part of a coated 6-fibres cable deployed between two buildings.
It exits the first building after crossing a datacenter, then it is buried 0.6m under an

asphalt road, where various vibration sources are met. The main perturbation is an air
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Figure 6.8: Experimental demonstration of co-propagating digital sensing signal and
DWDM channels over an 82km-long span, three possible configurations.
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Figure 6.9: Picture of the cable under test and captured spectrum (PSD) of the pertur-
bation near the cable under test

conditioning system 10m distant from the cable and located near the second building.
Preliminary acoustic measurements were performed by means of a spectrum analyzer (from
a computer microphone): we display the spectrum of the measurement in b),
however it is performed with a computer microphone, visible in (a), hence a
modest range and quality (spectral response dimmed below 100Hz). The measurements
show a spectral signature made of a 24.5Hz fundamental component and harmonics up to
the seventh rank (172Hz). Sonometer measurements (not displayed) showed a stable low
acoustic pressure of 63dBC/45dBA SPL at the cable.

Probing channel and coexistence with data channels The above-described fibre
setup is used for the transmission of full C-band data, except for ITU-C51 DWDM slot
enclosing the sensing signal, as displayed in the channel set-up in The two
channels adjacent to the sensing wavelength transport each 600Gb/s telecommunication
data and are monitored throughout this study to assess the impact of the sensing channel

on data transmission performance.

Data transmission settings As shown in the sensing signal is coupled to
the transmitted C-band channels through a 10/90 optical coupler to set the power of the
sensing signal in ITU-C51 slot similar to other DWDM slots used for transmission. In
order to keep the overall set-up simple, we monitor the DWDM slots that are adjacent
to the sensing signal, and the other DWDM slots are filled with loading channels. The
DWDM testbed is composed of 82 loading Distributed FeedBack (DFB) lasers spaced by
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Figure 6.10: Coexistence of sensing and telecom data: Channel arrangement. CUT:

Channel under test; PSD: Power Spectral Density

50GHz, plus two Channels Under Test (CUT).
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Figure 6.11: Data transmission set-up. CUT: Channel under test; DFB: Distributed
FeedBack lasers; ECL: External Cavity Laser

The loading channels are modulated at 49GBd with Dual Polarization (DP) 16QAM
modulation and Nyquist pulse shaping using 0.01 roll-off. The specific processing of the
loading channels mentioned in is not further developed here. The CUTs for
data transmission each occupy two consecutive 50GHz slots and are modulated at 90GBd
with DP-16QAM, carrying 600Gb/s net bit rate in 100GHz spacing.

Probing method and set-up The digital sensing interrogator probes the full span at a
rate fsymp using digitally generated linear frequency sweep signals covering a [0 : foymp/2]
bandwidth over a period Tsyeep > T, where Tj, is the round-trip time of light in the fibre.

Though formally less efficient than MIMO codes, sweep probing requires a laser source

coherence restricted to the sole fibre round-trip time as described in [subsubsection 1.2.4.3|

enhancing the sensing range. Moreover, the sweep interrogation is performed on a single
polarization, and although the SIMO sweep is subject to polarization fading effects (see
chapter 3|), it allows to relax again the condition on the length of the probing sequence,

therefore relaxing the coherence length constraints of the laser. This probing choice is
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justified here to increase as much as possible the distance to sense with the available laser

source, at the cost of a higher noise floor.
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Figure 6.12: Sensing set-up: transmitter and receiver. CUT: Channel under test

A high coherence laser source at 1536.6nm is modulated continuously and periodically
at the sweep period Tyyeep. The use of continuous probing reduces the Peak-to-Average
Power Ratio (PAPR) with respect to pulsed probing, thus avoiding non-linear induced

distortions on surrounding DWDM channels.

Reception of sensing and transmission signals The generated full C-band comb is
launched into the fibre span at 18dBm, yielding an average channel power of —1dBm per
50GHz slot. At the receiver side, after 82km of SSMF, the CUTs are selected using a WSS
(Wavelength Selective Switch) before being sent to the coherent receiver as depicted in
A high-speed sampling scope operating at 256GS/s is used to store waveforms
and digital signal processing [72] is performed offline to measure the output SNR of each
600Gb/s channel under test.

RX Data channels

EDFA
(.) Coherent RX RX
B e
256 Gsa/s DSP

Figure 6.13: Co-propagating sensing and DWDM channels: Data channels receiver set-up

The backscattered light is captured at the launching end of the fibre span by another
coherent receiver in As illustrated in the figure, self-homodyne configura-
tion of the coherent receiver captures the signal backscattered from the sole sensing slot.
After correlation with the transmitted signals, the coherent sensing system recovers the
backscattered optical field and extracts a segmented representation of the probed fibre

where the differential phase is characterized at each segment along the fibre path.

6.2.3 Sensor performance results

The fibre span is interrogated continuously with fs,, = 50MBaud, covering a 600Hz
sensing bandwidth. The standard deviation of the backscattered phase denoted o, is
given in [Figure 6.14]and [Figure 6.15|for the three different scenarios depicted in
First, the deployed fibre cable is placed at the start of the span, and its phase variations
signature is captured in [Figure 6.14|a). After such short distance (0.4km before reaching
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(a) Deployed cable after 400m fibre: air conditioning system detected at 1.1km and 1.3km, data center
machinery triggers smaller alarms
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(b) Deployed cable after 30km fibre

Figure 6.14: Phase variations induced by two main external vibration sources, deployed
cable placed after different fibre lengths
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the deployed cable), the o, along distance is given at the native resolution of the system
(Ls = 2.05m), therefore the phase variations due to both the crossing of a datacenter at the
beginning of the fibre cable and the presence of an air conditioning system halfway-through
the cable path are detected as different peaks. Moreover, as described in the

deployed fibre cable experiences the external vibrations twice as it performs a round trip
between two buildings, leading to the 4 distinct peaks in [Figure 6.14(a).

Note that the round-trip is not needed for either detection or localization purposes, and
it is set this way because of the experimental setup configuration where the transmitter
and receivers are located in the same building. Yet, this round-trip of the fibre allows to
double-check the location of the perturbations: the two highest o, peaks in (a)
are distant of 200.4m meaning that the air conditioning system is located approximately
100m away from the fibre turnaround (where the fibre cable loops). It is approximative
since the noisy system is located several metres from the fibre paths as described earlier.
Then, a 30km fibre span is inserted between the TX and the cable (Figure 6.14|b)). The
datacenter and air conditioning systems are still correctly localized and identified with a
spatial sampling resolution finer than 10m, allowing to differentiate between the different

detection peaks.

An increase of the detected o, is observed at the right side of (b), therefore
of the detection threshold. This is a consequence of the strong disturbance induced by the
air conditioning system vibrations: when disturbances giving rise to phase variations over
27, unwrapping issued can occur, which in turns degrade the computation of differential
phase for the following fibre segments. In the presence of noise or attenuation (due to the
increased distance from the probing source), such as here in [Figure 6.14|b) after 31km
fibre, the issue is somehow amplified. This issue has to be addressed through digital signal
processing. Yet, we do not address it here. In such conditions, multi-event detection could
be compromised at long distances: in (b), the second o, due to the data-center

machinery noise is only slightly above the increased detection threshold.

Acoustic event detection after 80km SSMF Finally, the fibre cable is connected
after 80km SSMF and the full evolution of o, along the fibre span is given in [[igure 6.15

In [Figure 6.15(a), the o, is displayed with a coarse spatial sampling resolution of 51m.
Strong variations due to laser phase noise are noticed along the fibre. After 81km, o,

peaks are noticed on the trace, as displayed in the inset of [Figure 6.15(a). To make sure
the peaks are an alarm and not another noise peak at the coherence length limit of the
laser source, further spatial averaging was needed, thus decreasing the spatial sampling

resolution to Leogrse = 102m. Therefore, the peaks are not differentiated any more and
appear as one single event, yielding a single o, detection peak at 81km in [Figure 6.15|b).

Nevertheless, successful identification of the disturbance induced by the air condi-
tioning machinery is observed at such distance as shown by the PSD of the phase in
Figure 6.16{a). The PSD of phase at the o, peaks locations gives the spectral signature of

the machinery, in line with the acoustic measurement performed near the cable displayed
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Figure 6.15: Phase variations induced by two main external vibration sources (200m
spacing): deployed cable after 80km fibre

in (harmonic spectrum with 24.5Hz fundamental frequency). After 81km, the
fundamental and third order harmonic are visible on the spectrum, exceeding the noise
level by nearly 10dB. We display the time evolution of the phase in (b), illus-
trating how the fundamental frequency went weaker at 81km compared to 31km, whereas
some harmonics remain which bring a periodic shape to the phase at 81km despite the

noise floor.
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Figure 6.16: Differential phase and its power spectral density at o, detection peak location:
identification of the disturbance for different distances from the fibre start

6.2.4 Transmission performance results

Finally, we analyze the performance of the adjacent coherent channels carrying 600Gb/s
data. The experiment will be considered as successful if the presence of a sensing channel

doesn’t impact the data.
The SNR of the detected 16QQAM constellations is measured at the receiver side. First,
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Figure 6.17: Measured SNR of CUTs with and without sensing signal

the sole loading data and channels under test are switched on, and the SNR is given
in for the 100 first time units, and for both channels under test. The SNR
for CUT1 is about 0.2dB below CUT2. Then the sensing channel is switched on: it
operates in a 50GHz spacing in ITU grid 51. The SNR is measured for 100 more time
units in [Figure 6.17] Overall, the measured SNR after 82km transmission is left unchanged

while switching on and off the sensing signal.
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Figure 6.18: Optical spectrum of CUTs spaced 2GHz apart from the sensing signal

The next experiment is about channel spacing. The set-up that was used during
the sensing experiments above was realized with a 25GHz frequency spacing between the
sensing spectrum and the data on channels under test 1&2. Now the CUTs are brought
closer and closer to the sensing signal, up to a 2GHz spacing in It was not
possible to perform smaller spacing due to the coarse granularity of the WSS used in the
experiment.

Finally, we measure the impact of setting the CUTs closer and closer to the sensing signal
in The results are displayed for CUT2, although the conclusions are similar
for CUT1 and 2. The SNR performance of the channel 2 (centered around f = 195.15THz
in remains stable as we approach the sensing signal down to 2GHz. This
result further demonstrates the non-intrusive coexistence of our digital sensing system

with high speed transmission data.
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Figure 6.19: Measured performance of CUT 2 vs frequency spacing

Detection, localization, and identification of a true vibration event was performed over
a deployed fibre cable after 82km fibre distance, together with co-propagating 600Gb/s
DWDM data transmission. We observed not only a lack of impact on the transmitted
DWDM data with a standard spacing as a 50GHz ITU slot is allocated to the sens-
ing signal, we also noticed no impact of the digital coherent sensing system over the
transmitted data down to 2GHz band spacing. This result is paving the way for a per

span high sensitivity-high bandwidth vibration monitoring of in use telecom networks

seamless to the transmitted data traffic.

6.3 Quasi-distributed forward scheme for long range sensing

In this section, a technique addressing long-distance sensing (namely far beyond 100km

fibres) is presented.

We were able to perform sensing of an acoustic vibration over 82km SSMF in the
previous section. The current distance records in dynamic, ¢-OTDR are, to the writ-
ers’ knowledge: 131km ultra-long ¢-OTDR with high sensitivity [88] on dedicated fibres
with Raman amplification, 150km hybrid BOTDA-¢-OTDR [139], 226.3km bi-directional
amplification ¢-OTDR system [140], 160km without in-line amplifiers |141]. All these
systems need either a special fibre coating or specific amplification somewhere on the line,
and sometimes use secondary techniques such as Raman amplification that could disturb
the co-propagating signals in the case where the used line is not a dedicated fibre (but,
say, a dedicated linewidth). Indeed, although Raman amplification can be used for both
data and sensing channels, the required configuration (bi-directional amplifiers, filtering...)
might differ [140]. In addition, the noise source detected in these references were likely to
have a much higher pressure level at the cable side than the one in our experimentation
(we work with acoustic disturbances of normal conversation level which are obviously far

less energetic than earthquakes of hammer strokes on utility poles).

In order to increase the reach of distributed fibre sensors, the principle of forward
sensing or phase sensing was investigated by several groups of researchers. In
we mentioned [8] where phase sensing was performed over 535km deployed fibre: the
issue with phase sensing however is the absence of straightforward localization data. Lo-

calization for phase sensing was proposed in [47] where the fibre sensor still performs a
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round-trip in the environment to be monitored. An outline schematic of the sensor is

given in At the turnaround, a loop with a delay line and an AOM is added,

Fibre under test (FUT)

J—L AOM
Narrow linewidth — ( C( (( E E C ) /
CW laser - Modulator W

| | Analog to digital Delay line
conversion

Detection

LO

Figure 6.20: Outline schematic of a phase sensing set-up with possible localization, with
coupled delay line and Acousto-Optic Modulator (AOM), adapted from [47]

such that one fraction of the sensing signal is delayed and shifted in frequency: assuming a
mechanical event occurred and was detected on both ways, the shifted and delayed signal
will allow to deduce the localization of the event. However, the localization is computed
under certain conditions which restrain the possible frequency range in which an event is
detected, and the gauge length of the system is rather large. What we retain from [47] is
that localization in phase sensing is obtained under the condition of changing the design

of the fibre sensor, from a simple fibre loop to something more complex.

Other possible methods for localization for forward phase sensing rely on the synchro-
nization of fibre-optic communication networks. Relying on commercial transponders syn-
chronization, a localization accuracy of Tkm over 380km bidirectional WDM link was
demonstrated [142] for the detection of strong disturbances (hammer on utility poles). In
the future, such mechanisms are expected to allow for localization in 10,000km long fi-
bre cables for geophysical measurements [48], this time using the polarization information

(SOP) gathered from the commercial transponders.

Taking advantage of the submarine cable topology Currently deployed submarine
cables enclose bidirectional fibre links, where both forward and backward directions are
amplified. The backwards direction is referred to as the “supervision channel”, into which a
fraction of the forward channel power is coupled after each amplifier. An outline schematic
of the fibre link is presented in Such a fibre configuration is called “ladder

Span
Repeater ~ Repeater ~100km Forward,

transmission

#1 #2
Backwards, -
supervision

Figure 6.21: Outline schematic of a possible bidirectional fibre link configuration in a
submarine cable

topology”. Different types of information travel down the supervision channel, in some
cases including an intensity-OTDR for detection and localization of major losses and

breaks [45].
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Leveraging the recent advances on (forward) phase-sensing and phase-OTDR, we pro-
pose a distributed forward sensing method adapted to the submarine cables configura-
tion [143]. The principle is similar to the A¢-OTDR, using a narrow linewidth laser
source and modulated probing sequences, only it relies on the optical signal returning

from the supervision channel instead of backscattered light. The main reasons are:

- Backscattered signal does not cross the amplifiers, which would limit a traditional
A@-OTDR to the first span of the fibre link

- Attenuation is too important after 100km, therefore almost no backscattered signal
would be recovered. The supervision channel allows to retrieve direct transmitted

light that is far more intense than backscattered one

As a consequence, the system is not fully distributed any more, as the feedback loops
(coupling from forward, transmission channel to supervision channel) now act as the re-
flectors in the fibre. Similarly to FBG-based fibre sensors, we call this configuration

“quasi-distributed”.

Ultra low noise environment Fiber under test: long SSMF with repeaters
Laser noise
PM Coupl Repeater #1  Repeater #2
Laser .Oup | Mach-Zehnder | ref feedback M~ M~ [~ b
source modulator T 2
Feedback through supervision channel

Rx processing

90° hybrid x4 4x
coh. mixer ADC DSP

Balanced photodetectors

Figure 6.22: Interrogation system and fibre cable sensor design

displays the general set-up of such an interrogator that probes a submarine
cable. In the proposed setup, a specific reference feedback is added to the interrogator

before connecting to the cable under test. This allows to have an estimation of the noise
contributions which are inherent to the interrogator set-up: white noises and most im-
portantly laser phase noise. This reference noise will be subtracted to the other incoming

signals such that the sole environmental noises are retrieved.

Figure 6.23| shows the difference between our sensor architecture (quasi distributed
sensor) and the usual distributed sensor architecture using reflectometry, together with

their intensity responses.

- On the left of the sensor is an optical fibre with silica impurities respon-
sible for Rayleigh backscattering effect. We call them “scatterers”. The number of
scatterers is huge compared to the length of the fibre, and so the number of estimates
extracted from the fibre will depend on the interrogation frequency (one estimate per
group of scatterers). The interrogation baud rate fsyms defines the resolvable length
or spatial sampling resolution of the sensing system. Such a response spreads on

twice the length of the probed line, leading to a spreading time T1r = 2.L fipre-Cfibre,
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6.3. Quasi-distributed forward scheme for long range sensing
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Figure 6.23: Comparison of distributed and quasi-distributed sensor outputs

with cfipre the speed of light in the optical fibre.

- On the right of is the architecture of a long-distance optical cable with
repeaters, which is our sensor. We call that architecture “ladder topology”. A part of
the signal is coupled back to the feedback channel after each repeater: the measured
signal is the integral of the dynamic strain over the entire fibre propagation path (up
to the coupler). Since there are several spans, several impulse signals are received.
In that case, the length of the spans defines the spatial resolution and gauge length
of the system.

Using a Coherent-MIMO interrogator, it is possible to retrieve full Jones matrices from
each rung on the ladder, which are forward Jones matrices of the full span followed by the
full supervision span (on the way back). The retrieved information will be reliable under

the condition of laser coherence, similarly to Rayleigh backscatter sensing.

Overall, such a set-up allows to combine the advantages of phase-sensing (long reach)
and distributed acoustic sensing (distance-resolved measurements) for sensing on subma-
rine cables provided the availability of a highly coherent laser source, in line with the long

distance to sense.
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Conclusion and perspectives

In a world crisscrossed over and over by telecommunications fibres at increasing rate,
where quality of service, automation, and infrastructure safety are primary concerns, the
need for various types of sensors is a primary concern. Distributed fibre sensors are suited
for a wide range of applications, due to their large presence in the ground of cities, roads
and oceans, due also to their light weight, low carbon footprint, and moreover because of

the ability to sense over tens of kilometres using a single interrogator.

In this thesis, we explored the potential of distributed acoustic sensing on single mode
telecommunication fibres, using A¢-OTDR. This Distributed Acoustic and Vibration Sens-
ing technique relies on a narrow linewidth laser for the sensor interrogation and on coherent

detection for phase retrieval at the receiver.

First, a review of the different methods for optical fibre sensing interrogation was per-

formed. Several techniques for dual-polarization probing were mentioned and described,

including Golay-based probing codes in [subsection 1.2.4| (further referred to as “Coherent

MIMO”) which demonstrate perfect autocorrelation properties, allowing for an enhance-

ment of the backscattered channel estimation process.

Then, a numerical model was developed to explore the limits of A¢-OTDR interro-
gation of single-mode fibre taking the polarization dimension into account. From this
model, we were able to demonstrate that Coherent-MIMO sensor interrogation is immune
to polarization fading, which is one of the major impairments in distributed fibre sensors.
Beyond the advantage of polarization diversity reception, dual-polarization probing of the
fibre sensor allowed to remove input polarization induced phase noise. Once immune to po-
larization fading, the sensors features a lower distinction threshold, making the detection

of low power disturbances possible.

Experimental results of acoustic sensing over a 6kHz mechanical bandwidth onto few
kilometres of single mode fibre were displayed, and the gain brought by Coherent-MIMO
interrogation for high bandwidth acoustic sensing over standard single mode fibre was
quantified compared with more standard sensing approaches (i.e. methods which do not

fully exploit polarization diversity).

Another major result of this thesis is the investigation for mitigating coherent fading
effects by means of digital signal processing techniques. We proposed a digital frequency
diversity scheme which allows to interrogate the fibre sensor on multiple subcarriers carved

in the electrical interrogation bandwidth, based on Orthogonal Frequency Division Multi-
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Conclusion and perspectives

plexing (OFDM). By a combination of the different subcarrier estimations using rotated
vector sum, this method did effectively mitigate the worst intensity minima induced by

coherent fading, thus further lowering the distinction threshold of the sensing system.

Finally, experimental measurements were conducted on long distance, assessing the
interest of Coherent-MIMO and other related interrogation methods to detect acoustic
disturbances up to 80km telecom fibre. Also, thanks to the low PAPR of Coherent-MIMO
interrogation sequences, we were able to demonstrate how sensing signals and telecommu-
nications signals can coexist in a DWDM communication system, without interfering with

each other.

All of the works conducted within this thesis, from theoretical studies on the polarization-
related fading effects to the experimental demonstration of sensing and telecommunica-
tions coexistence in the same fibre, are an invitation to push Distributed Acoustic Sensing
(DAS) further thanks to the knowledge acquired throughout the development of high speed
optical communications. The encounter of phase-OTDR and digital signal processing is a

promising matter.

In the trail of this work, more open questions are to be explored: on the techniques to
increase the reach of the A¢-OTDR interrogation system, enhancements could be brought
to the laser source, both by refining the laser model for simulations and by stabilizing the
laser phase noise in the set-up. On the system noises and distortions that can impact the
dynamic range of the captured backscattered signals, digital signal processing could be
added to learn from transmitter and receiver noises and thus perform channel deconvolu-
tion. In deployed systems, spatial and temporal signal interpolation should be developed
to overcome blind-spot related issues for the capture of events. Also in case of strong
energy vibrations, specific processing should be developed to overcome unwrapping and
slew rate issues. Of course, due to the huge amount of captured data, the development of
machine learning techniques to identify and classify specific patterns would accelerate the

process of A¢-OTDR traces analysis.

The joint development of interrogator accuracy and pattern recognition, together with
the already proven compatibility of Coherent-MIMO and data transmission, presents
Coherent-MIMO sensing as a promising technique to capture a wide range of disturbances
from already-deployed telecommunication networks. The integration of Coherent-MIMO
to the network nodes as a basis for all sorts of sensing is a realistic “next step” towards

smart optical networks automation and telemetry.
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Appendix A

Sound Pressure Level

measurements

Sound pressure level measurements were reported throughout this manuscript to quantify
either the noise floor in the laboratory or the level of acoustic excitations during the

experiments.

Sound pressure is the average variation in atmospheric pressure caused by the sound.
The unit of pressure measurement is pascal (Pa, or N/m?). The Sound Pressure Level

(SPL) of a sound is measured in decibels (dB). It is equal to

PSO'U/fL
2010g10< 2 fd) (A1)

where P,..s is the reference of sound pressure, and Pyoyng is the root mean square (RMS)
of the measured sound contributions. In air, Py = 2.107°Pa (20 pPa), which is an
approximate of the lowest sound pressure possible to hear for human ear at 1kHz reference

frequency.

Sound pressure filters: dB(A), dB(B) and dB(C)

The human ear has a non uniform sensitivity level along the acoustic frequency range. To

adapt to the ear, sound meters are usually fitted with filters. The standard A and C filters

are displayed in

A-contour filter To quantify the perceived sound by the ear, the A-contour weighting
filters out the lower frequencies, therefore eliminating the Pressure Level of inaudible
frequencies. As a consequence, all audible frequencies are not treated equally. Thus, the

measured sound power level is given in dBgpy, or more precisely dBgpr,_a.

The A-contour filter is the most commonly used filter for practical assessments of

loudness, be it in music concerts or to usually measure ambient sound levels.

143



Appendix A. Sound Pressure Level measurements

B-contour filter The B-contour filter will approximate the ear for lower frequencies,
thus taking loud bass sounds into account (more weight for low audible frequencies com-

pared with the A-contour filter). It is an intermediate filter between A and C filters that
is rarely used.

C-contour filter Finally, the C-contour filter will almost not filter out low frequencies.

It approximates the ear only at very high sound levels where even low frequencies can

cause discomfort.

C-contour filter is used for sound pressure level measurements of traffic noise near

highways or plane noise near airports.

International Standard for
A- and C- Weighting Curves for Sound Level Meters

0 e NS
~—1C / N\

7 ‘/ \\
-15 /

Level weighting (dB)
N
(V)]

s/
sol/

315 63 125 250 500 1K 2K 4K 8K 16K

One-third octave band center frequency (Hz)

Figure A.1: Comparison of A-contour filter and C-contour filter for sound pressure level

measurements
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Appendix B

Simple OFDM case: frequency or

space?

In we have been using a specific case of multi-carrier interrogation: OFDM
with same codes to probe each OFDM sub-carrier, which allows to get different phase
estimations for the same fibre segments. This appendix aims to go more in-depth in this

topic.

Rayleigh diversity emulation with identically modulated OFDM

subcarriers

The fibre sensor is probed by a single laser wavelength (with narrow linewidth), hence
the acquisition of a stable, unique Rayleigh backscattered pattern in the context of single-
carrier probing. Using Coherent-MIMO sensing, the backscattered pattern is obtained in
the form of 2 x 2 Jones matrices. The 2 x 2 Jones matrices single-carrier estimations are
denoted hy, as depicted in (a), q is the segment index, with a spatial resolution
step Ly determined by the symbol rate fsymy = 1/Ts as follows: Lg = ctibre/2fsymb-

We have seen that using a digital frequency diversity scheme for the probing codes

leads to different backscattering patterns from each subcarrier, see |subsection 5.1.3 Now,

we will see how the interrogation with OFDM multiplexed interrogation codes runs, in the

case where By, is constant.

hq the

gt

(a) Single carrier

(b) Multi-carrier

Figure B.1: Optical fibre model : spatial segmentation for an interrogation at same band-
width occupation, p, ¢ are segment indices, Ny is the number of OFDM subcarriers
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Appendix B. Simple OFDM case: frequency or space?

Figure B.1{(b) depicts the probing sequence for a fibre interrogation using OFDM with
N, subcarriers. Following the bandwidth against spatial resolution trade-off with constant
Bejee, the OFDM spatial resolution verifies Ls orpym = NgcLs. Each OFDM symbol

comprises Ny symbols at fgymp.

Let’s consider a dual-polarization interrogation and detection. The fibre channel is
expressed under the form of 2x2 Jones matrices. The following assumptions and definitions

are made:
e N, the number of OFDM subcarriers:

e h, the channel response of the sensed fibre with a step determined by the symbol
rate fsymp = 1/Ts and a channel length of Ly, coefficients or taps (we call them “fibre

segments” )
o We are sending the same code on all the subcarriers, each code has N4, symbols

e We consider an OFDM sequence with duration Ty 0rpay and length Neoqe OFDM
symbols, hence NyeqorpM = NscNeode and therefore Tseq oFrpar = Neode NscTs-

During Tseq,0rpum, we are sending Ny Neoge symbols. At the iFFT input on the transmitter
side, we send:

Xl X]. . X']:,FL’NSC7 R 7){"]\[code XNcode XNcode (Bl)

in,1s “Xin,2y """ 9 g in,l 2*in,2 0T in Ng.

When sending the same codes on all subcarriers: xﬁut,m =0 for m > 1 (k: OFDM
segment index). Only the first term is non-zero for m = 1 for each iFFT. Hence, we are
sending an upsampled version of the code (symbols in the Golay code are now separated
by Ng. — 1 zeros. The transmitter sends:

wiut,hof" ,07.%2 07 7OuxNCOde gt 70 (B2)

out,1» out,1

The receiver will get a convolution of the sent sequence with the channel

p=y(k) = hx)k) = > ahian (B.3)
n=1:Ngc:+00

This form of the convolution takes into account the upsampling in z, (meaning that
the step here is N, and not 1 which is the general case for a convolution as there are
Ny — 1 zero value between two non-null symbols).

The receiver will perform an FFT followed by a correlation with a code to extract the

Nsc —2milm
channel response estimate. The discrete form of the FFT is: Y; = > ype Nsc
m=1
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For Ny, = 2 and assuming a channel with 4 segments with respective coefficients

h1, ha, hg, ha, up to yy are:

y1 = hizy

Y2 = haxy

ys = hgz1 + hixs

Ya = haz1 + hoxs (B.4)
Ys = hgws + hixs

Y6 = hazs + haxs

For Ng. = 2, the FFT operation defined above becomes Yo;_1 = —yo;_1 + yo and Yy =

Yoi—1 + yor for I > 0. In the general case, the estimated channel coefficients are given by:

N,
2 _ 2milm L
Hf =3 hye P L1 = Ny, ki1 |2 (B.5)
m=1 Sc

where we have N, versions of each channel response with a spatial resolution correspond-
ing to Ng.Ts.

As the Ny versions are different channel estimations, the probability to get coherent
fading at the same location for all N4, subcarriers decreases with the number of subcarriers,
thus bring a mitigation of coherent fading at the sensor output when the outputs of each

subcarrier are carefully combined.
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leigh dans les fibres optiques

Résumé : Répondant a une demande croissante
de connectivité entre les individus, entre les pays et
par conséquent entre les continents, les fibres op-
tiques de télécommunications sont déployées dans le
monde entier. Les continents comme les océans sont
désormais quadrillés par ces réseaux dont l'impor-
tance stratégique n’est plus a démontrer. De maniere
plus générale, les fibres optiques sont une alternative
aux capteurs électrodynamiques de vibrations, avec
un atout majeur : la possibilité de détecter et locali-
ser des phénomeénes indépendants tout au long de la
fibre, bien au-dela de la simple détection de ruptures
de fibres et allant jusqu’a la reconnaissance de mul-
tiples signatures audio voire de la parole.

Cette thése a pour but d’étudier finement la rétro-
diffusion Rayleigh dans les fibres optiques, qui per-
met de capter de l'information induite par des per-
turbations mécaniques tout le long d’une fibre. Nous
étudions le potentiel des fibres optiques en tant que
microphones distribués, en terme de bande pas-
sante mécanique et de sensibilité. Nous décrivons

Titre : Captation de perturbations mécaniques large bande par détection cohérente de la rétrodiffusion Ray-

Mots clés : rétrodiffusion Rayleigh, détection cohérente, fibre optique, capteur distribué

le systeme d’interrogation des capteurs a fibre dis-
tribués, et proposons la modélisation d'un tel inter-
rogateur en tenant compte du multiplexage des si-
gnaux sur deux axes orthogonaux de polarisation
lors de la propagation dans la fibre. Nous étudions
la problématique de I'évanouissement dans la fibre :
a la fois I'évanouissement de polarisation que nous
parvenons a annuler grace a la méthode d’interro-
gation Coherent-MIMO, et I'évanouissement cohérent
gue nous proposons de diminuer en recourant a une
interrogation multi-porteuses électronique. Différents
résultats de mesure sont également présentés dans
cette these : nous validons le seuil de distinction du
systeme d’interrogation sur quelques kilométres de
fibre monomodes de télécommunications, puis, sur
des dizaines de kilometres de fibres incluant des
cables déployés, nous validons la pertinence d’'un
systéme de captation par segment de fibres dans les
réseaux télécom a haut débit, ouvrant ainsi la voie
a des systemes de télémétrie évoluée dédiés aux
réseaux optiques de demain.

scattering

Abstract :

Telecommunication fibres are being deployed all over
the world, connecting distant people, institutions,
companies with an outstanding quality of service in
terms of data rate and latency. Their strategic value in
terms of global economy and daily life is now unde-
niable. Monitoring such an infrastructure has become
mandatory, and that far beyond the standard case of
breaks localization. From a broader standpoint, opti-
cal fibres are an alternative to electro-dynamic point
sensors, with a strong asset: the capability to de-
tect and localize multiple independent phenomena all
along a fibre. Thus, the millions of kilometers of cur-
rently deployed optical fibre around the world consti-
tute a huge potential base of sensors. Distributed vi-
bration sensors have a huge potential regarding sen-
sing of dynamic events, detecting of multiple acoustic
signatures up to speech signals.

In this thesis, we show how distributed optical fibre
sensors can be designed on top of telecommunica-
tion fibres, namely standard single mode fibres, and
we explore their potential in terms of reach, detec-

Title : High bandwidth detection of mechanical stress in optical fibre using coherent detection of Rayleigh

Keywords : Rayleigh backscattering, coherent detection, optical fibre, distributed sensor

tion threshold, and sensing bandwidth. We present
the interrogator systems for distributed fibre sensing
and build a dual-polarization numerical model of such
an interrogation system and fibre sensor. Secondly,
we tackle the coherent fading issue by means of fre-
quency diversity in the digital domain, i.e. directly
applicable at the modulation of the interrogation se-
quences, before entering the optical domain. We de-
veloped MIMO-OFDM which retrieves independent
channel estimations from a single fibre segment; the
estimations are further combined, and the obtained
estimations are assessed with regards to the reliabi-
lity metric. Throughout this thesis, many experimental
measurements were conducted, assessing the capa-
bilities of the Coherent-MIMO interrogator on single-
mode-fibre sensors in terms of reach, bandwidth, and
detection threshold. We also demonstrate the co-
propagation of a sensing signal along with high data
rate channels, without any impact on the transmitted
data, paving the way to the enhanced monitoring and
telemetry in deployed telecommunication networks.
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