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Abstract

Brillouin scattering is particularly efficient and attractive for the implementation of strain and temperature
distributed sensing in optical fibres. Recently a trend has been observed that modern advanced applications
require a substantial step towards better spatial resolution, while preserving temperature/strain precision over
a long range. For this purpose the state of the art does not satisfy all these requirements. In this thesis we
present a radically new approach named Brillouin Echoes distributed sensing (BEDS) that allows covering
these requirements.

In the first part, we propose an updated configuration of the classical existing Brillouin sensor for time
domain analysis allowing drastic noise reduction. Then we investigate the limitations (due to non-linear
effects) of the classical Brillouin sensor in terms of long distance range measurements. The identified
nonlinear effects are pump depletion due to SBS itself, self-phase modulation (SPM), modulation instability
(MI), which occurs only in fibres presenting an anomalous dispersion at the pump wavelength and Raman
scattering (RS).

We propose the modeling of the pump depletion effect to obtain analytical expressions that are useful for
the proper design of a BOTDA sensor and for the determination of a very small depletion. The model
confirmed by experimental measurements is informative on the conditions maximizing the depletion effect;
therefore a standard configuration can be defined to test the value of the depletion in the set-up.

Furthermore, we demonstrate that SPM-induced spectral broadening can have a significant effect on the
measured effective gain linewidth. Modeling and experiments have undoubtedly demonstrated that the
effective gain linewidth can easily experience a two-fold increase in standard conditions when the pulse
intensity profile is Gaussian. We showed that the problem can be practically circumvented by using a clean
rectangular pulse with very sharp rising and falling edges

The theoretical and experimental analysis of the undesirable effects of MI and forward RS in distributed
BOTDA sensors systems gives a simplified expression to predict the critical power for a given distance
range. MI turns out to be the dominant nonlinear limitation since it shows the lowest critical power, but it is
less critical since it can be avoided to a wide extent by using the fibre in the normal dispersion spectral
region such as a DSF in the C-band. On the other hand Raman scattering can be avoided only by limiting the
optical pump power and therefore is the ultimate nonlinear limitation in a distributed sensing system. Under
similar conditions RS shows a critical power ~5 times larger than MI.

In the second part, we present the new approach Brillouin echo distributed sensing (BEDS) which has
proved to be a powerful solution to realize sub-metric spatial resolutions in Brillouin distributed
measurements. We have demonstrated both theoretically and experimentally that an optimized configuration
is reached when the optical wave is z-phase shifted. The experimental tests have shown a spatial resolution
down to 5 cm, with a clear margin for further improvement down to a real centimetric spatial resolution. This
optimized configuration produce the best contrast independently of the pulse intensity, with a factor 2 of
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improvement compared to other techniques based on the same approach (dark pulse, bright pulse). This
extends the dynamic range by 3 dB, which corresponds in standard loss conditions to a 5 km extension of the
sensing range. An analytical developed model has proved to be an excellent tool not only for optimizing the
pumping scheme but also in post-processing the measured data.

Finally the potentialities of BEDS technology provide solutions in real contexts. Using the BEDS
technology in landslide monitoring at laboratory scale, for the first time it became possible to observe the
failure propagation in laboratory scale with an accurate precision. Furthermore, using BEDS we have
proposed and demonstrated the possibility of mapping geometrical structure fluctuations along a photonic
crystal fibre (PCF). Both long- and short-scale longitudinal fluctuations in the Brillouin frequency shift have
been identify and quantify. Observation of Brillouin linewidth broadening in PCF fibre through distributed
measurement of the Brillouin gain spectrum using BEDS has allowed fundamental understanding of SBS in
PCF fibre and in their design in view of applications to optical-strain/temperature sensing.

Keywords: Brillouin echoes, distributed fibre sensor, optical fibre sensors, stimulated Brillouin scattering,
Fibre optics, Non-linear optics, stimulated Raman scattering, modulation instability, spatial resolution, pump
depletion.
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La diffusion Brillouin est particulicrement éfficace et attractive pour I’implementation de la distribution
des contraintes et de la temperature dans les capteurs a fibres optiques. La tendance observée est que les
nouvelles applications nécessitent une avancée importante vers une meilleure résolution spatiale, tout en
préservant la précision sur la mesure de la température et de la contrainte sur de longues distances. A cet
effet, 1'¢tat de l'art ne satisfait pas ces exigences. Dans cette thése, nous présentons une approche
radicalement nouvelle appelée « Brillouin Echoes distributed sensing (BEDS)» qui permet de couvrir ces
besoins.

Dans la premiére partie de cette thése, nous proposons une nouvelle configuration du capteur Brillouin
classique permettant la réduction du bruit. Puis nous étudions les limites de ce méme capteur en termes de
mesures sur de longues portées. Les effets non-linéaires les plus critiques sont 1'appauvrissement de la pompe
par effet Brillouin, I’auto-modulation de phase (SPM), I’instabilit¢ de modulation (MI), qui se produit
uniquement dans les fibres présentant une dispersion anormale par rapport a la longueur d'onde de la pompe
et la diffusion Raman (RS).

Nous proposons la modélisation de I'effet de 1'appauvrissement de la pompe pour obtenir des expressions
analytiques qui sont utiles pour la bonne conception d'un capteur Brillouin et pour la détermination d'un
appauvrissement tres faible. Ce modéle est confirmé par des mesures expérimentales.

En outre, nous démontrons que 1’automodulaton de phase peut avoir un effet significatif sur la largeur de
raic mesurée du gain Brillouin éffectif. La modélisation et les expériences ont incontestablement démontré
que la largeur de raie du gain éffectif peut aisément faire 'expérience d'une augmentation de deux fois dans
des conditions standards lorsque le profil d'intensité d'impulsion est Gaussien. Nous montrons qu’en pratique
le probléme peut étre contourné en utilisant une impulsion rectangulaire.

Nous ¢tudions également les effets indésirables de l'instabilité de modulation et la diffusion Raman en
avant dans les capteurs Brillouin distribués. Ces deux effets sont préjudiciables et ont été évalués
expérimentalement et comparés a un modele théorique donnant une expression simplifiée pour prédire la
puissance critique pour une portée donnée. L’instabilité de modulation se révéle étre la limitation dominante
car montrant la plus faible puissance critique. Ce pendant elle peut étre évité en utilisant une fibre optique
présentant une dispersion normale comme une fibre a dispersion décalé par exemple dans la bande C. D'autre
part nous montrons que la diffusion Raman ne peut étre évitée qu'en limitant la puissance de pompage
optique et est donc la limitation ultime non linéaire dans un systéme de détection distribuée. Dans des
conditions similaires la diffusion Raman affiche une puissance critique d’environ 5 fois plus grande que celle
de I’instabilité de modulation.

Dans la deuxieme partie de cette thése, nous présentons une nouvelle approche appellée les echoes
Brillouin (BEDS) qui s'est avéré étre une solution puissante pour réaliser des résolutions spatiales sub-
métrique dans les mesures Brillouin distribuées. Nous avons démontré a la fois théoriquement et
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expérimentalement qu’une configuration optimisée est obtenue lorsque la phase de l'onde optique est
déphasée de m. Les essais expérimentaux ont montré une résolution spatiale de 5 cm. Cette configuration
optimisée permet de produire le meilleur contraste, indépendamment de l'intensité des impulsions, avec un
facteur 2 d'amélioration par rapport aux autres techniques basées sur la méme approche (impulsion sombre,
impulsion lumineuse). Cela permet ainsi d’étendre la plage dynamique de 3 dB par conséquent d’étendre la
plage de détection de 5 km. Un mod¢le analytique développé s'est avéré étre un excellent outil non seulement
pour optimiser le systéme de pompage, mais aussi pour le traitement des données mesurées.

Les potentialités de la technologie BEDS permet de fournir des solutions dans des contextes réels.
Utilisation de la technologie dans la surveillance des glissements de terrain a I'échelle du laboratoire, pour la
premiére fois, il a été possible d'observer la propagation progressive des glissemnts de terrain a 1’échelle du
laboratoire avec une précision exacte. En outre avec la technologie BEDS, nous avons proposé et démontré
la possibilité de cartographier les fluctuations géométriques le long d'une fibre a cristaux photoniques (PCF).
Deux fluctuations a long et a courte échelle longitudinale dans le décalage Brillouin ont ét¢ d'identifier et
quantifier. En fin, l'observation de 1’¢largissement de la largeur de raie Brillouin d’une fibre a critaux
photonique a méne a la compréhension fondamentale de la difussion Brillouin stimulée dans ces fibres
spéciales en vue d'applications comme capteurs ditribués de température et de contrainte.

Mots-clés: échos Brillouin, capteurs distribués a fibre, capteurs a fibres optiques, diffusion Brillouin
stimulée, Fibres optiques, optique non-linéaire, diffusion Raman stimulée, instabilit¢ de modulation,
résolution spatiale.
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Introduction

In this opening chapter, we introduce the topic of fibre optic sensors in its
historical context; we situate the problem of the spatial resolution and dynamic range
required for new advanced applications. We then outline the method we are using to
explore these questions and place it in its historical context. The chapter ends with an
overview of the remaining chapters of this thesis.



2 INTRODUCTION

The optical fibre, as thin as a hair and stronger than steel, remains one of the greatest
technological advances of the 20th century. Developed in the 70s in the Corning Glass laboratories,
optical fibres are capable of conducting light between two locations separated by hundreds or even
thousands of km, as it was envisioned by Charles Kao in 1966 (Nobel prize winner physics in
2009). By enabling communications over very long distances and at speeds not previously possible,
optical fibres were one of the key elements of the optical communications’ revolution. This huge
potential inspired 20 years later, i.e. in the 90s, the use of optical fibres as a sensor of temperature as
well as strain over many kilometers. Since then several application areas have been developed,
especially in the detection of oil spills, in structure health monitoring, etc.

1.1 How did this happen?

In 1922, Leon Brillouin, predicted in one of his theory that the diffraction of light by a sound
wave induces a frequency shift through the light-matter interaction in the fluid. Only in 1930 and
1932, i.e. 8-10 years later, Brillouin’s work was experimentally and independently verified by Goss,
R. Lucas and P. Biquard (in France), and by Debye and Sears (in the USA). They have shown that
the scattered spectra are composed of two shifted components and one un-shifted component. In
1935 Landau and Placzeck published a short note pointing out that the un-shifted incident light is
due to the non propagating temperature fluctuations. At that moment it was not possible to study
more in detail these results. The change in frequency was too small to be resolved by the detection
systems available at this time. Scientists had to wait until 1960 for the advent of lasers allowing
new developments in the field (Chiao 1964), such as very high resolution interferometers, thus
increasing research interests related to the spectrum of light scattered by fluctuation density. This
made possible more accurate measurements of frequencies, intensities and line-widths and gave
access to the characterization of thermodynamic and acoustic properties as acoustic wave velocity,
bulk modulus. As a direct consequence, in 1972 and 1974 respectively, Ippen and Rich observed the
Brillouin effect in optical fibers. Initially considered by Smith (Smith 1972) as a major limitation
for optical-fibre transmission lines, it eventually proved possible to manufacture Brillouin-optical
amplifiers (Olsson 1986), fibre lasers (Bayvel 1989) and narrowband tunable filters (Tkach 1989).
Recently, researchers have demonstrated that the group velocity of light could be controlled in an
optical fibre using stimulated Brillouin scattering (Song et al 2005, Okawachi 2005). Among all
these applications, researchers have demonstrated that the spectral characteristics of the Brillouin
scattered light contain information on quantities such as ambient temperature (Horiguchi 1989) and
strain (Culverhouse 1989), initiating then the field of Brillouin optical fibre sensors which has
continued to grow and spread out over the world and into new fields of applications.

1.2 Fibre optics sensors

Optical fibre sensors may be defined as a system through which a physical, chemical, biological,
or other quantity interacts with light guided in an optical fibre or guided to an interaction region by
an optical fibre to produce an optical signal related to the parameter of interest (Culshaw 2004). In a
more general view, optical fibre sensors technology can also be seen as the association of optics and
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electronics or opto-electronics, every evolution of this latter given rise to interesting applications in
optical fibre sensors. They can be configured in different shapes, to sense various physical
disturbances, temperature, strain, pressure, acoustic field, flow rate, electric field, magnetic field,
current and voltage, among which some of them are available on the market for many years. Fibre
sensors have shown the advantage of being of small in size, low in weight, immune to
electromagnetic interference and chemically passive and capable of remote measurement. These
make them a good candidate for operating in harsh conditions or in applications that are
inaccessible using alternative technologies.

They can be classified in single point fibre sensors and distributed fibre sensors.

Single point sensors as fibre Bragg gratings not often are used to sense a single point. When a
large number of points must be measured, many fibres must be used to connect the sensor heads,
causing a cost penalty. There is therefore an opportunity to save cost by multiplexing a number of
sensing elements over a single fibre, thus forming a fibre optic sensor network distributed in space.

Distributed optical fibre sensing uses the very special properties of optical fibres to make
simultaneous measurements of both the spatial and temporal behavior of a measurand field.
Nowadays, the annual market for distributed fibre sensors is estimated to reach US$ 550 millions,
much bigger than the annual market for point sensors (Krohn 2010). Distributed fibre sensors
technology exists essentially in three types, based on either Rayleigh scattering, Raman scattering
and Brillouin scattering. Optical time domain reflectometry (OTDR) based on Rayleigh scattering
has given rise to the well-known method for the characterization and the monitoring of optical fibre
links in the Telecommunications industry. OTDR technology (Barnosky 1976) has been developed
for measuring optical fibre attenuation characteristics and overall fibre length. It allows location of
losses introduced by a connector, a splice or by any default present on the fibre link. Distributed
networks based on fibre Bragg gratings (Hill 1978, Stone 1987, Payne 1989, Morey 1989, Hand
1990, Morey 1991, Kashyap 1994) are essentially a network of point sensors, as mentioned in the
previous paragraph. They have found applications in many areas including the monitoring of strain
for smart structures. Raman scattering technology (Dakin 1985) is currently the dominant
distributed photonic sensor technology for measuring temperature in the power cable and the oil and
gas industries because it allows continuous sensing range of 15 km or more. Raman distributed
temperature sensors have been implemented on a large scale in oils wells. Brillouin scattering
technology (Horiguchi 1989, Bao 1993, Nikles 1996), which is the technology presented in this
thesis, is newer and requires maybe a more expensive interrogating system than fibre Bragg grating
technology and Raman based distributed sensors. However, the whole fibre acts as the sensor and it
can be used to measure continuously strain as well as temperature (something not possible with
Raman scattering technology) in a range of 50 km indeed 100 km.

1.3 The problem

At this point, we have to define two main performance parameters for distributed sensors and in
particular for distributed Brillouin sensor measurements: the accuracy of the measurand and the
spatial rsolution. The accuracy of the measurand qualitatively expresses the closeness of the
measured value to the true or ideal value of the measurand. The spatial resolution is defined as the
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smallest length of fibre over which any sensible change in the spatial variation of the measurand can
be detected. Nowadays, modern or/and specific advanced applications have taken a substantial step
towards better spatial resolution, while preserving temperature/strain precision over a long range. It
has been demonstrated that, in classical configuration spatial resolution not better than ~1 m (Fellay
1999) can be obtained over a long distance range while maintaining a narrow spectrum. The reason
comes from the fact that the observed Brillouin spectrum turns apparently broader as the spectrum
of the pulse used to map the information becomes broader than the Brillouin resonance, since the
spectral distribution of the effective gain is given by the convolution between the pulse spectrum,
(broader for shorter pulse), and the natural Brillouin gain spectrum. This broadening, as a result
reduces accuracy in the measurement of temperature and strain at submetric spatial resolutions, and
eventually leads to a vanishing gain for ultrashort pulses.

However, this situation changed when scientific community understood that by pre-activating
the acoustic wave within the Brillouin resonance, it could be possible to have a narrow Brillouin
gain spectrum down to its natural line-width for spatial resolution shorter than the acoustic
relaxation time. First observed in 1999 by Bao et al and qualitatively explained by Lecoeuche et al
in 2000, this breakthrough opened the incredible perspective of performing high spatial resolution
measurements while maintaining a sharp Brillouin resonance. They actually reported distributed
measurements using pulse width down to 1.5 ns (15 cm spatial resolution) (Zou 2004). Despite the
unquestionable experimental demonstration brought by the authors, these results have so far
suffered from the problem that they could not be decisively reproduced with a set-up different from
the original (same sources, same electro-optic modulator). In particular no one could observe this
spectral narrowing at 1550 nm using semiconductor lasers with lower coherence. Moreover, no
clear physical description of the experimental situation has been reported and the authors have so
far justified their observations only through a numerical integration of the coupled wave equations
(Zou 2005, Kalosha 2006).

1.4 In this thesis

A part of this PhD thesis is dedicated to the clarification of the results reported by Bao et al,
through deep theoretical and experimental studies of the concept, to end up with the objective to
reach experimentally very high spatial resolution in a controlled and optimized approach while
maintaining a long range measurement. Another part of this thesis is dedicated to the theoretical and
experimental studies of limitations upon the performances of Brillouin sensors due to some non-
linear effects.

Including this introductory chapter, the thesis is organized into seven chapters. The second
chapter is divided into two main parts. The first section reviews the linear effects (elastic and
inelastic effects) in the optical fibre. The second part reviews the stimulated Brillouin scattering in
optical fibre in order to introduce the concepts needed to understand the following chapters. We
then review some of the nonlinear effects in optical fibreswhich play an important role in
penalysing the performances of Brillouin sensors.
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Chapter 3 in the first instance is devoted to the Brillouin sensor itself, its different variants; an
updated configuration of the classical Brillouin sensor for time domain analysis allowing low noise
is proposed. Then, we move on the theoretical and experimental study of the impact of non-linear
effects presented in chapter 2 on the performances of the Brillouin sensor.

In Chapter 4, we present the new concept called "Brillouin echoes" also developed in this thesis.
We experimentally and theoretically study the physics behind Brillouin echoes. We then present an
analytical model that allows us to optimize the performance of the Brillouin sensor echo.

As an illustration, the application of the measurements system in landslide monitoring is
presented in chapter 5. The mapping of photonic crystal fibre, the measurement of the Brillouin
gain spectrum in this latter and the acoustic lifetime measurement in standard fibre are presented as
well.

High spatial resolution distributed sensor need fast optical detection and acquisition electronics
devices, that are not widely available but are expensive and limited in performance in terms of
sensitivity and noise measurements interface. In chapter 6, we propose to apply a technique named
optical sampling to distributed fibre sensors which give the possibility to acquire fast optical signals
using low frequency electronic detection and acquisition systems. After presenting the principle and
the theory, experimental implementation and results are discussed.

Chapter 7 concludes the thesis with a summary of the main achievements, a broader perspective
of its implications and an outlook towards future work.
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Optical effects in optical fibres

In this chapter, different optical effects in the optical fibre will be addressed. We
will review linear and non linear effects, firstly focusing on spontaneous Brillouin
scattering as a linear effect and stimulated scattering as a non linear effect. We will
then summarize the theoretical approach allowing the derivation of the basic
equations governing the stimulated Brillouin scattering process. Secondly we will
introduce other nonlinear phenomena such as stimulated Raman scattering and those
originating in the optical Kerr effect such as self-phase modulation and modulation
instability, which have their own responsibility in the limitations of performances of
the Brillouin sensors that we will be discuss in chapter 3.
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Scattering is a general physical process where waves, such as light, are forced to deviate from a
straight trajectory by one or more non-uniformities present in the medium through which they pass.
In 1957, Fabelinski [1] wrote that when a monochromatic light passes through a dense, transparent
medium, some of the light is scattered, since the density is not uniform.

Light is considered as an electromagnetic wave. The propagation of the light in a dielectric
medium may turn out to be linear or non linear, depending on the intensity of the light sent into the
medium.

2.1 Linear scattering effects

Light scattering is intimately linked to the presence of in-homogeneities in the optical properties
of the propagation medium. As an example, let us take the case of a plane wave illuminating a
completely homogeneous medium as shown in Figure 2-1. We assume that the medium is formed
of an elementary volume dV; which scatters light in the direction 6. However, there exists for sure
an elementary volume (labeled dV5) close to dV;, whose scattered light interferes destructively with
that from dV’;. Since a similar description can be applied to all directions, except the direct direction
6=0, one can deduce that scattering exists only for the direction 6=0. Now assuming that the
medium is not uniform, i.e. presents fluctuations density, the total number of molecules in the
volume dV; may not be equal to the total number of molecules in the volume dV,. Consequently,
the destructive interference between the fields scattered by these two elements in the direction 6+#0
is no longer total. To summarize, in a completely homogeneous medium, light always propagates in
a single direction. However, in a non-uniform medium the light scattered results from density
fluctuations of the media which modifies spatially and temporally its optical properties [2]. In
addition, the scattering is linear since the intensity of the wave is very small or does not exceed a
certain critical value in order not to change the intrinsic optical response of the medium. In this

linear case, the susceptibility of the material remains independent of the electromagnetic field E

present in the medium, and the polarization remains linearly dependent on E. Two types of

dVl I }L/z N
Incident 7

plane wave A/2sin® Transmitted

wave
71%) N
L4
) 0 \
Scattered
wave

Figure 2-1: Scattered light by two volume elements dV; and dV; in the direction 8[2].
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scattering can be distinguished: inelastic scattering and elastic scattering.

2.1.1 Elastic scattering effects

2.1.1.1 Rayleigh and Rayleigh wing scattering

Elastic scattering is a scattering where the light is scattered with no frequency shift. In this
category we have Rayleigh and Rayleigh-wing scattering.

Rayleigh scattering is the scattering of light from non-propagating density fluctuations.
Formally, it can be described as scattering from entropy fluctuations.

Rayleigh-wing scattering results from fluctuations in the orientation of anisotropic molecules.
Since the molecular reorientation process is very rapid, this component is spectrally very broad.
Rayleigh-wing scattering does not occur for molecules with an isotropic polarizability tensor, as is
the case for glass and optical fibres (since the silica molecule is centro- symmetric).

2.1.2 Inelastic spontaneous scattering effects

Linear inelastic scatterings are characterized by their shift in frequency due to the molecular
fluctuations density (optical phonons) for the Raman scattering and to the pressure fluctuations
density (acoustic phonons) for the Brillouin scattering.

Under most general circumstances, the spectrum of the scattered light has the form shown in
Figure 2-2 in which the four types of scattering features are represented. By definition, those
components of the scattered light that are shifted to lower frequencies are known as Stokes
components, and those components that are shifted to higher frequencies are known as Anti-Stokes'
components. Eq. (2.1) describes the light propagation as an electromagnetic wave. This equation is
known as a perturbed wave equation derived from the well-known Maxwell equations:

2.1)

where ¢ = 1/ JEot, =3x10°m/s is the speed of light in the vacuum, P is the electric polarization

describing the response of the medium under the influence of the electrical wave, E is the vector

field wave, 4, =47x10"kgmA”s® is the magnetic permittivity in free space and
g, ~8.85x107 kg m” A’s* is the dielectric constant in vacuum. In the linear regime, as is the

case here, P depends linearly on E and is expressed as:

P, =&1E, (2.2)

! Stokes and anti-Stokes are of historical origin, they have no physical cause.
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where y is the linear dielectric susceptibility, & is the dielectric permittivity of free space, 13L is the

linear part of the polarization.
In an isotropic and homogeneous medium, the tensor y is reduced to a scalar and Eq. (2.1)
becomes:

: (2.3)

where 7 is the refractive index of the medium.
In an isotropic and inhomogeneous media, such as in optical fibres, spatial and temporal
fluctuations Ay of the dielectric susceptibility are taken into account, the medium therefore

develops an additional polarization ]3‘, [2], where P is then given by:
P, =g, yE+P,, where P, = A¢E (2.4)

The dielectric tensor A¢ then contains all the information on the fluctuations (spatial-temporal)
that lead to the light scattering. The light propagation is then given by Eq. (2.5):

2 A2 2
= oO'E o°P
vE-L S 2o, e 2.5
2o Mo @3)
Scattering

EE— .
Incident Smedium~y
lightwave ¢~ S .

Vo Scattered lightwave
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Figure 2-2: Fourth spontaneous scattering features in a non-homogeneous medium: Rayleigh,

~

-~

Raman

Rayleigh-wing, Raman and Brillouin scatterings.
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In detail, A¢ can be decomposed into two distinct components Ag=A&dy +Ag5,.(kt): a scalar

contribution A&dy and a tensor contribution Aé‘é}g) [2]. Fluctuations of pressure, temperature,

entropy and density, i.e. all thermodynamic fluctuations, are at the origin of the scalar contribution
and hence at the origin of Brillouin and Rayleigh scattering. Symmetric and anti-symmetric

components are at the origin of the tensor contribution. The symmetric part Agé'l.(,:) is associated
with the reorientation of molecules and hence is at the origin of Rayleigh-wing scattering, while the
anti-symmetric part Agé'l.(k“) is associated with the polarisability change of molecules in the optical

medium (in the presence of an electrical field) and hence is responsible for Raman scattering. The
two scatterings of interest for us are Raman and Brillouin scattering, so we will focus on them.

2.1.2.1 Spontaneous Raman scattering in optical fibres

Raman scattering results from the interaction of light with the vibrational modes of the
molecules constituting the scattering medium. As previously explained, Raman scattering can also
be described as the scattering of light from optical phonons. Since spontaneous Raman scattering
does not have any impact on the present work, we will not go in detail in this subject. On the other
side, we will give more information in the case of stimulated Raman scattering (SRS) since its
impact on the performances of the Brillouin sensor is relevant.

2.1.2.2 Spontaneous Brillouin scattering in optical fibres
e Density fluctuations and acoustic wave

Brillouin scattering has its origin in Ae variations induced by thermodynamic quantities, where
density fluctuations can be described in terms of pressure p and temperature T or entropy s
fluctuations (for convenience Agd=A¢). Because sound wave propagation is an adiabatic process,
density fluctuations (noted 4p) should be decomposed into pressure fluctuations at constant entropy
and entropy fluctuations at constant pressure [3]. Considering this, the dielectric constant
fluctuations expressed as function of all these quantities can be written as:

A€ = o8 Ap+£a—gj AT , where Ap = % Ap+£a—pj As, (2.6)
op ), or ), ap ), 0s ),

Referring to the work performed by Fabelinskii in 1968 [4], the contribution of the second term of

the first equation is less than 2%. Moreover, the dielectric constant is more significantly affected by
density fluctuations than temperature fluctuations; hence the second term can be neglected. Eq 2.6

becomes:
Ag:(a_gj (a_p] Ap{@_gj (8_/?} As, 2.8)
op ).\ op ), op ).\ 0s ),

The frequency of the light scattered by fluctuations at constant entropy (thermal sound waves or
phonons), corresponding to the first term on the right of Eq. (2.7), is shifted by an amount
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proportional to the velocity of the phonons or sound wave V, Energy and momentum
considerations require that the proportionality constant be the magnitude of the change in the wave
vector of the scattered light. Two lines (or Stoke and anti-Stokes) are observed because scattering
can occur from waves traveling in opposite directions but at the same speed. These lines are
broadened somewhat because of the dissipative process which damp out the waves. Brillouin has
suggested that light is scattered by thermal sound waves in fluid [5]. So this first term is responsible
for Brillouin scattering and these lines are known as the Brillouin lines.

The light scattered by the fluctuations at constant pressure (second term of the Eq.(2.7)) is not
shifted in frequency although it is broadened somewhat due to the thermal dissipative processes
which damp out these fluctuations. So the second term is responsible for Rayleigh scattering.

Still focusing only on Brillouin scattering, A¢ is reduced to the first term of Eq. (2.7) and reads as:

Ae :(a—gj [a—pJ Ap =£(a—pj Ap ,with y, = p, (a—gj , (2.8)
ap T ap s 100 ap s ap r

where pp is the average density of the medium and j, is the electrostrictive coefficient, to be
discussed in the stimulated Brillouin scattering section.

As suggested by Brillouin [5], at the thermal equilibrium, pressure variations are principally
attributed to thermally-generated phonons in both fluids and optical fibres (which can be considered
as a homogeneous fluid, viscous and compressible). Therefore, in a macroscopic description, the
coupling between light and thermal phonons (acoustic wave) is usually introduced as a small time-
varying part of the permittivity [4]. This leads to small displacements of the medium that modify
locally the density in the material. These fluctuations of density are considered to be small
compared to the mean density, and hence, from a macroscopic point of view, the fibre is not
affected by these internal modifications. However, the spectral repartition of the thermal energy is
ruled by the Bose-Einstein distribution, the average number of phonons is given by:

Ne— 1+ 1 (2.9)

exp (th -1 2
kT

where ©=6.626x107* J.s is the Planck constant, k=1.381x10% J K. N~620 is a number found at
room temperature (7=298 K) and at the typical frequency of Brillouin scattering in silica
(~10GHz). In bulk silica, longitudinal and degenerated transverse modes coexist and can be
observed [9]. Due to the geometry of the fibre, both cladding and core acoustic modes can
propagate [6, 7, 8]. If the optical and the acoustic modes do not significantly overlap, as it is the
case in the cladding of step-index fibres, the scattering is weak and can be barely detected. In the
core, only forward and backward directions are of interest. Shear modes produce a scattering that
can only be detected in the direction normal to the fibre axis [6, 7, 18]. Only the longitudinal mode
remains which is obviously a pressure wave inducing periodic variations of the density, and hence a
density wave. This explains why the dielectric constant fluctuation is written as a function of
density fluctuations Ap instead of pressure fluctuations Ap.
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The acoustic waves represented by the local fluctuations Ap of the average density of the
medium py is given by Eq (2.10):

p(z,t):p0+Ap(z,t), (2.10)

Eq. (2.11) describes the periodic behavior of the density fluctuations (where c.c. means
conjugate complex).

Ap(z,t):%Q(z,t)ej(Qt_‘”)+c.c, (2.11)

where the variables Q and g represent respectively the angular frequency and the wave vector of the
acoustic wave. Finally, Eq. (2.12) represents the propagation of these density fluctuations.

o°p 200 o
—-T'V"—-1V"V°p=0, 2.12
azt at a ID ( )
where V, denotes the velocity of longitudinal acoustic waves which depends on the properties of the
material (molecular mass, adiabatic compressibility), in fused silica for instance its value is about
5900 m/s. I is the damping parameter defined as:

114 K
IN"=—|—-n +n,+—I(7.-1)|, (2.13)
me e (7, )}
where 7, and 7, are respectively the shear and bulk viscosity coefficients, xis the thermal
conductivity and y. is known as the adiabatic index.

Now we shall address the situation when the monochromatic electromagnetic wave (optical wave)
travels along these thermal acoustic wave fluctuations.

e Coupling between acoustic and optical wave
Eq. (2.14) represents the spatial-temporal evolution of a monochromatic electromagnetic wave
characterized by its wave vector k and its angular frequency .

E(z,t)z%A(z,t)e'/(”’kr)+c.c., (2.14)

From previous analysis, we know that the polarization in the simultaneous presence of
electromagnetic waves and acoustic waves can be derived from Eqgs. (2.4) and (2.8) as represented
in the following equation,

Pd(r,t)=A5E(r,t)=%Ap(z,t)E(V,t), 2.15)

By inserting Eqs (2.11) and (2.14) in Eq. (2.15), the polarization is written as:
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ﬁd(r t) 4p |:QA a)+Q k+q +Q A ) (k+q)r):|+c.c_, (216)
0

Finally, by inserting Eq. (2.16) in the perturbed wave equation (Eq. (2.1)), Eq. (2.17) is obtained
and describes the spontaneous Brillouin scattering.

. n?O’E. uy (o 0)-(kra)) )e~(k+q)r)
VE —— =100 Ae’ i Ae’ U yee. (217
v (G K Ho-0Q) O’ @17)

Anti-Stokes component Stokes component

It is clear that in the presence of the acoustic wave, there are new spectral components due to the
polarization of the medium. The generated two-spectral components appear at the frequency @ -£2
and o+, usually called respectively Stokes and anti-Stokes components.

e Stokes and anti-Stokes waves
Here the interest is to find the relation between the frequency shifts (called Brillouin shift)
introduced by the scattering and the scattering direction. From Eq. (2.17), momentum and energy

conservations respectively impose that the wave vector lgs of the Stokes component is given by:
k=k-gq, (2.18)
and its the angular frequency is given by:

o =0—0Q

N ’

(2.19)

From a quantum point of view, an incident photon is annihilated leading to the creation of anti-
Stokes photon and an acoustic phonon. These Eqgs (2.18) and (2.19) also show that the scattered
Stoke wave is accompanied by a frequency shift corresponding to the acoustic wave frequency.
Figure 2-3(a) illustrates schematically the scattering process and allows determining geometrically
the direction of scattering & as shown in Figure 2-3(b). Frequencies and vector waves of the three
waves are coupled together via the dispersion relations by:

(2.20)

— n |-
-0 i
C

Since the acoustic wave’s frequency (2 is much smaller than that of the incident and scattered
optical waves involved in the process, the approximation that ‘lg‘ ~ ‘ IEX‘ can be made. The analysis of
the Figure 2-3 leads to the relation |§|:2‘l€‘ sin(%) for the acoustic wave vector. Using the

dispersion relations, the frequency shift experienced by the Stokes wave as a function of the
scattering angle £1s given by:
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Figure 2-3: lllustration of the generation of a Stokes component through Brillouin scattering [2].

Q=2nw Vs sin(6/2), (2.21)
c

In the forward direction, the frequency shift is equal to zero since £=0, while it is maximum in the
backward direction since 6= In this case the shift reads as Q=2nwV, /c.

In optical fibres, Hereafter, the Brillouin shift vz will denoted the maximum value of (2 an given
by.

Q  2nV,

=== , 2.22
Vs 2 A ( )

where A is the wavelength of the incident light. The typical value of the maximum Brillouin
frequency shift in optical fibre is 10.8 GHz at 1.55 um and 13 GHz at 1.3 um, as summarised in
Table 2-1.

An analogous analysis can be applied to the anti-Stokes wave. In this case the momentum and

Table 2-1: Brillouin shift and typical characteristics of the silica at two different wavelengths
1.55 um and 1.3 um.

Incident wavelength 4, 1.55 pm 1.3 um
Refractive index of the fibre n 1.46 1.46
Acoustic velocity V, 5900 m/s 5900 m/s
Brillouin shift v 10.8 GHz 13 GHz
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h»‘+
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Scattered wave
/\ks @ (b)
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Incident wave q 0 —\«9

~3-

Acousticwave k
Figure 2-4: lllustration of the generation of an anti-Stokes component through Brillouin
scattering [2].
energy conservations relations are expressed as:
k,=k+q, (2.23)
o, =0+, (2.24)

Figure 2-4 illustrates schematically the process of the generation of an anti-Stokes component by
an acoustic wave, and allows us to determine geometrically the direction of scattering 6.

The anti-Stokes emission is up-shifted in frequency by an amount equal to the acoustic wave
frequency. From a quantum point of view, an incident photon is annihilated leading to the creation
of a Stokes photon and the annihilation of an acoustic phonon.

To summarise, the Brillouin shift vz remains the same in absolute value for the both Stokes and
anti-Stokes components while the direction of propagation of the acoustic waves implied in the two

processes leads to a down shift v, =v—v, (Stokes wave) and a up-shift v, =v+Vv,(anti-Stokes

wave) of the optical frequency.

Figure 2-5 shows an experimental spectrum representing the elastic Rayleigh and inelastic
Brillouin contributions to scattering in a single mode optical fibre (G652A IUT). The figure clearly
shows that in the spontaneous regime at room temperature (as is the case here), the scattering
efficiency is very small, around three orders of magnitude smaller than Rayleigh scattering. This
results from the efficiency of the spontaneous Brillouin scattering that depends on the temperature
or, more precisely, on the number of thermal acoustic phonons in the optical fibre. However, in a
stimulated regime, the number of acoustic phonons increases rapidly and the scattering’s efficiency
also increases to eventually reach 100% [19].
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Optical frequency [THZz]
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Figure 2-5: Brillouin and Rayleigh lines observed in the light backscattered from an incident
lightwave (A = 1551.84 nm) in a 20 m long single-mode optical fibre (G652A IUT). The Brillouin
shift is measured to be 10.860 GHz.

2.2 Non-linear effects

Non-linear effects in a dielectric medium such as optical fibres result from the intense
electromagnetic fields applied into the fibres. The intrinsic response of the medium is changed by
deforming the balance of its electronic cloud of electrons, or modifies the binding of atoms
constituting the molecules [11, 12]. The susceptibility of the material becomes dependent on the

magnitude of the fields in the medium. As a result, the induced polarization P is no longer only a
linear function of the incident electric field £ but P is split in two part: linearf’L and non linear FNL
given by:

P=g | 4V E+yV:EE+y® EEE+...
o &= 2 (2.25)

B Py, >

:]3L +P, ]\?L

where ™ is the n-rank tensor of susceptibility; the symbols, : and © are respectively the first-rank,
the second-rank and the third-rank tensorial products. The real and imaginary part of the first-rank

susceptibility corresponds to the refractive index of the material(n (w)= /1+Re{ 7 (a))} ) and to the

linear absorption coefficient {a (0)= ‘(‘) ) Im { 7'( w)}j [13]. The second-rank susceptibility 7* is
cn\w
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responsible for many effects, such as second harmonic generation (SHG) and sum frequency
generation (SFG) in materials with an absence of inversion symmetry at the molecular level. The
centro symmetrical character of the silica gives it the second-rank susceptibility to be equal to zero,
and, hence optical fibres do not exhibit second-order non-linear effects [2, 15] (this explains why in

Eq. (2.25) the non linear part of the polarization P is reduced to the only third order Pi ). The

third-order susceptibility ' is responsible for the lowest order non-linear effects in fibres:
stimulated scattering effects (SBS and SRS) and optical Kerr responsible of third-harmonic
generation (THG), four-wave-mixing (FWM), self-phase modulation (SPM) and modulation
instability (MI). If some of these effects have generated significant scientific interests in a wide
variety of applications, we will see in the second part of the next chapter that some of them such as
SPM, MI and Raman effects have negative impact on the performances of the Brillouin sensor

2.2.1 Non-linear scattering: stimulated Brillouin scattering in
optical fibres

Being a linear phenomenon, since the intensity incident of the light has no effects on the optical
response of the material, spontaneous scattering is attributed to the presence of in- homogeneities in
the medium. In this case, these in-homogeneities are attributed to the density adiabatic fluctuations
i.e. thermal acoustic phonons (acoustic wave). The efficiency of this scattering in the spontaneous
regime is very small, when compared to Rayleigh scattering (cf. Figure. 2-5) and depends directly
on the number of thermal acoustic phonons (Section 2.1). However, in the stimulated regime, the
Brillouin scattering becomes a nonlinear phenomenon since the high incident intensity light can
drive the generation of acoustic phonons. Thermal motions are no longer the only source of acoustic
waves in the medium, there is also the incident light. The number of acoustic phonons therefore
increases and enhances the efficiency of the stimulated process. This was first observed in crystals
by Chiao in 1964 [16] and in optical fibres by Ippen in 1972 [17].

There are two different physical mechanisms by which optical waves can drive acoustic waves.
One is electrostriction and the other is optical absorption”, which is less commonly used than
electrostrictive SBS, since it can occur only in lossy optical media [2]. Electrostriction is the main
mechanism observed in silica.

2.2.1.1 Electrostriction

Electrostriction is the tendency of materials such as silica to become compressed in the presence
of an electric field. The molecules of the material are moved by a force F that attracts material to

regions of a high electric field £ [2, 21], to maximize the potential energy Au. From a macroscopic
point of view, we can consider that the force acting on an individual molecule. In the presence of
the field, the molecule develops a dipole moment that increases its potential energy Au given by:

* Optical absorption is the fact that the heat evolved by absorption in regions of high optical intensity tends to cause the
material to expand in those regions. The density variations induced by this effect can excite an acoustic disturbance.

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES THESIS-EPFL N°4958 (2011)



2.2 NON-LINEAR EFFECTS 21

Auz%Ag‘Er . (2.26)

The force acting on the dipole moment is given by:

F=Vu. (2.27)

As a result of density fluctuations of the material Ap, the fluctuations of the dielectric constant of
the medium Ae due to the force F, which is accompanied by an electrostrictive pressure py; is given
by the Eq. (2.8). The work per unit volume A done by the force compressing the material is
directly linked to p, and is given by:

AV A
A O=py—="Py P

—. (2.28)
V Po

As a general rule A@=Au, considering Eq. (2.26), the value of p,, can be deduced as a function of

intensity of the electric field E,

2

El, (2.29)

Py=—=Py—I|E| ==7.

1 Oe ~‘2 1
2" " 0p 2

where y,=p,0¢/0p, as already defined such as the electrostrictive constant of the material (in

Section.2.1). Since py, is negative, the total pressure is reduced in regions of intense electric field.
As a result, the molecules will be naturally moved into these regions within the medium, so that the
material density will be locally compressed in the medium. Since the molecule displacement is very

slow compared to that of the optical waves, Van/c=IO’5 , the effect on the material must be
characterized by the time averaged value (|EP*) as written in Eq. (2.30) instead of the instantaneous

field |E|2 as written in Eq. (2.29). This implies that, only the low frequency components of the

optical intensity would give rise to an electrostrictive pressure within the medium.

p‘y,==—ln<Elz>- (2.30)

2

2.2.1.2 Stimulated Brillouin scattering through electrostriction

From the previous section, electrostriction is the driving mechanism basis of SBS in optical
fibres since it can generate a great number of acoustic phonons. The stimulation grows from the
beating of the incident wave (later to be called ‘pump wave’, symbol ‘p’ is used for pump) with the
Stokes wave (later to be called ‘signal wave’, to differentiate from scattered spontaneous waves,
symbol ‘s’ is used for signal).

Two configurations can be distinguished; one is the Brillouin generator if the signal wave
originates from the backscattered stimulated Brillouin process. In this case Brillouin shift is given
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by Eq. (2.22), v, =Q/2x=2nV,/ /1p. The other is the Brillouin amplifier if the back-propagating

signal wave is externally injected into the medium. In this case, this external signal must be set at
the frequency of the Stokes wave coming from spontaneous scattering in the medium that
undergoes amplification through the SBS process. The maximum frequency shift is given by the of
the frequency pump and signal difference equal to the maximum Brillouin shift,
v, =V, =v, =021 .

Figure 2-6 illustrates the cycle of the SBS process where two waves, strong pump and small
signal counter-propagate along the fibre. When the difference between the optical frequencies of the
two waves is around the Brillouin shift of the medium (this is automatic for the Brillouin generator),
electric density of energy associated with the beating signal oscillates at the frequency around that
of the acoustic waves implied in the Brillouin scattering. The electrostriction then produces a
pressure wave which reinforces the acoustic waves already present in the medium, and hence,
enhances the efficiency of the scattering. Gradually the signal wave sees its amplitude grow as a
result of the backscattering of the pump wave. At the same time, the pump wave sees its intensity
decrease. It can be review that the electrostriction phenomenon is a “reservoir” of acoustic phonons
producing a Bragg index grating [10] , diffracting the pump wave to the signal wave with more and
more efficiency as the acoustic wave grows.

Pump wave

Optical energy
transfer

&
Q .
K Signal wave
\Q
¢
X
&
B vy It
— /’:::’— ! N::\
s R\Y
14 . AY Y
\M\mJ [ self-sustained }
) A
» loop 7" .
Electrical R S Refractive
RN e index

Energy density

~ -
———————

—_—

Energy density

Figure 2-6: Schematic representation of the stimulated Brillouin scattering process: Concurrent
phenomena involve in the process.
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2.2.1.3 Theoretical description of SBS

Now it is clear that SBS involves a set of three waves (the pump, the signal and the acoustic
wave) coupled together by a photon-phonon interaction. As the single mode optical fibre is the
medium of propagation for this study, then the waves propagate along the fibre axis (the z axis).
According to the phase-matching condition introduced in Section 2.1, the pump and acoustic waves
are therefore co-propagating in the positive direction of the fibre (positive z), and the signal wave is
counter-propagating as sketched in Figure 2-7.

Let us see now how address the non-linear coupling among the three interacting waves. The
optical field within the Brillouin medium is represented as

E=E +E,, (2.31)
where pump and signal fields are defined by:

e

E, ( ,t)exp[j(a)pﬁkpz)}c.c., (2.32)

z
(z.t)exp| j(@t—kz) }rec., (2.33)

E

PAP
N :eS AS
where e, and e, are respectively the unit polarization vectors for the pump and the signal waves. 4,
and A are respectively the complex envelopes of the pump and signal waves.

The acoustic wave is described in terms of the material density distribution as:

Ap(z,t):Q(z,t)exp[j(kpz+Qt)+c.c.], (2.36)

where £2=w,-w,, and p, denotes the means density of the medium.
Referring to the perturbed wave equation (Eq. (2.1)), the spatial and temporal evolution of the two
optical waves is given by:

. 2 OE o*P

n NL

VE ———P— L 2.34.2
Pt oo Ho ot ( )
R o*P

ViE - R T (2.34.b)

ot e
The spatial and temporal evolution of the acoustic wave is given by [2]:

2
OB g2 08P _yogon v (2.34.0)
ot? o

where /7" is a damping parameter given by Eq. (2.13). The right-hand side term of Eq. (2.34.c)

consists of the divergence of the electrostrictive force F per unit volume as defined in Eq.(2.27).
Considering the total field in Eq. (2.31) and considering that there is no excitation at 2 (2. Assuming
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that the waves are quasi-monochromatic, then the slowly varying envelopes approximation (SVEA)

can be applied. After some calculations, VF can be written as:
— 1 * .
V.FzE, In, 7.4’ [APAS exp(] (qz—Qt))+c.c.] , (2.35)

2 . . . .
where 7, =‘e , -es‘ represent the polarization efficiency of the process. As the medium polarization
was linear for spontaneous scattering, here the polarization is non linear ( PNL (r,t)) since the

susceptibility depend on E and is responsible of the coupling between the Egs. (2.34). PNL (r,t) is
derived by substituting Egs. (2.32) and (2.33) in Eq. (2.15) which leads to the following relations

By, (rt)=e, Lo 0(z,004, (r,t) '\ ") (2.35.b)
o
I_j ( _ Ve A* j({u[,t—kpz)
NL,s r’t)_es_Q (Z,t)Aq(V,t)e (235C)
Po

SVEA allows neglecting the second space and time derivatives of the optical field amplitudes.
Substituting Eqs (2.31), (2.32), (2.35) and (2.34) and supposing 77,=l (meaning that the
polarizations of the two optical waves are perfectly aligned), after some calculations the system of

three coupled differential equations is thus obtained [10, 30, 37, 38] which details of all calculations
can be found in Appendix Al:

04, (z,1) L 104, (z,) 1

1
- ——ijo. A 2.36
oz V. a  2tw (21)0(21) (2.362)
04 (Z,t) 1 04 (z,t) 1. .
z _ = A 2.36b
oz v, o S84, (2:1)0" (1) (2.36b)
Signal = -> Pump = -
wave 52 Oy ks wave p’ a)p ’ kp

Acoustic A/?’ _Q’ zi

wave

Figure 2-7: Orientation of the waves involved in stimulated Brillouin scattering in optical fibre.
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00(z,1) , 90(z,1), T, 0(z,0)=ig, A, (z,0) 4 (z,1);
% o P (2.36¢)
20

The last equation can be further simplified by omitting the second term in the left-hand side. In fact,
the acoustic waves are attenuated over very short distance (<10 um) such that the source term
appears to be constant [2, 19]. Remaining at the Brillouin resonance, the last equation can be
rearranged as

%J_;Q(z,t):igﬁp (20)4 (2,0) 2.37)

Notations and approximations: ¢, @ and Q=w -o,, are the center angular frequencies of the
pump, signal and acoustic waves respectively, while kp,ks and cjzlgp—/’;v are their wave vectors.
g =r.9 /SﬂQ and g,=7,0,, /Cnpo, represent, respectively, the electrostrictive and elasto-optic
coupling effects, both related to the electrostictive constant [2]. 4,(z,t), 4,(z,t)and O(z,¢) are
slowly varying complex envelopes. €2,=27v, is the Brillouin frequency shift for resonant

interaction between the three waves, and I',=¢’T" is the damping acoustic wave coefficient.

2.2.1.4 Solutions in steady state conditions and relation between phonons
life time and Brillouin line-width

The steady state conditions means that the system stops evolving for the three waves, i.e. all first
temporal time derivatives are zero (9/0f =0). It must be pointed out that this approximation is valid
for continuous waves (CW) or long pulse widths (much longer than the phonon lifetime).

In silica fibres, while optical waves undergo a very small attenuation, the acoustic waves
undergo strong attenuation through the damping parameter / "and; again, propagate only over
shorter distances, indeed few micrometers. Consequently the intensity of the acoustic wave
undergoes an exponential decay described as following:

|Ap (1) Hap (0) e, (2.38)

where 7,=1/T’, =1/ F'|q|2 represents the average lifetime of the acoustic phonons in the fibre and is

inversely proportional to the acoustic damping coefficient /3. However 7 is intimately related to
the FWHM width Avg of the Brillouin spectrum. In the literature one can find two different
definitions of the acoustic phonon lifetime. Either [2]:

1 1
T, 2m,
z 2mAv,

(2.39)
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Or [23]:

1 1
T =—= (2.40)
I, =Av,

Here below, we explain that the former definition, Eq. (2.39), is the more consistent and, thus,
should be adopted.

Let assume a constant signal wave, 4, (z, t)EASO , a null initial acoustic conditions, O(z,=0)=0,
and a propagating pump pulse of temporal width, 7. At some arbitrary point along the fibre, zy, the
time evolution of the complex envelope of the acoustic wave Q(€,z,,t) at Q=w,-o,, is given by

the direct solution of Eq. (2.36¢):

. ApeakAO*
lgl}—fp—exp(—r/lt)] 0< t<T (2.41a)
A
Q(Q, Zo,l)=
ig AP A"
————exp(-Tt)[ exp(+I",T) ] >T (2.41)
A

When Q=0,-o,is equal to Q,, T',=I",/2 is a real number, and the acoustic amplitude rise (0<
<T) and decay (¢ >T) are governed by the exponential term exp (-['af). Consequently, the temporal

evolution of the acoustic intensity, Q(Q,zo,t)|2 depends on [exp(-T At)]z = exp(—2[ ) = exp(-T )

. In a process characterized by an exponential time build-up and decay, it is customary to define the
time constant using the behavior of the infensity of the phenomenon, rather than its amplitude.
Therefore, the acoustic intensity follows a exp(—¢/z,) time dependence as also shown in Eq. (2.38),

whereas the acoustic amplitude is governed byexp(—¢/(27,)), having a twice longer time constant

[22]. To relate z4 to Avs, let us consider the case of a very long pump pulse, 7 >>2/T,, the acoustic

wave stops growing 0Q/0t=0and therefore (€2, z,,?) of Eq. (2.37) becomes:

. Apulse peak AO*
Q(Q,zo,t)zlg1 . : (2.42)
1—‘A

Under these assumptions Eqgs. (2.36a) and (2.36b) for the pump and signal waves are respectively
reduced to Egs. (2.43a) and (2.43b):
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0A (z,t) 1
—L e =—j—g A (z,0)0(z,t
. s (2,0)0(z,1)
B ig,A)" A
=|-i—g,A(z,1) || ——L—— 2.43a
__glgz Aso 2 Aﬁeak
2T,
04 (z,1) B .
———=—j—9g A (2,t z,t
% 58 ,(2,0)0 (z,1)
1 A4
= {—z Engp (z,t)}{—;—/l (2.43b)
ea. 2
__g1g2‘A5Lk A‘?
2r,

By deeply analyzing the form of these equations, it can be seen that the real part of the right hand
members is responsible for the nergy transfer between the optical waves, while the imaginary part is
responsible for a propagation phase associated to the non-linear interaction. Eq. (2.43b) can be
readily solved to obtain:

peak 2
gng ‘Ap
— 7z
2T,
- R (2.44)
2 Qr,
(@ -@*) +oT}

A (z)=A] exp

= 47 exp| —g,g,| 47" z

Remembering that the signal wave propagates in the -z direction, Eq. (2.44) describes the well-
known exponential gain, characterizing the Brillouin process. It is possible to introduce coupled
equations for the intensities of the two interacting optical waves. Taking the absolute square of the

signal complex amplitude, we find the z dependence of the intensity given by Eq. (2.45):

2 QT
2 z
(@ -*) +o15 | |, (2.45)

2

Taking these considerations into account and introducing the linear loss in the fibre in equal

I (2)=|4, (Z)|2 _ ‘As"‘z exp| —2g,8, ‘Aﬁeak

AO

’ exp _—gB (Q)‘A}’,’e‘”‘

quantities for both pump and signal (a=a,=a;), differential coupled intensities equations are

obtained in steady state conditions:
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d—Zf’z—gB (Q)]p]s —al, (2.46a)
‘ZIZS —g,(Q) L1, +al, (2.46b)

QT,
Q-0 + QT
( Qz) 212

where g,(Q2) =g,g, is the Brillouin gain spectrum, and is known to be very

narrow with respect to Qp so QxQj. Therefore, it is common to approximate Q) —Q° by

20(Q, — Q) to obtain the familiar Lorentzian lineshape:

2,(Q) =g, 2 : (2.47)

k7e280q2

where g,= is the centre line Brillouin gain coefficient which measured value in a single
&0 2L e,

mode fibre is 1x10™"'-5x10"" [24]. The Full Width Half Maximum (FWHM), AQ, in rad/sec, or

Av,in Hertz, is given by:

_AQ, T, ]

Y 27r_27rrA

Av, (2.48)

From Egs. (2.47) and (2.48), the Brillouin gain spectral distribution is determined by the
response to the acoustic wave amplitude O, while the phonon life time 74 is defined by the acoustic
energy loss. As a result of the square law dependence between amplitude and energy, the rate of
change on the acoustic amplitude is scaled by twice the phonon life time. This also explains the
factor 2 in the expression relating the phonon lifetime 75 to the FWHM widthAv, in Eq. (2.48),
which is frequently omitted in the literature.

Figure 2.8 represents the Brillouin response to a small signal in an optical fibre, G652D IUT, at a
wavelength of 1552 nm, as a function of the frequency difference between the pump and signal
waves. It illustrates the match with a Lorentzian shape distribution of the Brillouin gain spectrum

(BGS). The measured FWHM linewidth of this distribution is 27 MHz, resulting in I', =169 MHz

and an acoustic phonon life time of 7, ~5.89ns and 11.78 ns in amplitude which is about the value
we find in the literature. The measured Brillouin shift of this fibre is 10.727 GHz, which of course
can change according to the fibre type, which in most of cases depends on the core doping
concentration.

By expressing the electrical fields in Egs. (2.43) in terms of theirs intensities and phases as,
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Figure 2-8: (a) Lorentzian distribution (solid line) drawn with measured Brillouin gain spectrum
(dotted line). The measured Brillouin shift is 10.727 GHz, the linewidth is 27 MHz and the
acoustic lifetime is 72= 5.89 ns (b). Details of experimental set-up are provided in chapter 4.

A,(2)=1,(z)exp(-ig,"2), (2.49.a)
A(2)=1,(z)exp(ig’”z), (2.49.b)

and by taking the imaginary part, we easily obtain the expression for the additional phase shifts due
to SBS:

op,” ; _(2Av/Avy)
oz ST Av/Av,)?

o (2Av/Av,)

(2.50.2)

S

oz SEPIiQAv/Av,)

(2.50.b)

which are usually defined in the way that a positive ¢;is implies a supplementary positive delay.

Consequently, both optical waves are retarded for a positive Av while there are advanced for a
negative Avas illustrated in Figure 2-10. Recently these phase characteristics of the SBS in optical
fibres has been successfully exploited to control the group velocity of optical signals [40].

2.2.1.5 Solutions in steady state conditions in the un-depleted pump
approximation

Differential coupled-intensities equations (Eq. (2.4)) cannot be resolved analytically in presence
of a non vanishing loss [2]. A very simple solution can be obtained by assuming that the pump is
attenuated by the fibre loss only: the pump is said to be un-depleted. In these conditions, and from
Eq. (2.46a), it is possible to retrieve the pump-intensity length dependence

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES THESIS-EPFL N°4958 (2011)



30 OPTICAL EFFECTS IN OPTICAL FIBRES

1,(z)=I exp(-az) (2.51)

P

where 12 is the initial injected pump intensity at z=0. However, the Brillouin signal intensity can be
obtained by inserting Eq. (2.49) into Eq. (2.46b) and integrating over the whole fibre length L. The
obtained Eq. (2.52) clearly shows that, in the un-depleted approximation®, the signal intensity grows
exponentially with the initial pump intensity, the fibre length L.

1,(0)=1" exp(g,I)L,,—aL) (2.52)

where 12 is the initial injected signal intensity at z=L. L.y denotes the effective length that can be

seen as the total length over which the pump remains constant. L. is adjusted in such a way that the
effect produced by a constant intensity /, over the length L., is equal to that produced over the real
fibre length L taking into account the attenuation of the fibre a. Eq. (2.63) gives the relationship
between the effective length L.y, the real length L, and the attenuation ¢,

Leﬁ.zé[l—exp(—aL)] , (2.53)

where it can be rapidly seen that L.y tends to 1/« for large lengths, and thus does not exceed 15 km
at 1.3 um and 20 km at 1.55 pm.

Here we take advantage of also introducing the concept of effective area A, since as with Ly Aoy
is a very important parameter when it comes to scale non-linear effects in optical fibres which
depend on intensity distribution instead of power distribution. However, the field is not uniformly
distributed inside a single-mode step-index fibre. It also propagates out of the core of the fibre
(transversal distributions). Since this distribution is usually not precisely known, one can consider
that the intensity distribution of the mode is constant over an effective area 4.4 which is linked to
the intensity and the power by /=P/A.y; and hence allowing the linking of experimental conditions
with theoretical conditions. The effective core area can be expressed as [25]:

P _27Z[J‘O+wl(r)rdr}2 .51
! _[(:wl(r)zrdr , '

where (1) is the intensity of the fundamental mode at radius r. A.¢ can vary over a range of 20-
100 um? in the 1.55 um region depending on the fibre design [25].

2.2.1.6 Brillouin critical power

? In the second part of the next chapter we will discuss the situation when the pump experiences depletion to the benefit
of the signal and its effect on the determination of Brillouin shift and its impacts on Brillouin sensors.
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According to Smith [26], the SBS critical Brillouin power is defined as the input pump power for
which the backward stimulated signal power becomes comparable to the input pump power [26].
The following equation represents the Smith’s relation for the SBS critical power:

194,,
= (2.55)

it = BKogpg
g BLeff
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Figure 2-9: (a) Transmitted (cross) and backscattered power measurements as a function of the
input power (circle) of 5 km fibre. The dashed curve is the 1% of the input power. Measured
critical powers are 14.99 dBm (according to Bayvel) and 17.48 dBm (according to Smith). (b) -
(c) Brillouin lines and Rayleigh line observed in the light backscattered from two different
incident lightwave powers (A = 1551.84 nm). The Brillouin shift was measured to 10.860 GHz.

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES THESIS-EPFL N°4958 (2011)



32 OPTICAL EFFECTS IN OPTICAL FIBRES

where the factor Kgzs depends on the exact value of Brillouin gain [28,29,39].

According to Bayvel [27], the experimental SBS critical power is defined when the backscattered
signal power reaches 1% of the input pump power. Figure 2-9 (a) shows the critical power
according to Bayvel and Smith criterias.

2.2.1.7 Brillouin antistokes

It has been seen that in the spontaneous Brillouin regime the amplitude of the two components,
Stokes and anti-Stokes, is low but remains comparable (cf. Figure 2-4), while the direction of
propagation of acoustic waves implied in the two processes leads to a down shift vi=1-v3, (Stokes
wave) and up shift v,=1+113 (anti-Stokes wave) of the optical frequency. The efficiency is around
three orders of magnitude less than Rayleigh scattering due to the number of thermal acoustic
phonons in the optical fibre. However, in the stimulated Brillouin regime, when the input pump
power increases, the signal grows exponentially (Figure 2-9(b)) to typically become the dominating
peak of the backscattered spectrum as illustrated in Figure 2-9(c). In this figure, the line of the
Brillouin anti-Stokes component has vanished. This can be understood from a quantum point of
view. Let us take the case of the Stokes process first. In this case, a pump photon is annihilated to
create a Stokes photon and an acoustic phonon, increasing rapidly the number of acoustic phonons,
and hence enhancing the Stokes phonons already present in the fibre:

Pump
Stokes wave
Brillouin gain B Vi Vg _
1/1 1
N1 1
vl :
11 1
AVvi—, 7\ I
B AN e
L / / Vol VB >
Vo Vg ! ! )
p Vp 11 1%
11
11 -
\ AVB%II <—
Av—s-
11
1

Stokes
Brillouin loss

Figure 2-10: lllustration of the Lorentzian shape of the Brillouin gain spectrum and Brillouin loss
spectrum and of the associated non linear phase shift. Energy transfer is made from higher
frequencies to lower frequencies.
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However, in the case of the anti-Stokes process a pump photon and an acoustic phonon are
annihilated to create an anti-Stokes photon, thus decreasing the number of phonons, which leads to
the vanishing of the acoustic wave and the reduction of the efficiency of the process [19, 30]. In
conclusion, Stokes scattering creates phonons, while anti-Stokes scattering annihilates phonons. In
SBS process the exchange of the energy of the photon with material is made from the high
frequencies to lower frequencies (cf. Figure 2-10). Consequently stimulated Brillouin scattering is
never an anti-Stokes process. The process is called Brillouin gain when the CW signal is spectrally
down-shifted with respect to the pump signal and Brillouin loss when inversely the CW signal is
spectrally up-shifted with respect to the pump signal (cf. Figure 2-10); therefore the signal
experienced attenuation since the power transfer energy is fundamentally made from the CW signal
to the pump light.

Table 2-2: Raman and Brillouin typical characteristisc in silica.

Parameters Raman Brillouin
Incident wavelength A, 1.55 um 1.55 um
Response time T’ 75 fs 11.78 ns
Brillouin shift v 13.2 THz 10.8 GHz
Linewidth 30 THz 27 MHz
Peak gain ~10"° m/W ~10"" m/W

2.2.2 Non-linear scattering: Stimulated Raman scattering in
optical fibres

Stimulated Raman scattering (SRS) is an effect that results from the interaction between an
optical wave and molecular fluctuations of the material. SRS manifests with a down shift in
frequency. SRS and SBS belong to the same family of inelastic scatterings, but they are
considerably different in some aspects such as the value of frequency shift, the critical power, the
Raman gain value and the spectrum linewidth (see Table 2-2). Mathematically, the interaction
between the pump wave and the signal wave can be expressed with analogies to SBS [2]:
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dl, o,
g:_ZgRI”IS—aP]”’ (2563.)
%: g I -al, (2.56b)

where gr is the Raman gain coefficient in single mode optical fibres (that typical value can be find
in Table2-2)and @),, @y the pulsations of the pump and signal waves respectively.

The critical Raman power is defined as the power for which signal power becomes as high as the
input pump power. Its value can be deduced from Eq. (2.55) and reads as [2]:

A
P ~16—L_ (2.57)
gRLeff

Figure 2-11 shows a typical measurement of the Raman gain spectrum. If the Raman process has
attracted the scientific community for many applications in optical distributed sensors or amplifiers,
we will see in the second part of the next chapter that it can be a limiting factor for Brillouin sensors
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Figure 2-11: Raman gain spectrum in fused silica (A, = 1um) [25].

2.2.3 Non-linear effect: Kerr effect

The optical Kerr is responsible of third-harmonic generation (THG), self-phase modulation
(SPM), cross-phase modulation and parametric process such as four-wave-mixing (FWM), and
modulation instability (MI). The optical Kerr effect refers to the dependence of the refractive index
upon the intensity of the electromagnetic field:
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n(1)=ny+n,1 , (2.58)

where I is the optical intensity (W/m?) inside the optical fibre, ny and n, (m*/W) are respectively the
linear part and the non-linear part of the refractive index. n, is related to the third-order

susceptibility component ' by the relation n, =(3/ 8n, ) ;(im . The typical value of n; is about
2.6x10%° m*W at 1.55um in silica doped with GeO, [20] and ~2.2x10° m*W™' pure in silica [31].
The non-linearity in optical fibres is generally defined from its non-linear coefficient y as:

n,®

y=—, (2.59)

CAeitf ’

where A5 1s the effective area of the optical mode of the fibre at the pulsation @ of the incident
wave. The small value of the non linear refractive index in silica when compared to other highly
non-linear materials, is largely compensated by the high confinement of the optical mode (i.e. small
effective area varying from 1 to 80 pm?) and the high interaction length over many km, over which
the non-linear effects can be cumulated as a convergence of the transparency of the silice.

2.2.3.1 Self-phase modulation (SPM)
In SPM an optical field experiences a self-induced phase shift during the propagation within the

optical fibre:

¢ _=n,IkL=yPL, (2.60)

where k:‘/g‘ is the wave number, L is the fibre length and P is the optical power. This
phenomenon is responsible for symmetrical spectral broadening of the Brillouin gain in optical

fibres if / is time-domain dependent.

2.2.3.2 Cross-phase modulation (XPM)

An optical field at wavelength A; experiences a phase shift induced by a propagating field at a
different wavelength 4,

Gy =mkL(1+21,)=yPL+2yP,L, (2.61)

where I, and P; are respectively the intensity and the power of the second wave.
We will focus on SPM, since XPM has no real effect on Brillouin sensors.

2.2.3.3 Parametric process: Modulation instability (MI)

MI can be addressed in a spectral approach as a FWM or SPM modulated with the dispersion
[32]. An intense pump wave transfers energy to a pair of weak side-bands located symmetrically on
each side of the pump wave. Modulation instability in optical fibres results from the interplay
between non-linear effects and dispersion, and its typical manifestation consists of a spontaneous
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breakup of the initial perturbed continuous wave into a periodic pulse. This occurs only in an
anomalous dispersion regime.

2.2.3.4 Parametric process: Four-wave mixing (FWM)

When two or more waves simultaneously transmit in a non linear medium, the interactions
between the waves tend to produce new frequency components that were not present in the incident
field. In other words, the beating of the waves creates by means of the Kerr effect a temporal Bragg
diffraction able to generate a new frequency. When the intensity of the waves is highly different,
that can induce an energy transfer by the Bragg diffraction from the higher intensity wave (pump
wave) to the lower intensity wave (signal wave). Actually, FWM finds its applications in
wavelength division multiplexed communications systems for the potential development of a
tunable light source and wavelength conversion [33-36]. The efficiency of the process is maximum
when frequency- and phase-matching conditions are verified by the waves given respectively

@, +@0, =0 +o, byand & +0, =0, +®,.
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3 Distributed Brillouin sensors and their
limitations

Chapter 2 has allowed understanding the physical mechanism behind Brillouin
scattering. It has explained how it was possible to stimulate Brillouin scattering
especially in optical fibres, and has outlined others non-linear effects as Kerr effect
and parametric process. The aim of this chapter® instead, is to provide an overview
about Brillouin sensors and their limitations due to those non-linear phenomena. The
chapter is divided into two parts. The subject of the first is devoted to provide
through selected reference from the literature, an understanding of different
class/variants of distributed Brillouin sensors. The remainder of the chapter is
devoted to the study of the impact of non-linear effects, outlined in chapter 2, upon
the performances of a Brillouin sensor, through experimental and analytical studies.

* This chapter is based on:
Diaz S., Foaleng S. M., Lopez-Amo M., and Thévenaz L., (2008). A High-Performance Optical Time-Domain Brillouin
Distributed Fibre sensor. IEEE Sensors journal, 8, 7:1268-1272.

Foaleng S. M., Rodriguez-Barrios F., Martin-Lopez S., Gonzalez-Herraez M., and Thévenaz L., (2011). Impact of self-
phase modulation on the performance of Brillouin distributed fibre sensors. Optics Letters. 36, 2:97:99.

Foaleng S. M., Thévenaz L., (2011). Impact of Raman scattering and modulation instability on the performances of
Brillouin sensors. In proceding of SPIE, 21* International Conference on Optical Fiber Sensors, Ottawa, Canada, 7753-
226.

Thévenaz L., Foaleng S. M, Lin J., (2011). Impact of pump depletion on the determination of the Brillouin gain
frequency in distributed fiber sensors. In proceding of SPIE, 21* International Conference on Optical Fiber Sensors,
Ottawa, Canada, 7753-210.
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Number of optical fibre sensors have been proposed and developed throughout the global scene
[1]. Since they can operate over long distances because of the low loss of optical fibre, distributed
fibre sensors are the most attractive. Their cost may be less than that of a large number of point
sensors. Distributed fibre sensing techniques are commonly based on optical time domain
reflectometry (OTDR) [2]. In this latter optical pulses are launched into an optical fibre and the
information is retrieved thanks to the variations in backscattering intensity induced by the
measurand that is detected as a function of time. Hartog and Payne were the first to use optical
fibres to sense temperature [3] in 1982. For that demonstration, they exploited the induced variation
of the Rayleigh scattering coefficient along the length of liquid and silica fibres. Even though
liquid-core fibres have larger coefficient than silica fibres, the fact that their reliability is not well
known can limit their exploitation.

Few years later (i.e. 1985), Dakin et al [4] have also demonstrated temperature profiles
measurement, this time using the variation in the Raman backscattering coefficients of anti-Stokes
and Stokes lights. This approach is very practical because conventional silica optical fibres can be
used as sensor. The anti-Stokes Raman backscattering light is about 30 dB weaker than the
Rayleigh backscattering light. However, its sensitivity to temperature is large. Systems based on
Raman scattering have been commercialized by several manufacturers.

The latest in date class of distributed fibre optics sensor uses Brillouin scattering which is about
20 dB weaker than Rayleigh scattering (cf. Figure 2.5 in Chapter 2). However, Brillouin scattering
can be enhanced by the stimulated Brillouin scattering process (cf. Section. 2.2 in Chapter 2)
making the sensor technologies using the Brillouin technique more practical than the others since in
addition of distributed strain [5], as well as distributed temperature [6-7] measurement can be
performed. Nowadays there are three ways to evaluate the Brillouin information locally: time
domain, frequency domain and using correlation.

3.1 How distributed Brillouin sensor can sense
temperature and strain

Developed in 1976 by Barnosky [2], OTDR has given rise to the well-known method for the
characterization and the monitoring of optical fibre links in the telecommunications industry. Based
on the measurement of the Rayleigh backscattering signal when an optical pulse is launched into the
fibre, OTDR technique has been developed for measuring optical fibre attenuation characteristics,
junction losse and reflections as well as total fibre length. It allows locating of losses introduced by
a connector, a splice or by any default present on the fibre link.

Even if OTDR makes possible the spatial distribution measurement of losses, breaks,
discontinuities along the fibre and the fibre length measurement, it does not allow performing
distributed strain or temperature measurements. Distributed Brillouin analysis was first proposed in
the 90s as an alternative method. It rapidly turned out that it had many more potentialities for
sensing, since Brillouin scattering is intrinsically very sensitive to temperature [6-7] and the
deformations [5] experienced by the sensing fibre. This comes from the fact that Brillouin scattering
must satisfy a very strict phase matching condition, making the interaction manifest itself as a
spectral narrow resonance.
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3.1.1 Principle

As explained in the previous chapter, in stimulated Brillouin regime (Brillouin amplificator
case), a weak signal wave will experience a sharp gain if it is spectrally positioned at a frequency
shifted by v below a strong pump propagating in the opposite direction (their frequency difference
w=ay- s needs to be close to the peak of the Brillouin spectrum vg; (cf. Section 2.2.1 of
Chapter 2). The maximum Brillouin frequency shift is obtained when defined as ay-o=vs=2nV,/4,
(in Eq. (2.22)).

From the theory of elasticity, the speed of the acoustic wave is also related to the density of the
material p as defined in the following relation:

Va:,/a_ph:\/gz,/L, 3.1)
op p \NCp

where £ is the bulk modulus and C; is the adiabatic compressibility. The intrinsic material properties
are function of the temperature and strain. This means each extrinsic change, either in temperature
or in strain or pressure applied to the material, will change the Brillouin frequency shift in optical
fibre v through V,. This can be explicitly seen in the following equation [19]:

Vaz\/—E(l_k) (3.2)

(l4+x)(1-2x) p°

where E is the Young modulus, and x is the Poisson ratio. Mallinder et al have observed variations
of the Young modulus and the Poisson ratio with strain for fused silica fibres [8]. The refractive
index n will also depends on the fluctuations of the density and will change through the elasto-optic
effect which is mathematically described by the elasto-optic tensor. Since the optical fibre is an
isotropic material, the elasto-optic tensor for optical fibre is reduced to only two components and
therefore, the refractive change in the optical fibre is reduced to [9]:

2
5n=—”7[pn—rc(pn+pn)] (3.3)

where p;; and p;, are the elasto-optics coefficients. Bertholds ef al have experimentally found the
values of these two parameters and x [10, 5]. It was found that the Brillouin frequency shift
increases linearly with strain [5, 11] and temperature according to Egs. (3.4) and (3.5) [11-12]:

vy (&)=v, (HCoe) (3.4)
ve (1)=v, (1) 1+C, (1, ) ] (3.5)
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where ¢ is the tensile strain’ , C, 1s the normalized strain coefficient, C; is the normalized thermal
coefficient compared to the room temperature ¢, and, ¢ is the variable temperature.

Variations of the Brillouin gain spectrum with the strain
The strain coefficient C, is written as:

_Llov,_1on 10V,

C, — (3.6)
v, O noe V, O¢
From Eq. (3.2) the second term can be calculated:
10V, 1(av, 0E oV, ok oV, op
V., 0¢ v,\ OF de oK Oc op O¢
_1OE, k(%) o _10p G-D
2E 0¢ (1-x7)(1-2x) ds 2p O
— [ —
OFE P Sp
. 1 OF oK
From Ref. [8], using n=1.46 and A,=1.55um, then Ea—=5.75 and a—=3.07. From Ref. [10],
£ £

x=0.16, p;1=0.113 and p,,=0.252, then 6n=-0.32,0E=2.875,5x=1.364, 5p=0.34, and therefore

Regulation
Section of fibre Knob of the applied
cable understress

strain

Figure 3-1: Apparatus used for apply strain (courtesy of ETHZ-IGT).

’It must be pointed out that strain refers to longitudinal strain induced, by stress along the fibre, and does not mean
strain induced by lateral pressure. It has been found that lateral pressure up to 2.2 kg/m has little effect on the Brillouin
frequency shift [22]. However many studies are looking to use lateral pressure to build a sensor [31].
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Figure 3-2: Dependence of Brillouin frequency with applied strain: Brillouin gain spectrum.
Freguency shift at the resonance versus strain.

Cs=4.26. Comparing the values of on with the three other values of OF,dk,dp, it can be said that

the change of v with strain comes mainly from the change in the acoustic velocity rather than the
change in the refractive index of fibres [11].

The applied strain has the effect of linearly shifting the Brillouin frequency to a higher frequency
[5]. Figure 3-1 shows the strain part of the set-up used for experimental strain measurements of a
6 cm SMF fibre in which six different strain values were applied. The complete set-up used for
these measurements is described in Section 4.9. The measurement results are represented in Figure
3-2 showing the normalized Brillouin gain spectrum of an unstrained fibre together with the
strained fibres as well as the linear dependence between strain and vg with a slope of
551.86 MHz/(%e¢). In the literature, one can find value as 594.1 MHz/(%¢) [14] (the discrepancy
with the previous value is due to the composition of the fibre material).

Variations of the Brillouin gain spectrum with the temperature

For change in temperature, the variation of the Brllouin frequency with the temperature is written
as [19]:

oV, 2{1/ dn dVA] (3.8)

=—|V,—+n
or A | “dT = dT

From 20°C to 1620°C temperature change, the variations in the speed of the acoustic wave with
the temperature is only 7% [13] when compared to the variations in the refractive index meaning
that in this range of temperature, the variations of 13 will strongly depend on the refractive index. In
high temperature conditions the peak of the Brillouin gain moves to higher frequencies while its
linewidth decreases and the parameters Lorentzian distribution of the Brillouin gain spectrum
change. The inverse effect is produced at lower temperatures; i.e. the peak of the Brillouin gain
moves to lower frequencies while its linewidth increases [14]. However, Brillouin gain does not
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Figure 3-3: Variations of the Brillouin gain spectrum with the temperature: (a) Brillouin gain
spectra, (b) Frequency of maximum Brillouin interaction versus temperature.

depends on the temperature; the apparent growth of its amplitude is exactly compensated by the
narrowing of its linewidth. This observation means that the electrostriction efficiency does not
depend on the temperature [14-15].

The change in temperature remains linear only in the range from 200 K to 600 K [16]. The
Brillouin line-width is related to the lossy propagation of acoustic waves, i.e. to their damping rate.
The fact that the linewidth increases for low temperature means that the damping rate of the
acoustic waves increases when the temperature decreases [14]. The temperature coefficients of
Brillouin frequency shift change for different fibres [12] (e.g. at 4,=1.32 um, for a GeO, doped
core/pure-silica cladding fibre, the slope vary from 1.17MHz/°C to 1.36MHz/°C [12-14]. For a
pure-silica core/F-doped cladding fibre, the slope is 1.33MHz/°C [12]. Nonetheless, the discrepancy
between them is caused by the inhomogeneous refractive index profiles of the optical fibres, the
variation in dopant concentrations [12, 14, 30] and the residual stress [17] along the overall fibre.
Brillouin gain spectrum performed with the configuration set-up of Figure 3-10 at different
temperatures of a 20 m photonic crystal fibre with pure silica core are shown in Figure 3-3.

The measurement series were performed by placing the fibre under test inside a temperature
chamber with a sweep from -20°C to 150°C. The first graph shows the Brillouin gain spectrum,
normalized to their maximum at the resonant frequency vg. In the second graph, the values of vg for
each temperature are given, showing a linear behavior as previously mentioned. Referring to this
graph, the slope is C=1.1 MHz/°C which is not so different from that find in the litterature.

However, not only strain and temperature can change the Brillouin shift. There are other factors
such as the types and the doping concentrations of the fibre [18]. For instance for a type doping
Germanium which is used in single mode fibre, the Brillouin peak decreases with an amount of -
94 MHz/(mol%Ge0,) and its line-width increases with an amount of 1.4 MHz/(%mol GeO,) [14].

On the other hand, Brillouin shift can be different for optical fibres having the same material
composition; this is due to the variations of residual stress in fibre manufacturing, or of the tensile
strain applied to fibre when the fibre is wound on a drum [5].
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3.1.2 Parameter specifications

Here below, we reproduce the specifications of the study group of the COST 299 [32].

e Spatial resolution

The spatial resolution is specified for an optical fibre by the minimum distance between two step
transitions of the measurand (it can also be defined as the smallest length of fibre over which any
sensible change in the spatial variation of the measurand can be detected). The measuring spatial
resolution is the minimum distance over which the system is able to indicate the value of the
measurand within the specified uncertainty (cf. Figure 3-4 (right)). The detection spatial resolution
is the minimum distance that generates results that are within 5% of the measurand transition
amplitude.

e Accuracy

The accuracy of measurand qualitatively expresses the closeness of the measured value to the
true or ideal value of the measurand. Accuracy represents the difference between the measured
result and the true value and is affected by both bias and precision. Accuracy should not be
confused with the term precision as illustrated in Figure 3-4 (left).

e Precision

It describes how repeatable a measurement result is. Precision is expressed by the estimated
standard deviation of a specified series of measurements. Sometimes precision is expressed as a
multiple of the estimated standard deviation, e. g. 26 (meaning that about 95% of the measured
values are within the mean value +2c). The smaller is the dispersion of the measured values, the
better the precision; precise measurement results need not to be necessarily accurate (due to the
bias). Therefore, a result of a single measurement should be interpreted as drawn from an ensemble
with the measured standard deviation.

e Stability
The stability is the ability of a measurement system to maintain its metrological characteristics
and meet other specifications over the intended service time.

e Measurement or distance range
The distance range is the fibre length over which the measurement can be performed within the
stated uncertainty and spatial resolution.

3.1.3 Advantages of distributed Brillouin fibre sensors

e Low loss fibre is used, kilometers range of measurements, compatibility with
telecommunications components

e Frequency-based technique instead of intensity based technique as Raman sensor

e More accurate measurements, more long term stability system since intensity-based
technique suffer from a higher sensitivity to drifts and from a potential biasing by any step
loss.

e Time measurement relatively low.
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e Possibility to integrate many sensors in one sensor.

Measurand
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Figure 3-4: lllustration of the resolution. Left: a) spatially and detection resolved, b) spatially
unresolved and detection resolved, c) spatially and detection un-resolevd. Right: illustration
of the definition of accuracy and of the precision [32].

3.1.4 Polarization issue

Polarization scrambler is a module which allows controlling the state of polarization of the light
at any time during its propagation in the fibre. In distributed Brillouin fibre sensor it is used to avoid
any gain fading effects resulting from the polarization-dependent Brillouin interaction.

In the frame work of this thesis, a passive polarization scrambler and a polarization diversity
were successfully implemented, resulting in a perfectly flat amplification profile along the fibre and
reducing polarization fading to zero.

e First configuration:

The principle of the passive scrambler is represented in Figure 3-5. It is based on an unbalanced
Michelson interferometer. There are two branches: the first contains 140 m standard low
birefringence single mode optical fibre (SMF) and a faraday mirror, the second contains a
polarization (PM) optical mirror. The arm length difference is much larger than the coherence
length of the laser, so that they combine incoherently in the PM 50/50 coupler.

After passing through the appropriated length of 140 m birefringence SMF fibre in order to
randomize the phase of light, the polarization of the light changes and becomes orthogonal as a

140 m SMF fibre

2 &
Inpgt 50/50 PM E Faraday
v L1 E Mirror
/2
— — PM Optical
OUtpUt L2 — Mirror

Figure 3-5: First configuration: passive polarization scrambler.
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Figure 3-6: Brillouin gain distribution along a 1 km G652D IUT fibre for two different
configurations. (a) without scrambler; (b) scrambler on pump and scrambler on probe.

result of the PM Faraday mirror placed at the one end of the optical fibre.

In the second arm, the light is reflected by a PM optical mirror. Therefore, the polarization of the
light remains orthogonal to the light on the first arm, and there will not be any interference between
each other. The connection with the PM Faraday Mirror were adjusted to compensate the loss in the
delaying fibre, so that the same amount of power is obtained from the two arms after the
recombination to secure a uniform scrambling.

The proposed passive scrambler configuration was implemented in the set-up described in Figure
3-1. The results obtained with and without the polarization scrambler are compared in Figure 3-6 (a)
and (b). As shown in Figure 3-6 (b), the results are greatly improved when the polarization
scrambler is used. However, the flat curve is obtained with the scrambler on the signal while the
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better performance in term of noise is reached with the scrambler on the pump. This can be
explained as follow: first, there is always noise since the polarization of the light over the
Michelson’s coupler is not perfectly orthogonal. In fact when this noisy signal is used as signal
wave, the noise is present at the detection. In addition, in the arm of the signal any polarizing
element will decrease the efficiency of the scrambling. When the same signal is used as pump, the
impact of the noise becomes negligible.

e Second configuration

The configuration 2 of the passive diversity depicted in Figure 3-7 which is similar to the
configuration 1: The 50/50 PM coupler was replaced by a polarisation switch and a circulator
capable to transmit two different states of polarisations. By implementing the polarisation switch in
a proper manner, it was possible to detect the signal from the first arm (the direct polarisation) and
from the second arm (the cross polarisation) independently as shown in Figure 3-8 (a) when the
scrambler was placed on the signal and in Figure 3-8 (b) when the scrambler was placed on the
pump. The resulting amplification profile shown in Figure 3-8 (a) is obtained by averaging the two
(cross and direct) amplification profiles. A very flat curve is reached with the scrambler on the
signal and on the pump and the better performance in term of noise is obtained with the scrambler
on the pump.

In summary a passive scrambler system all fibred was obtained. It has the advantage to be robust
over time respect to the traditional active system. Therefore the passive scrambler we built is less
expensive less than 1000 USD compared to the active scrambler which the prize is up to 3000 USD.
On the other hand, we must address the fact that this passive srambler system it is bulky. Also one
must be sure that the polarizations are perfectly orthogonal and the fibres elements have to be
polarization maintained. However with the recent technologies it is possible to have a whole
integrated system using MEMs which can bring a huge advantage in terms of bulky and probably
increase the signal to noise ratio (SNR).

Polarisation
Switch o
Input -
p' — Fgraday
E Mirror
8\ PM Optical
Output O Mirror

Power supply

Figure 3-7: Second configuration: passive polarization diversity.
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Figure 3-8: Brillouin gain distribution along a 1 km G652D IUT fibre is presented for two
different states of polarization represented, direct polarisation (bleu trace), cross polarisation
(gray trace) and resulting average of the two direct and cross polarisation. (a) on the signal,
(b) on the pump, (c) comparison between the average trace when the scrambler is on the

signal (green trace) and when the scrambler is on the pump (blue trace).
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3.2 Time-domain approach

Time domain approach uses a light pulse as pump which interacts with a counter-propagating
continuous wave (CW) in the Brillouin gain configuration. As addressed in Chapter 2, the process is
called Brillouin gain when the CW signal is spectrally down-shifted with respect to the pump pulse
signal and Brillouin loss when inversely the CW signal is spectrally up-shifted with respect to the
pump pulse signal. At each instant during the pulse light propagation through the fibre, stimulated
Brillouin scattering occurs only in the region where the two waves are overlapping. This detected
temporal trace provides the spatial information along the fibre, since the pulse time of flight can be
used to convert the temporal coordinate to a spatial coordinate. The Brillouin interaction occurs at a
particular section of the fibre if the two counter-propagating wave’s frequencies match the local
Brillouin frequency shift. Techniques based on spontaneous Brillouin scattering for Time Domain
Reflectometry (BOTDR) [4] require only one access point to the test fibre to launch the pump
wave, while those using SBS for Brillouin Analysis (BOTDA) must access both ends of the test
fibre to launch the pump pulse and CW signal, [1-3]. However, the first and main advantage of
BOTDA over BOTDR lies in the stimulated nature of the Brillouin interaction. Since BOTDR relies
on spontaneous effect while BOTDA uses stimulation of the Brillouin intraction which enhances
the signal, consequently, much higher SNR is achieved.

3.2.1 Brillouin optical time-domain reflectometry (BOTDR)

The BOTDR system was first developed by Kurashima in 1992 [21]. The principle of BOTDR is
based on the OTDR technique but here the system uses Brillouin scattering instead of Rayleigh
scattering. The Brillouin backscattered intensity from an intense pulse is recorded as a function of
time. The optical wave is divided into two optical waves, one is modulated into a pulse and the
other one is used as a reference light wave. The pulse power is amplified by an Erbium amplifier
and launched into a test fibre. The Brillouin shift is determined by scanning, step by step, the
frequency and by recording for each step the detected signal (using for instance a coherent and
heterodyne receiver [22]). The frequency distribution of the Backscattered signal can then be
reconstructed at each position by analyzing for each time step the amplitude as a function of the
frequency and determining the peak value. With the coherent detection, the Brillouin backscattering
signal (which is 100 times smaller than Rayleigh backscattering) does not suffer from noise fading
thus no need of polarization scrambler or polarization diversity is needed. 1 m spatial resolution
over a 10 km range was obtained with this system. However other improvements have been made
and have increased the spatial resolution to 2 m over 30 km [23]. These performances can be
improved through Raman amplification but require complex equipments [24]. Having the advantage
of the one-end access system, we will see that the spatial resolution cannot be better than 1 m.

3.2.2 Brillouin optical time-domain analysis (BOTDA)

BOTDA was first proposed as a nondestructive attenuation measurement technique for optical
fibres [5]. By clarifying the strain and temperature dependence of the Brillouin frequency shift [5-
6], BOTDA has been used as strain and distributed strain and temperature measurement techniques.
Initially, two distinct lasers for generating pump and signal waves were used. This causes problems
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of frequency drifts between the lasers. Nikles et al [25] suggested resolving the problem by using a
microwave generator and a LiNbO3 electro-optic modulator (EOM) to generate pump and signal
waves from a single light source, as shown in Figure 3-9. The EOM modulates the laser light at a
frequency near the Brillouin frequency shift to generate a signal wave. The same EOM also
produces a pump pulse by applying an electrical pulse to the EOM electrodes. The modulator is
biased to operate in a suppressed carrier scheme, so that the lower modulation sideband can be used
as a signal wave while the upper sideband is suppressed by an optical filtering. Nowadays the
BOTDA system provides access to both fibre ends with the Nikles™ solution for better
performances, since the pump pulse and the CW signal must counter-propagate in the sensing fibre.
The electrostriction that stimulates the acoustic wave is driven by the interferences between pump
and signal, so that their states of polarization must be preferably aligned to create the maximum
gain [26]. Orthogonal polarizations will result in a totally vanishing gain, and since the polarization
normally varies randomly along an optical fibre [26], a non-zero gain can only be secured using
polarization scrambling or a polarization-diversity scheme. This polarization dependence can also
be favorably used to efficiently and rapidly measure the local birefringence properties along an
optical fibre [27].

However the configuration shown in Figure 3-9 suffers from sensitivity to optical noise, as a
result of the bidirectional propagation of optical waves showing the same frequency along the
optical fibre:

(1) Interference between the 10% of the upper sideband transmitted by the Bragg grating
filter and the same signal coming out from the fibre which creates reflexion over the
fibre.

(i1) Interference between the modulation signal after the filter and the signal coming out from
the fibre.

A sensor configuration was entirely revisited to reach a lower noise level for observing high
contrast signals and a new configuration was proposed in Ref. [28] as depicted in Figure 3-10. This
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Figure 3-9: Experimental set-up of the BOTDA technique using a single laser. Optical noise

Grating

results from the bidirectional propagation of optical waves showing the same frequency along
the optical fibre.
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configuration avoids as much as possible the bidirectional propagations of waves showing the same
optical frequency [29]. It also drastically reduces the optical noise resulting from the superposition
of coherent waves with same frequency and showing a random fluctuation of the phase difference
generated from spurious optical reflections and Rayleigh scattering in the system. The random
phase difference generates an important noise intensity and is frequently observed in bidirectional
fibre optics systems.

Using the configuration presented on the Figure 3-10 measurements were carried out over a
47 km sensing range with 7 m spatial resolution thanks to the massive noise reduction by more than
15 dB down to optical shot noise. To maintain a sufficient gain, the pump pulse must be made
longer enough. For this system, the pulse width was set to 70 ns corresponding to a spatial
resolution of 7 m.

The overall information was obtained by performing a frequency sweep of the signal wave (as
shown in Figure 3-11(b), single traces were acquired with a 125 MHz detector and 256 averaging).
The scan in time/distance and frequency domain can be viewed as a 3D distribution in Figure
3-11(a) representing the spectral distribution of the Brillouin gain at any location along the fibre.
The resulting maximum Brillouin frequency shift over the fibre length of 47 km (accuracy of less
than 1 MHz) is shown in Figure 3-11(c). The change of the curve shape at the 25 km position is due
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Fibre
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Microwave
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Figure 3-10: The new BOTDA configuration for low optical noise. Using an optical circulator,
light from the upper channel is extracted at the fibre output. This signal is boosted using an
EDFA (Erbium doped amplifier) and filtered using a very narrowband fibre Bragg grating filter
(<0.1 nm) to transmit only one sideband onto the detector. The filtering is crucial since it
eliminates the unwanted modulator sideband that reduces the measurement contrast and
any presence of the pump frequency due to the finite extinction ratio of the intensity
modulator that would generate substantial optical noise at detection when combined with
the Rayleigh light from the pump pulse.
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to the non uniformity doping concentration in the used single mode fibre. It must be pointed out that
the range is limited by high power, which leads to non-linear effects, Raman scattering and/or
modulation instability depending on the fibre type (fibres with normal or anormal dispersion).
Studies on this issue in Brillouin sensor based time domain will be carried out in the second part of
this chapter.

BOTDA system has the same limitation of a spatial resolution of 1 m as BOTDR system, limited
by the gain spectrum broadening due to the pump spectral broadening for short pulses. This 1 m
spatial resolution can be secured up to a distance of 30 km and requires an average of less than 1000
to get performances identical to a BOTDR system.

Brillouin gain
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Figure 3-11: a) 3D distribution of the gain spectrum 47 km fibre length, obtained using 7 m
spatial resolution with 256 time trace averaging. b) Trace of maximum Brillouin gain along the
first 5 km of the fibre. c) Resulting Brillouin frequency shift of 47 km length fibre.
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3.3 Frequency-domain approach

3.3.1 Brillouin optical frequency-domain analysis (BOFDA)

Unlike BOTDA method, BOFDA use the frequency domain which determines the transfer
function of a fibre. Optical frequency domain reflectometry (OFDR) was first analyzed by
Ghafoori-Shiraz et a/ [33]. Brillouin optical domain reflectometry (BOFDA) was then proposed 10
years later by Dieter et al. [34, 35]. BOFDA system is based on the measurement of a complex
baseband transfer function that relates the amplitudes of a counter-propagating pump and signal
waves along a fibre length. The basic experimental configuration of a BOFDA is depicted in Figure
3-12 [35]. The CW lights from two lasers are coupled at two ends of a single mode optical fibre
(SMF). As for BOTDA, the frequency of the signal is downshifted, compared with that of the
pump, by an amount corresponding to the Brillouin frequency shift of the fibre. The signal is then
modulated in amplitude by an electro optic modulator (EOM) with a variable modulation frequency
-

For each value of f,, the modulated signal intensity that equals /i(L,f) at z=L and the alternating
part of the transmitted modulated pump intensity /,(L,T) are recorded. These two output signals
which are proportional to the modulated pump and signal intensities at z=L passed through the
photodetectors (PD), are fed into a network analyzer (NWA). The network analyzer determines the
baseband transfer function of the sensor fibre. The output of the NWA is digitized by an analog to
digital converter (A/D) and fed to a signal processor which calculates the Inverse fast Fourier
transform (IFFT). For a linear system, this IFFT is a good approximation of the pulse response /(t)
of the sensor fibre and allow retrieve informations in temperature and strain distribution along the
fibre.

Author claimed that that BOFDA is more advantageous than BOTDA since it offers the
possibility of narrow-band operation, and hence the improvements of the signal-to-noise ratio.
However it must be pointed out that the measurement time using BOFDA is relatively higher than
that of time domain approach, since it requires many measurements at different frequencies to
obtain the baseband transfer function with a sufficient spectral resolution. Thus as far as the
repeatability of the measurement is concerned, the temperature and the strain of the sensor fibre are
constant. Secondly, the narrow band operation is the same as the BOTDA system since for a 1 m
spatial resolution, at least a 100 MHz bandwidth (BW) photodetector is required just like in the
BOTDA case. Eq. (3.9) gives the expression of the spatial resolution in the case of BOFDA:

4 1

A — (3.9
2 frum~Toum

where fm max and fm min denote respectively the maximum and minimum modulation frequency. It can
be seen that the former is the limiting factor. When its value is much greater than the narrow
Brillouin gain spectrum line-width (30 MHz in the SMF fibre), the sidebands of the signal spectrum
fall outside the Brillouin gain spectrum, inducing a distortion of the baseband transfer functions
measured, for a number of pump-signal frequency offsets. So, the BOFDA has the same limitation
of a spatial resolution of 1 m as BOTDR and BOTDA systems. Recently research have been carried

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES THESIS-EPFL N°4958 (2011)



3.4 CORRELATION-DOMAIN APPROACH 57

out in BOFDA systems to increase the performances in terms of the SNR, playing on the post
processing including the de-convolution method to extract the data [36].

3.4 Correlation-domain approach

3.4.1 Brillouin optical correlation-domain analysis (BOCDA)

From the previous sections, both the time domain and frequency techniques discussed suffer
from the limitation related to the spectral broadening for short pulses and the subsequent loss of
measurement contrast. Furthermore the backscattered signal is generally too weak so that the
response to the optical pulses needs to be integrated several times. It would thus take at least several
minutes to complete the measurement, which is not an advantage for dynamic applications sensors,
for instance. In 2000, Hotate et a/ proposed an interesting technique based on the correlation control
of two synchronous continuous frequency modulated waves to overcome this limitation (BOCDA)
[37]. Brillouin scattering can thus be generated locally along the fibre and the use of the pulsed
lightwave is no longer required.

The configuration of the BOCDA technique is describes in the Figure 3-13. As in BODTA and
BOFDA, the laser light is split into two waves (pump and signal waves). The signal wave has the
frequency shifted from the pump wave by an amount of the Brillouin frequency. In order to resolve
the position of the applied strain or change in temperature, the pump and signal waves are
sinusoidally frequency-modulated, producing periodical correlation peaks along the optical fibre.
The resulting effect is such that the Brillouin scattering only occurs at specific positions in the fibre.
At the position where the correlation peak takes place, the frequency of the two waves change
synchronously, and their frequency difference remain constant. In this case the signal waves will be

Pump laser Signal laser
Ip(o) Fibre sensing 1(L)
DFB-LD
L
z=0 =
I(L)

h(t)
<«<— IFFT

Network
analyzer

Figure 3-12 : Basic configuration of BOFDA [35].
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subject to Brillouin gain only at correlation points and will carry the information about the Brillouin
properties only at those positions. However, at different positions where the correlation is low, the
frequency of the signal relative to the pump changes continuously, thus resulting in very low gain.
To remove ambiguities, the modulation frequency of the waves f;, and the fibre arrangement must
be controlled to allow only one correlation point to be present in the segment under test. This
determines practically the range of the modulation frequency f;, that will be used. A standard lock-
in detection stage is then used to chop the pump at low frequency, modulate the gain and
discriminate the signal fraction that is amplified from the important continuous background.

The spatial resolution in correlation approach is given by the spatial range Az around the
correlation point, over which the broadening of the beat signal is small enough not to cause
significant spreading and reduction of the effective Brillouin gain:

N V,Av,

v (3.10)

As we have seen Av; is the Brillouin gain linewidth in optical fibres. From Eq. 3.10 one can rapidly
see that, for the best spatial resolution, the modulation amplitude Af and the modulation frequency
fm must be as high as possible. Nonetheless, these two parameters cannot be increased arbitrarily
since the distance L between two correlation points depends essentially on f;, defined as follow
L=V,/2f,,. On the other hand, Af is not limited [38], but cannot be higher than the Brillouin
frequency shift of the optical fibre to overcome crosstalk. Taking into account these considerations,
N (the number of effective sensing points) has been defined as the evaluation parameter of the
system, and is given by the ratio between L and 4z (Eq. 3.10):

NR_L_ﬁAf

Az Av,

(3.12)

Nr has been calculated to a fixed approximate value of 570 /39]. Typical values for parameters
appearing in these 3 equations are f,=30MHz, A4f=2.5GHz resulting in a spatial resolution of lcm
and a measurement range of 3 m [40]. As it can see in Eq. 3.12 in order to achieve a better range,
Nr must be increased, the same technique has been used with a multiple modulation schemes [41],
and N was increased three times [42]. Recently, the same group upgraded the BOCDA technique
to the BOCDR technique (enabling them to perform one access measurement [42]). With the double
modulation scheme [42], they could increase the number of points Nz by m times ¢ to 5690 points
with m~10.4 and upgrade the performances of the system to 27 cm spatial resolution over a 1.5 km
measurement range [42].

% It must be point out that as m increase, the SNR is deteriorated due to the following reasons [42] (i) the remaining
peak noise become larger, (ii) the spatial resolution becomes higher while reducing the Brillouin gain spectrum signal
power, and hence deteriorating the measurement accuracy.
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One can observe that the problem of spatial resolution is solved at the expose of measurement
range which is limited by the number of resolved points.

The Next chapter will be devoted to address a new technique (time-domain based), which has the
requisites of high spatial resolution while maintaining a sharp Brillouin resonance over a many km
range of measurement.
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Figure 3-13: Experimental set-up for the correlation based stain sensing technique [39].

3.5 Range limitations of distributed Brillouin sensor

The distance range is a key parameter that must be made as long as possible. The recent raising
interest in Brillouin fibre sensors for application in civil engineering, in oil & gas industry, in
perimeter security and in intrusion detection has stimulated the research efforts to extend the
distance range. As formerly seen in time-domain approach pulses are used to interrogate locally the
interaction along the fibre. In order to achieve better performances in terms of range and spatial
resolution, pump pulse and signal powers must be raised to maintain the signal changes above the
noise level. These powers cannot be made arbitrarily large and must be kept below the observation
threshold of any other noise-fed nonlinear effects. In these systems the most critical nonlinear
effects are those in which a signal wave is amplified through a forward interaction, in other words
when the background noise is amplified while co-propagating with the pump pulse. In such a
situation the interaction length may cover many tens of kilometers and even a weak nonlinear
amplification much less efficient than stimulated Brillouin scattering (SBS) may result in a large
amplified spontaneous signal that eventually depletes the pump. The identified nonlinear effects are
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pump depletion due to SBS itself, self-phase modulation (SPM), modulation instability (MI), which
occurs only in fibres presenting an anomalous dispersion at the pump wavelength and Raman
scattering (RS).

A spectral self-broadening of the pump due to MI has been observed in sensors based on
spontaneous Brillouin scattering [43], whereas a rapid pump depletion has been observed in the
case of BOTDA sensing system [44]. Similar observations have been realized in the case of RS in
which the Brillouin gain has been observed to abruptly fall to zero [45] after several kilometers,
severely limiting the distance range that turns highly dependent on the pump pulse power. Although
former works [44-45] have shown a correct intuition based on experimental observations to address
qualitatively the issue, we present here a quantitative model to control the pump depletion, to show
the self-phase modulation and to anticipate the detrimental impact of MI and RS, validated by
experimental demonstrations.

3.5.1 Depletion due to Brillouin sensor

The effect resulting from the gradual power transfer from the higher frequency wave to the lower
frequency wave has not been considered so far as a major point by the community since it is more
insidious and does not prevent the basic operation of the sensor. However, its detrimental impact
has been rightfully mentioned at a relatively early stage during the development of Brillouin sensing
[11, 50]. As a result of the increased range and accuracy, some recent reports have clearly focused
on this effect by proposing a correction procedure based on an algorithm[51], by explicitly checking
its absence of negative impact through a proper scaling of the signal powers[46-49] or by showing
and evaluating experimentally its biasing effect[52].

We propose here to further develop and tried to complete the work performed in Ref. 8 and 9 by
building a full model that addresses the impact of the power transfer between the pump and the
signal in the case of a BOTDA sensor. The analytical model not only can be used to evaluate the
error on the determination of the maximum gain frequency in a given experimental configuration,
but also defines the worst case condition with the maximal error. In addition, this model reveals the
tolerable power transfer for a given maximum error. In the situation addressed by the model, a pulse
and a CW wave counter-propagate in the fibre and interact through SBS. Again, the fibre sensor is
defined to be in a gain configuration if the pulse frequency is higher than the CW wave frequency,
otherwise in a loss configuration as addressed in Chapter 2 (Section 2.2.1). The tiny CW wave
intensity change observed in the time domain gives a measure of the interaction intensity at the
crossing point of the pulse and the CW wave. This distributed intensity change actually is entirely
compensated by an equivalent cumulated energy change in the pulse wave. The effect on the pulse
amplitude can be quite massive with two identical power waves interacting over a long length, so
that a bright design always employs an intense pump pulse and a weak CW wave to minimize the
relative impact on the pulse amplitude. A significant change of the pulse power is detrimental
because this power not only scales the strength of the interaction but also affects the response at the
far end of the fibre. More concretely the output pulse power varies when the frequency difference
between the two interacting waves is scanned. The variation inevitably leads to a spectral distortion
of the gain spectrum at a given position. It must be mentioned that both the gain and the loss
configurations lead to an equally distorted gain spectrum, so that none of these configurations can
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be claimed to offer a decisive advantage. This conclusion is fully supported by the results of our
model, so we shall address hereafter the case of a gain configuration without loss of generality. The
power transfer from the pulse to the CW wave will in this section be designated as pump depletion.

3.5.1.1 First order approximation in the presence of one sideband CW
signal

The pump pulse is chosen to be launched at the near end of the fiber (z=0), the CW wave
entering at the far end (z=L) and is made of one single frequency, as created by the two sidebands of
a modulator usually filtered by a FBG before intering in the fibre.

The common sense shows that the worst case is the situation of a uniform fibre showing a
constant Brillouin shift, although presenting a short section at the far end with different
environmental conditions [50-52], so that the cumulated depletion effect on the pulse is maximized
at the maximum gain frequency. If ever the short section at the far end presents a gain spectrum that
is slightly shifted with respect to the long uniform preceding section, it will be spectrally scanned
by a pump with a frequency varying power as shown in Figure 3-14. This results in a measured
skew spectrum in the short section and the determination of the peak gain frequency will be biased.
Here we shall only consider this worst case, all other situations leading to a less severe error.

As depicted in Figure 3-14, the amount of depletion can be characterized by a dimensionless
coefficient d:

po

dxPp, i

Depleted pump power

Peak gain shifting (error)

Real Brillouin
gain spectrum Measured
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Figure 3-14: After propagation in a long uniform fibre, a too strong CW signal will deplete the
pump that will show a power drop when the frequency difference between pump and signal
correspond to the Brillouin shift of this long fibre, following a power distribution as shown on the
top left curve. If such a pump interrogates a segment with a gain spectrum shifted by a small
amount oV, as shown on left, the actual gain spectrum shows a distorted skew distribution with
a slightly shifted peak position, as shown on right. The thin line represents the real gain
spectrum.
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d=(B,~PB)/P,

0 0 2

(3.13)

where Pp, is the pump power in absence of Brillouin interaction (absence of gain or no signal wave)
and Pp is the pump power in presence of maximum interaction at the Brillouin peak gain frequency.

Assuming the effect of the interaction has negligible impact on the power Pg of the CW signal
wave (in small gain condition less than 10%), the signal launched at the far end at z=L will only

experience an exponential decay due to the linear attenuation ¢, so that P(z)=P,e“"” with

P, =P/(L) as the input signal power. Then the pump power distribution Pp(z) can be calculated by

solving the basic equations for the Brillouin interaction (defined in Egs. (2.36)), including the linear
attenuation term:

dP,=——aP,(z)d=—52-P,(z)P.(z)dz,, (3.14)
eff

where g and 4. were defined to be the Brillouin linear gain and the nonlinear effective area of the
propagating mode in the fibre( as defined in Chapter 2) , respectively. It must be pointed out that gz
is considered here as position-independent, since the maximal depletion effect will be observed in
the worst case scenario when the gain is maximal at any position.

By inserting Eq.(3.13) into Eq.(3.14) and performing the integration, an exact solution Pp(z) can
be found, that gives the following final expression for the residual output pump power Pp(L) after
fixing the initial condition P;p=Pp(0):

——iﬂ P(1-et) ——j’ﬂ PiLy
— —al , Gdy — -al o
P, (L)—BP e e =P,e e

, (3.15)
where the non-linear effective length of the fibre L. was defined in Eq. (2.53). Eq. (3.15) simply
shows that the pump experiences a loss equivalent to the gain experienced by a small signal giving
negligible pump depletion. This is the translation into the situation of a negligible gain on the
signal.

The output pump power with a zero gain interaction reads simply P, (L)=P,e " from

Eq. (2.51), so that the depletion factor d can be easily derived by inserting P,4(L) and Eq. (3.15) into
Eq. (3.13):

-8 por,
R i (3.16)
Po

and hence the maximum input signal power P;s for a given tolerable depletion factor d is given by:

A, Lo A
P<—In(1-d)—< 2 —In(l-d)—La, (3.17)
gBLeff 85
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This result is very crucial, since it shows of a single sideband used as CW signal, the maximum
CW signal power P;s is totally independent of the pump power P;» and the pulse width T of the
pump. It only depends on the fibre properties for a given depletion factor d.

The expression in Eq. (3.16) can be rewritten differently to use more practical quantities, since
frequently the gain coefficient g, and the effective mode area 4, are actually difficult to evaluate.

In a small gain situation, the signal will experience a gain G caused by the pump pulse (peak power
P, , duration T), easily observable and measurable on the signal waveform:

, (3.18)

where V, is the group velocity or phase velocity. So that the condition given by Eq. (3.17) can be
) L—ow V T
rewritten as fs <-In(l1-d)—=£ = —In(1-d) 2gG a.

- 2GL,

3.5.1.2 Extension to 2m order correction and generalization to the
presence of two sidebands

The model above can be made more general to take into account the effect of the gain (or loss)
on the signal, so that the signal is no longer assumed to depend only on the attenuation.
Nevertheless we shall keep assuming that the gain is small, so that the exponential gain can be write

as €' =~Il+x. Simultaneously we shall include the possibility that the signal is made of two
frequencies as created by the two sidebands of a modulator, one experiencing gain (the lower
sideband with power Pj;), the other experiencing loss (the upper sideband P;). This is a common
experimental situation and it alleviates a lot the effect of depletion. We can nevertheless set the
power of any sideband to zero in the expressions, to address the case of a pure gain or loss on a
single sideband.

The signals power dependence on z will then be expressed by:

VT
Py (2)= Py e [14+E2P (2) ~-1="Py e 1+EL P ()1], (3.19a)

Aeff eff

—a(lL-z VT -a(L-z
Py (2)= By € = B ()] = By =PI (3.19D)

Aejf eff

where [=V,T/2. The rate equation for the pump can be completed with the contribution of the upper
sideband:

dP, =—a P,(z)dz —j’—BPP (2) P, (z)dz+ j—BPP(z) P, (2)dz, (3.20)
eff eff

By substituting Eqgs. (3.19) into Eq. (3.20) we obtain:
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2
dP, = —a P,(z)dz — S y 28 p (2)[Py — Py, ]e " dz—j—fpj(z)[ESL + Py, le " 1dz, (3.21)
eff eff

The last right-hand term is a 2™ order term and is normally much smaller than the two other
terms, except in the situation when P;5;=P;sy. This is exactly the situation when we propagate the
two sidebands and we filter out one of the sideband just before detection, as in Figure 3-9. If the
sidebands have equal amplitudes, the 1% order term vanishes and, according to our previous
modeling (Eq. (3.16) to Eq. (3.17)), we should observe no depletion!. We see the very positive
impact of propagating the two sidebands, since the depletion on the pump created by the lower
sideband is exactly compensated by the gain on the pump created by the upper sideband, to 1%
order.

At first glance, there is no general solution for Eq. (3.21), so we shall consider the 2™ order term

as a perturbation. The unperturbed solution P; is given by Eq. (3.17) and is repeated here by

extending to the presence of two sidebands:

- iﬂ [Py Py Je (7 1)

B, (z)=P,e e , (3.22)

We see clearly that the pump experiences no depletion for sidebands of equal amplitude in a first
order approximation.
Then let the general solution to be:

P.(2)=C(2)P(2), (3.23)
By inserting Eq. (3-23) into Eq. (3-21) leads:

dp,
—r = —aCEE) - S ECRR =T Te

—-a(L-z)

= P(z )—+ C

, (3.24)
—g—fcz ()P (2)[ Py, + By e
eff

Three terms can be eliminated since they correspond to the unperturbed equation once C(z) is
placed as a multiplying factor, so that it remains the following equation to be solved for C:

dC _agB [Py, ~Psy le™ " ("% -1)
d jf C*(2)B, [Py, + Byl e : (3.25)

off

This differential equation has unfortunately no analytical solution without further approximation.
The problem comes from the exp(exp(z)) functional dependence that has no analytical primitive.
The challenge is to find the approximation that makes sense.
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(1) Situation 1
By checking real values, if we assume the reasonable situation that the power difference between
the two sidebands does not exceed 0.1 mW, the argument of the exponential of Eq. (3.25) is of the

order of 0.1 or less. So we can use the usual expansion e¢*=1+x and rewrite Eq. (3.25) as:

2 S5 [P, — By Je "
_ZIIC:__jf C*(2)P, [Py + Py, ]e “ 1" {1— g/f [BSL—ESU]G‘““‘Z)},(3-26)
Z off a eff

This equation contains a lot of constant terms and can be rewritten to simplify the calculation:

i—gz—A(l—B ) dz, (3.27)
with
2 L5 =Py 1e™
4 :g_f Py[ Py +PgJe ™ 1"
o , (3.28)

B= £5 [Fs.—Fsy ] e
A Agy

The general solution of Eq. (3.27) is then:

l—K:A(z—Ee”), (3.29)
C a

where K is an arbitrary integration constant.
Since P,(z=0)=P, and according to Eq. (3.22) and Eq. (3.23), we must have C(z=0)=1, so K
can be determined:

K=1+A—B and C= ! , (3.30)

o l+Az+A—B(1—e“)
a

The general solution for P,(z) can be written finally as:

_aiB [Py, ~Bsy1e " ("% 1)
P,e e
iP

P.(z)= (3.31)

2 £p [Py, ~Psy 1 -alL ’
1+g75P' [Py, +Pgy]e " le™" {Z_gB[RS _BSU]GOﬂ(emZ_l)}

iP iSL iSU
eff eff

The interesting value for evaluating depletion is the pump power at the fiber far end:
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P.(L)= r® © (3.32)

gp —al ?
[Bst=Fisu Je L .
gB ady 85 eff
1+-=- By [PzSL+PSU]e le™™ - [BSL_BSU]

qf eff a

Since the denominator now contains an additive term that depends on the input pump power, the
depletion with the 2" order correction is no longer independent of the pump power. The expression
is quite complicated, but it can be simplified according to the situation. The numerator of Eq. (3.32)
is the st order correction as found in Eq. (3.15) that remains a good evaluation when only one
signal is present (lower or upper sideband). The 2" order correction is minor and is maximum when
the fibre length is equal to 1/a. The expression in Eq. (3.16) for the depletion remains valid. In
presence of two sidebands of equal power (P;s;=P;su) the 2™ order correction must be taken in to
account, however many terms vanish in Eq. (3.32). In this particular case, the pump power at the far
end can be expressed as:

—al
Pt=- ki , (3.33)

2
f iP [PISL+PSU]eiaL IL
eff

so the depletion factor can be then expressed as:

_ 5 ! = ! . (3.34)

Pu(D) gB P[Py, +Pgle ™ IL 1+GjB [Py, +Pg,le " L

iSL
e.ff eff

where the expression in Eq. (3.18) for the gain at the fibre input has been inserted. The second term
in the denominator is maximum when L=1/a. This can be explained as follow: the depletion
naturally increases with the fibre length when the effect of attenuation is small, so for short fibre
length. Then, for longer fibres, the attenuation experienced by the signal and the pump limits the
product of their power at any location along the power.

To establish for the two sidebands case of equal amplitude an expression similar to Eq. (3.17), the
tolerable signal power for a given depletion d can be expressed as:

d d Ve eqd eadP,l

PiSL +ESU < 2 = — — . , (335)
L e il GE(-dye L  GEiag) 0D
Aeff eff Aejj'

(11) Situation 2
If the power difference between the two sidebands is larger than 0.1 mW (case of a single
sideband for example), but the propagation is over a distance short compared to the typical
attenuation distance o' (1 km fibre for example), the expression in Eq. (3.25) can be simplified

differently: e””—l~az and Eq. (3.26) can be rewritten in this case as:
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al

g —
—=L By ~Pgyle™ " z

2
~ 85 C2(2)P, [Py, + Py, Je le

iSL i

o , (3.36)

ac _
dz

Such an equation can be used for instance to evaluate the 2" order correction in the single
sideband case. The differential equation is simplified by grouping the constant terms:

F=—A'e’”z dz | (3.37)

with:
@ . (3.38)

The general solution of Eq. (3.37) is:

%—K':%e‘%, (3.29)

where K is an arbitrary integration constant.
Since P,(z=0)=P, and according to Eq. (3.22) and Eq. (3.23), we must have C(z=0)=1, so K’
can be determined:
A 1

K'=1-2 and Co— 3.40
B’ A e—B'z ( )

The general solution for P,(z) can be written finally as:

-1 [Py ~Bsyle " ("% 1)
P -az e aAg/]’

€
Py(2)= e — (3.41)
> + P — s —hisyle 2
1+ 85 >, iSLTCisU g [1—6 Aoy ]
Aeff Fg —PBg

eff
P.(L)= i © - . (3.42)
+ —2B [Py Pyl " L
1+ gB - iSL iSU l [l_e ¢ ]
Aeﬁ” st~ Lisu
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In the presence of a single sideband (e.g. B, =0), this expression is reduced to:

. *578351 Ly
P,e™e
P,(L)= i o (3.43)
1+52pi[l—e ]
A
eff
and the depletion factor in this case reads as:
~P Ry ly
off
—d= ?Eg - © - (3.44)
— PRy e L
T 148 pif—e M
A
eff

The numerator of Eq. (3.44) is the 1 order correction as found in Eq. (3.15) and the denominator
corresponds to the 2" order approximation.

3.5.1.3 Relations between depletion and error on the peak of Brillouin
gain spectrum

Let consider the Brillouin gain spectrum in a short section at the far end of the fibre to be:

1

= (3.45)
4 (v'=vy)/Av/2]

g(v)=g,

where v is the Brillouin shift corresponding to the maximal gain in the short section and Av the
FWHM width of this gain spectrum. To make it simpler, the frequency scale is shifted to v= v'- vj,
(maximum gain at the frequency origin).

If the maximal Brillouin gain frequency in the long uniform segment is shifted by ov and the
FWHM width Avis identical to the short segment, the pump intensity follows this distribution when
the effect of depletion is small (4<0.2):

B B d
IP(V)‘I’{ 1 IJ{V—&/T }

Av/2

(3.46)

Assuming a very small gain in the percent range during the interaction over the pulse width 7,
the net signal gain can be reasonably expressed by a first order expansion of the exponential
amplification:

V.T V.T 1 d
GW)=l+gW)I,(v)E—=l+g, =1, = 1= = . (347)
2 2 v V-0V
1+ 1+
Av/2 Av/2
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This distribution is represented in Figure 3-15 and presents a maximum that is shifted with
respect to the d=0 situation. The amount of shifting depends on the magnitude of the depletion d
and the relative shift ov of the maximum gain frequencies of the two segments. The gain FWHM
width Av is just a scaling factor and all results can be expressed as normalized to Av. The error is
found by calculating v giving the maximum of the expression in Eq. (3.47). The solution turns out
to be the root of a 5™ order polynomial given by Eq. (3.48) that cannot be extracted analytically [9]:

V' =48y v44{65v2+2A vi=2d AV? ) v34{3d OV AV 4S8V —4Sv AV? )V2
(3.48)
+(5v4+2A VEOVIHAV 2d Avi—d AV? 5v2)v+d ovAv*=0.

Let express Eq. (3.48) in normalized quantities by defining y= Ye  and e= ov . Eq. (3.48)

Av/2 Av/2

can be written in a condensed manner as a,+a,y+a,y’ +a,y’ +a,y' +)y’ =0, with:a, =de,
4, =(1+¢) —d(2+e’)and a, =—e[4(1+€)-3d |, ...
Let assume that y is very small: y ~ 0, that is very reasonable since we expect the peak of the

resonance to be only slightly shifted by the effect of depletion. In that case, a first order solution can
be found out by neglecting all terms higher than the first degree in the polynomial expression in Eq.
(3.48). The solution can be found immediately:

a de
4 , 3.49
Y T T T vy —d2+ ) (349)

and

v o= dov . (3.50)

S 2\? S 2
1+ ¥ —d| 2+ -2
Av/2 Av/2
The minus sign indicates the maximum gain is logically shifted to higher frequencies when the

long segment presents a peak gain at lower frequencies than in the short segment. For a small
depletion d, the right term of the denominator can be neglected. Then the expression is maximal

5V:AV‘/E:ﬂ (3.51)
24 23

This result simply means that the error is maximal when the shift between the peaks of the two
segments spectra is about a quater of the full width, while the error vanishes if there is no shift or a
shift much larger than the gain spectral width (no more overlap). Inserting Eq. (3.51) into Eq. (3.50)
leaves the following inequality:

when:
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~0.16|d|Av . (3.52)

e

B 27d Av
169-484d

It will be shown that this approximation is not precise enough for the typical values of observed
depletion. A plain second order solution will lead to a too complicated mathematical expression, but
a perturbation approach gives a somehow simpler relation. For this we state that the second order
solution y" is just a small correction to the first order one )', so that y" = y'+ . Eq. (3.48) reduced

to the second order can be expressed as:

a, Jraly"+azy"2 =a, +a1(y'+8)+a2(y’+€)2

_ ' 12 '
= a,+ay tac+a,y”? +2a,y'c+ 92”5/{ , (3.3
=0, by def. of 1st order solution neglected, <<y’

(a,+2a,y")e+a,y” =0

12 2
= g=——2Y %% (3.54)
a,+2a,y a; —2a,aa,
and,
i ' 2
N N . ' a,y =y a1+a2y, __4 azl a,a, (3.55)
a, +2a,y a, +2a,y a, a; —2a,a,
The final expression for y" reads:
) de [(+ey —d@+e) ] +de*[4(+e*)-3d ] .56
(1+6) =dQ2+e)[(1+e) ~d2+e)] +2de*[4(1+¢)~3d | '

, ov

with y= and e= .
Av/2 Av/2

Figure 3-15 (a) shows for different depletion factors d the plot in different approximation
(yellow line: exact result by numerical maximum finding, black line: first order approximation, red
line: 2™ order approximation) for A1=40 MHz and 6v=10 MHz. This shows that the 2"® order
approximation is very good up to d=0.25, while the first order is acceptable up to d=0.1. On the
Figure 3-15 (b) it is shown for 4v=40 MHz the dependence of the frequency error with the
frequency difference ov (between the gain central frequency and the shift central frequency), for
four different depletion factors d. Again it is clear that the first order approximation leads to an
inaccurate determination for d>0.1, while the matching with the 2" order approximation is nearly
perfect. It should be mentioned that the maximum frequency error occurs when ov ~ Av /4 instead

of 5V ~Av /243 as determined by the 1*" order approximation.
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Figure 3-15: (a) Frequency error as a function of the depletion factors d for different
approximation (black line first order approximation, red line: 2nd order approximation and
yellow line: exact result by numerical maximum finding). This shows that the 2nd order
approximation is very good up to d=0.25, while the first order is only acceptable up to d=0.1. (b)
Dependence of the frequency error on the frequency difference ov between the gain central
frequency and the depletion central frequency, for four different depletion factor d. Again it is
clear that the first order approximation leads to an inaccurate determination, while the
matching with the 2nd order approximation is nearly perfect.

An interesting result would be to determine the tolerable amount of depletion that would ensure
that the error will never exceed a given value v,. Fortunately the 5™ order polynomial (Eq. (3.48))
shows a linear dependence on the parameter d, so an exact solution can be extracted. given by:

_v5—45v v4+(6§v2+2A v: ) v3+(—45v3—45v AV? ) v2+(5v4+2A V:EOVIHAV —d AV 5V )v
- —(2A vz)v3+(35vAv2 )v2{2A v4)v+5vAv4

(3.57)

The expression is quite lengthy as can be seen. Following the same procedure as for the
perturbation approach before, a robust 2" order approximation solution can be find which is given
here:

2 2 2
max:(” € )2[4@ £l+e )y] with e=—2Y_ and y=—"e (3.58)
3ey —(2+e )y+e Av/2 Av/2

It must be mentioned that all results shown above equally applies for a loss configuration. In that
case a negative value for the depletion factor d has to be inserted in all expressions, leading to
similar errors for small d.
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Figure 3-16: (a) Sensing fibre arrangement for pump depletion demonstration and position of
the pump and the signal waves. A quasi uniform 1 km SMF fibre showing a constant Brillouin
shift with a short section at the far end placed in a environmental temperature condition
T, =24 °C different than that of the rest of the fibre (T;=34 °C). Case 1: the pump and the signal
are launched respectively at the far end and the near end of the fibre. Case 2: the pump and the
signal are launched respectively at the near end and the far end of the fibre.

3.5.1.4 Experimental demonstration and discussion

For a demonstration of the effect of pump depletion, a 50 ns pulse width (corresponding to a
spatial resolution of 5 m) was used to avoid a broad pulse bandwidth which may bias the retrieved
information on the Brillouin shift. The measurements were realized using a ~1 km long single mode
standard fibre (presenting a quasi uniform Brillouin shift oscillating between 10.726 GHz and
10.730 GHz at the far end of the fibre). The fibre was placed at room temperature (T; =34 °C) and a
10 m segment of the same fibre was placed in a hot chamber with a temperature controlled at
T,=24 °C. This latter was chosen according to our model, the 2™ order approximation where
ov=Av/4, so that the Brillouin frequency shift along this segment is up-shifted by ~10 MHz

corresponding to the maximum effect of depletion.

Since for the frequency error it does not matter if one or two sidebands are used as CW signal,
we chose to carry out the measurements using one sideband as CW signal. The set-up described in
Figure 3-10 was used with two minor modifications: the FBG was placed on the upper arm before
the fibre allowing this way to have only one sideband and the scrambler was placed on the pump).
Distributed measurements of the Brillouin frequency shift of the fibre were done varying the power
Pj; of the CW signal from 0.70 mW to about 3.50 mW with a fix pump peak power P;p of ~70 mW
ensuring a Brillouin gain at the fibre input of 3% (so the small gain assumption is valid).

The first measurements were carried out by launching the pump at the far end of the sensing
fibre (case 1) as depicted in Figure 3-16. The same measurements were carried out by launching the
pump from the near end the sensing fibre as sketched in Figure 3-16 (case 2). Figure 3-17 (a) to (d)
show the Brillouin gain spectrum taken at one position within the 10 m section placed in the hot
chamber. First of all, when we look at all graphs, they are all shifted by at least 10 MHz
corresponding to the 10°C. Secondly, it can be seen that when the power of the signal increases, the
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actual measured peak gain is up-shifted from the expected position (the reference, gray curve) while
the Brillouin gain value decreases.
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Figure 3-17: Brllouin gain spectrum at one position within the1l0 m segment of fibre shifted by
10 degrees in temperature for different powers of the CW signal varying from 0.70 mW to
~3.5 mW and with a fix pump peak power of 69 mW. The reference is the Brillouin gain in the
case 1 when the pump is launched at the far end of the fibre (gray curve). a) P, = 0.70 mW, b) P;s
= 1.10mW, c) P = 1.75 mW, d) P = 2.32 mW e) P =2.87 mW, f) P = 2.32 mW showing the
evolution of the peak gain for different CW signal power. In each case the actual measured gain
spectrum shows a distorted skew distribution with a slightly up-shifted peak position whereas
the power increases when compared to the reference (gray curve). If the Brillouin loss
configuration was used the peak position would be down-shifted.

The measured Brillouin frequency shift along the sensing fibre in both cases is represented in
Figure 3-18 (a) and (c). The Brillouin frequency shift of the 10 m segment of fibre is shifted to
~10.739 GHz, which shows a difference of about 10 MHz with respect to the Brllouin frequency of
the rest of the fibre. As we expected from our prediction, for different powers P;; of the CW signal,
the Brillouin frequency shift moves to higher frequencies for the case 2 and remains quasi constant
for the casel as can be better seen in the closer views shown in Figure 3-18 (b) and (c). This was
already observed in the Brillouin spectrum graphs, as already explained this behavior is due to the
depletion of the pump trough SBS by the signal as illustrated in Figure 3-19 (a).
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Figure 3-18: Brllouin frequency shift as function of the position for different power P; of the
CW signal, (a) in the case 1, (b) closer view of a), (c) in the case 2, (d) closer view of d), In the
10 m section of fibre the Brillouin frequency shift moves to higher frequencies for the case 2 and
remains quasi constant for the casel.

The output power of the pump was measured for different frequencies with a detuning of
100 MHz and represented in Figure 3-19 (a). At 100 MHz detuning, the pump is not yet depleted by
the signal, but as soon as the detuning becomes close to zero, the pump power gradually drops. In
the case that P, = 0.70 mW, the pump power loss is 4.3 % and 20% when P;; = 2.87 mW. The
depletion factor d was calculated for each signal power P; using the expression in Eq. (3.13).
Figure 3-19 (b) represents the measurements of the depletion factor for different CW signal power
P;s (red square) and the theoretical curves (gray curve: first order approximation, black curve:
second order approximation) obtained using the expressions in Eq. (3.16) and Eq. (3.44),
respectively. First of all, there is no much difference between the first and the second order
approximation before a depletion factor of about 0.2 since we remember that our model is valid for
d<0.2. The measurement curve and the theoretical fittings show the same trend. In this figure, we
can see that the experimental data are below the theoretical fitting curves. This can be expected
since the model address the worst case situation (it supposes that the gain is maximal all over the
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Figure 3-19: (a) Output pump peak power as function of the frequency difference of the pump
and the signal for two different values of P (0.70 mW and 2.87 mW ), (b) depletion factor as a
function of the power of the CW signal, model (1 order approximation, gray) model (2”OI order
approximation, black curve) and experiments (red square), (c) frequency error as a function of
the depletion factor d in the worst case situation for 61=10 MHz (black curve), (d) measured
depletion factor d (red square), theoretical depletion factor d (2nd order approximation, black
curve), and Brillouin gain (red cross) as a function of the pump peak power Pj, with a Cw signal
power P;; of ~1.91 mW, the fraction of energy transfer from the pump to the signal remains the
same for different pump peak power while the Brillouin gain increases. In a), b) and c) a fix input
pump peak power Pj, of ~70 mW was used.

fibre). However when looking at Figure 3-20 the Brillouin shift is not totally uniform, so that the
Brillouin gain would not be maximal at each position over the fibre, as assumed in the model.

The average value of the frequency shift of the 10 m segment of fibre was calculated and
compared in both cases. Figure 3-19 (c) shows the obtained frequency error as a function of the
depletion factor (red square). These experimental data were compared to the theoretical modeling
(black curve) using the expression in Eq. (3.56). As can be seen, the results obtained experimentally
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Figure 3-20: Distribution of the frequency shift along the ~1 km single mode fibre presenting a
variation.

are confirmed by the theoretical studies. A depletion of about 0.043 gives a frequency error of about
0.4 MHz. from Figure 3-19 (b), this value corresponds to a CW signal power of about 1 mW,
meaning that if this latter is used the Brillouin frequency shift will be up-shifted of about 0.4 MHz
from its real value, what must be taken into account when setting up the sensor.

We also investigate the pump depletion induced by the signal for different pump peak power.
The depletion factor d and the Brillouin gain were measured. The pump peak power P;, was then
varied from 26 mW to ~120 mW leaving constant the CW signal power P; to 1.91 mW and
ensuring that the gain remains below the 10% given by the small gain assumption. Figure 3-19 (d)
shows the measured depletion factor (red square) and Brillouin gain for different input pump power
(red cross). We observed that the depletion factor remains constant as the power increases (what is
not obvious to understand at the first glance). This means that the proportion of energy transfer
from the pump to the signal remains the same for different pump peak power even though the
Brillouin gain increases. This is also verified theoretically by Eq. (3.16) showing clearly that the
depletion factor d is only dependent on P;; and the intrinsic characteristics of the fibre. Even though
in the second order approximation in Eq. (3.44).the term P;, appears in the denominator, it remains
of negligible influence in the general solution as proved by the black curve in Figure 3-19 (d).

We have also investigated the depletion factor in the case where two sidebands are launched in
the far end of the sensing fibre. The experimental results are shown in Figure 3-21 and it turn out
that in this case the behavior is different from what has been just discussed in the previous
paragraph. When we look at Figure 3-21(a) which represents the output pump power at the far end
of the sensing fibre for different powers of the CW signal varied from about 1 mW to about
14.5 mW (only the power of the lower sideband is represented in the figure), the curves look very
different from what is presented in Figure 3-19 (a) for the same measurements in the case when one
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sideband was used. This can be explained by the shape of the pulse at the output end of the fibre
represented in Figure 3-21 (b) for a P;; ~14.5 mW.

For each frequency detuning the pulse presents a different shape. The rising question is the
presence of the oscillations observed at 100 MHz far from the central frequency. One explanation
could be the interplay between the spontaneous Brillouin generated by the upper sideband (which
frequency shift falls just near the frequency of the pump wave) and the pump wave. We have also
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Figure 3-21: (a) Output pump peak power as function of the frequency difference between the
pump and the signal for four different values of P, (b) Output pulse power for three different
frequency detunings with P;; = 14.38 mW, (c) depletion factor d as a function of the pump peak
power with a CW signal power P;=1.91 mW, model (2”0I order approximation, black curve),
experiment (red square), (d) measured depletion factor d (red square), theoretical depletion
factor d (2nd order approximation, black curve), and Brillouin gain (red cross) as a function of the
pump peak power Pj, with a CW signal power P;=2.48 mW, the amount of energy transfer from
the pump to the signal increases for different pump peak power while the Brillouin gain
increases In (a), (b), and (c), a fix input pump peak power P, 60 mW was used.
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two main differences: the depletion is much smaller. For example with P;; below 1 mW, the
depletion is six times smaller (see Figure3-21(c)) than what is observed in the same conditions
when one sideband is used. Additionaly the depletion increases with the pump peak power (see
Figure 3.21 (d)). The power misbalance between the two sidebands is about 2.2%, so Eq. (3.34) was
used for the theoretical fitting. In Figures 21 (c), the theoretical fitting underestimates the measured
value of the depletion. This may due to the fact that the model does not take into account the effect
of the amplified spontaneous scattering that starts to be important for signal powers above 1 mW.
The impact of amplified spontaneous scattering may explain the unexpected response in Figure 3-
21(a), but this study is out of the scope of this thesis and requires futher investigations.

3.5.2 Impact of self-phase modulation

3.5.2.1 Theory

The accuracy on the measurand is scaled by the spectral spreading of the effective gain, which in
turn is given by the convolution between the pulse spectrum and the natural Brillouin gain spectrum
(BGS). According to the standard time-bandwidth relations:

440MHz

Gaussian pulse = —7 (3.59a)
Rectangular pulse = 880# , (3.59b)

the spectral BW of a Gaussian pulse is 2 times lower than that of the rectangular case. So the
Gaussian pulse is presumably the best candidate for this interrogation when compared to other
profiles (rectangular, triangular). However, we show here that this is not the best choice when
addressing long ranges, because this pulse shape leads to a significant spectral broadening of the
BGS along the fibre. An observed broadening of the BGS was suspected to be caused by self-phase
modulation (SPM) in an early work by Lecoeuche et al [53] and by Izumita et al [54] in coherent
OTDR system. SPM leads to small phase chirps during intensity transitions in the pump pulse
(leading and trailing edges) that eventually become important in long fibres. The frequency
broadening associated with this phase modulation leads to a reduced peak gain and uncertainties in
the determination of the Brillouin shift v, but leaves the temporal intensity distribution of the pump
pulse unchanged and hence the spatial resolution is preserved. While the former [53-54] works
showed a correct intuition addressing qualitatively the issue, no theoretical model was given. We
present here a quantitative model of the detrimental impact of SPM supported by a clear
experimental demonstration [55]. Two optical pulses with different temporal profiles were
judiciously chosen (rectangular and Gaussian) showing the same full width at half maximum
(FWHM) and carrying the same energy, to evenly study and compare the SPM impact on their
spectrum. Then we clearly experimentally demonstrate the spectral broadening of the BGS due to
SPM in a Brillouin distributed fibre sensor in various conditions in terms of pump pulse temporal
profiles, power and width. The results are compared with a theoretical model showing good
agreement.
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SPM is a consequence of the nonlinear Kerr effect in the fibre that results in an intensity-dependent
refractive index. It leads an optical pulse to modulate its own optical phase according to its intensity
profile. Since the pulse creates a time-dependent refractive index variation, higher for larger
intensities, it leads to a time-dependent nonlinear phase shift that translates into variations of the
instantaneous frequency (frequency chirp) along the pulse. Let us consider the propagation of an
optical pulse through a fibre characterized by a nonlinear refractive index n(f)=no+n; I(t) as defined
in Eq. (2.58). After propagation over a distance z, the optical pulse accumulates an additional
nonlinear phase [56] due to the intensity-dependent part of the refractive index written as @y;=n»
(@/cy) z I(¢) defined in Eq. (2.60) which creates a variation in its instantaneous frequency given by:

d¢NL(Z>l)=_n ﬂzm

Aa(t)= 3.60
A= ¢ di G.60)

Eq. (3.60) clearly shows that SPM will have more impact on fast signals constantly showing
temporal transitions, with no interval of constant intensity. For our study we have compared two
different temporal profiles (rectangular and Gaussian) showing the same width (for equal spatial
resolutions) and the same energy (to make gains equal). The rectangular pulse offers constant
intensity intervals only while the Gaussian pulse varies constantly in intensity but shows the best
time-bandwidth product (and thus the best time-frequency resolution). Since the intensity is
constant at any time for the rectangular profile (assuming instantaneous transitions), Aa(#)=0 and no
pulse spectral broadening should therefore be observed. The situation will be drastically different in
the Gaussian case showing continuous time transitions. Since it can be entirely described
analytically, let consider a pulse with a Gaussian envelope, E(0,/)=A exp (-/*/7),
s0, I(t)=|4 exp (- #/7)[*=ly exp (-2£/7) with a 1/e width z The instantaneous frequency chirp
imposed on the Gaussian pulse by SPM using Eq. (3.60) can be find in equation below:

2
Aa(t)=4n, < 21, L exp(-22 /1 )=4yzP L exp(-21 /) (3.43)
C, T T

0

where ¢y is the vacuum light velocity, o is the central angular frequency of the optical pulse, 7, and
P are, respectively, the peak intensity and peak power of the optical pulse, 4.51s the effective area
of the fibre mode and y=n,@/coA.sr is the fibre nonlinear coefficient given by Eq. (2.59). In a long
fibre segment the distance z must be replaced by the effective nonlinear distance z o5 =[ 1 - exp (-
al)] /a already given in Eq. (2.53) where L is the physical length and « in the linear loss of the

fibre. The peak excursion of the instantaneous frequency is A@, =27Pze/f/\/;r =143yPz,,/T offset

by rmaX=T/ v8In2 from the pulse centre and, as scale factor, gives a good estimate of the real

spectral broadening. For typical values in conventional long-range BOTDA systems (y=1 W ~-km"
1, P=100 mW, z,4=20 km and 7=10 ns), this quantity amounts to 2n 29 MHz, which is similar to the
Brillouin natural linewidth.

A more precise evaluation of the spectral broadening can be obtained by computing the pulse
spectrum evolution along the fibre. The actual frequency spectrum of the Gaussian pulse after
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experiencing SPM in the fibre is given by the Fourier transform of the output pulse amplitude
according to the following equation:

Zoom(AV)=FT < A exp (—tz/r2 ) exp [i;/LeﬁAP exp (—2t2/2'2 )] (3.44)
Gaussian amplitude term SPM term

where, for convenience, the time origin is considered always placed at the pulse centre. The
effective Brillouin gain linewidth is given by the convolution between the real pump source
spectrum after SPM, gspm(Av), and the natural BGS. It must be noted that all along this derivation
we have neglected the effect of chromatic dispersion. This is due to the comparatively long pulse
lengths used in BOTDA systems (tens of ns) for long range measurements. It can be easily shown
that in these conditions the dispersion length far exceeds the nonlinear length and thus dispersion
effects can be neglected [56]. In relation to this, modulation instability (which results from SPM
phase-matched by anomalous dispersion) is known to impose a limit on the peak gain of the pump
pulses used in Brillouin sensors due to non-linear pump depletion. The observed effect here is
radically different from the one observed in MI since it depends not only on the pulse power but
also on the pulse shape and duration, and causes a smooth broadening of the BGS which was not
observed in the case of MI (this issue is addressed in Section 3.5.4).

3.5.2.2 Results and discussion

The experimental study of the SPM impact on Brillouin fibre sensors has been carried out through a
25.5 km standard SMF fibre. The experimental implementation used for this study was based on a
minor adaptation of the high performance pump and probe set-up described in Figure 3-10. A
1552 nm DFB laser is used as the light source. The pump pulse was shaped by an intensity
modulator which was driven by an arbitrary waveform generator. The pulses produced have 30 ns
FWHM optical pulse duration corresponding to 3 m spatial resolution. This duration was carefully
chosen for a better demonstration as a trade-off between temporal transitions fast enough to show
the SPM effect and long enough to keep the original spectrum sufficiently narrow (to avoid an
excessive broadening of the effective BGS).

The BGS is determined by scanning the microwave generator frequency around the Brillouin shift
vz The net Brillouin gain is then measured using a detection stage comprising a 125 MHz

bandwidth photoreceiver and a digital oscilloscope synchronously triggered by the arbitrary
waveform generator. The distributed nature of the measurements makes possible to retrieve the
effective BGS at any position along the fibre, and thus to observe the gradual impact of SPM.
Depletion is avoided by using sufficiently low probe power levels (in the microwatt level) to
guarantee depletion values below 1%.

Figure 3-22(a) shows the effective gain linewidth (solid lines) along the fibre using 30 ns FWHM
Gaussian pulses for increasing pump peak power from 98 mW to 276 mW. The graph shows clearly
a quasi-linear increase in the effective gain linewidth caused by the pump spectral broadening due
to SPM along the fibre. The same figure represents the calculation of the effective gain linewidth
(FWHM) as a function of the distance (dotted lines) showing a good match between the

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES THESIS-EPFL N°4958 (2011)



3.5 RANGE LIMITATIONS OF DISTRIBUTED BRILLOUIN SENSOR 81

experimental result and the theoretical model with y=0.9 W'km™. This value of yis a bit small in
comparison with the values reported usually in conventional SMF (1.1W'km™), but the design of
this fiber turns out to be quite outdated (manufactured in 1992) and the relatively low measured
Brillouin gain suggests a nonlinear effective area for this fibre larger than usual. Figure 3-22(b)
represents the evolution of the effective gain linewidth along the fibre using 30 ns FWHM
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Figure 3-22: Experimental demonstration (solid lines) and theoretical analysis (dotted lines) of
the gain spectrum broadening due to SPM along 25.5 km SMF fibre (a) for different peak powers
of a 30 ns FWHM Gaussian pulse (b) comparing 30 ns FWHM Gaussian and rectangular pulses of
identical energy (peak power of rectangular pulse is 222 mW).
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rectangular and Gaussian pulses of identical energy (peak power of rectangular pulse is 222 mW). It
can be observed that the gain spectral width is doubled after 25.5 km for the Gaussian pulse, while
it remains nearly unchanged for the rectangular pulse as predicted by the model (dotted lines). The
residual broadening of the spectrum in the square pulse is probably due to a non-ideal shape in the
rectangular pulse used (the rise and fall edges are not ideally sharp). This incidentally confirms a
negligeable pump depletion that would instead broaden the effective linewidth of the gain spectrum
near the fibre end, independently of the pulse shape. The benefit of a better time-bandwidth product
using the Gaussian pulse turns out to be entirely cancelled by SPM after less than 10 km.

From the Figure 3-22(a), and considering the extreme case of 276 mW peak power, the contrast loss
can be estimated at the output of the fibre (25.5 km) to be 2 dB, which is equivalent to 10 km
distance penalty in standard conditions.

Figure 3-23(a) represents comparative measurements of the gain spectral width measured for a
Gaussian pulse at the fibre input (dark gray diamonds) and output (light gray squares), respectively,
for different peak powers, demonstrating the clear signature of SPM by the absence of effect at
short distance and through the linear dependence on power at long distances.

As shown in Figure 3-23(b) the effective Brillouin gain linewidth varies in inverse proportion to
the optical pulse duration 7 at both the fibre input and output, but with a different slope. An excess
broadening is present at the output as a result of the pump spectral spreading. This excess
broadening becomes larger for shorter pulses, showing also a 1/7 slope, in good agreement with the
theory above.
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Figure 3-23: Brillouin gain spectral width measured close to the fibre input (100 m) and at the
fibre output (25.5 km) using a 30 ns Gaussian pulse (a) Linear dependence on the pump peak
power, showing that the effect of SPM is observed only at the distant end, (b) Inverse
dependence of the gain linewidth on the pulse width, showing the excess broadening due to
SPM at the far end (pump power is 153 mW).
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3.5.3 Impact of Raman scattering

Raman scattering (RS) [57] has fundamental similarities with Brillouin scattering, both resulting
from the interaction between light and phonons, though showing distinct features as summarized in

Table 3-1. The most noticeable difference is the frequency shift experienced by the scattered
light (13 THz for Raman, 11 GHz for Brillouin scattering), but another important distinct feature is
the less strict phase matching condition in RS that makes possible forward scattering. In this latter
case the input pump pulse and the Raman-generated signal are co-propagative and may interact over
long distance or even the entire fibre length (unlike the case of the backward-only Brillouin
scattering where the interaction length is limited to the pump pulse width). The modeling of a signal
building from noise through forward Raman scattering has been proposed by Smith [58] in 1972
and has proved to be robust. In our modeling we use the expressions derived by Smith for forward
Raman scattering and interpret them in the particular context of distributed Brillouin fibre sensors.
Then we adapt this modeling to the particular case of modulation instability, following the same
approach, to establish new relations valid to predict the observation threshold for MI.

3.5.3.1 Theory

Let us consider a fibre with a nonlinear effective area A, and of length L with a linear
attenuation a. Let the pump pulse enter the fibre at z = 0, traveling in the + z direction with a power
P, and an effective intensity /,=P,/A.; Under forward Raman amplification, the output signal
power P due to amplified spontaneous Raman scattering produced by the incident pump intensity
for an effective nonlinear distance L.y by Eq. (2.61) is scaled by the peak Raman gain coefficient gz
and its effective bandwidth:

— \/; A VewnM (3 45)
eff ? :
2 \/gR]p (O)Leff

where Avewnw 1s the full width at half maximum of the spontaneous gain spectrum. A critical pump
power P is defined as the fictitious case where this pump amplifies the spontaneous signal to
make it as large as the pump power, deliberately neglecting the effect of pump depletion. Actually
this critical power P is a good estimation of the pumping level giving rise to an amplified noise
with power comparable to the pump and thus evidently depleting the pump. This leads to the
following nonlinear equation to be solved for P

%
P.L . P.L .
ﬁ(th )g_RLeﬁ‘A VFWHM :{M} exp{_ch—meﬁ} R (346)

2 Ay Ay Ay

from which an approximate simplified equality can be obtained using the Raman spectral
characteristics in silica fibers:
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164
Rt (3.47)

crit
el

3.5.3.2 Results and discussion

To evaluate the impact of forward Raman scattering (RS), it is necessary to avoid modulation
instability by propagating the pump in normal dispersion conditions. For this purpose a 13 km DSF
fiber was used and the same set of measurements at different powers was carried out. We measured
series of power spectra using an optical spectrum analyzer at the output fibre end for various input
pulse peak power (~400 mW to 2.16 W) as shown in Figure 3-24(c). It can be seen that there is no
effect of MI, but in the inset we can see that the Raman effect takes place around 1672 nm gradually
as the pump peak power increases. As a consequence the present depletion was purely due to RS by
observing the presence of a strong signal at 1672 nm and by observing the depletion of the pump
pulse at the initial wavelength, as shown in Figure 3-24(a). The pump pulse undergoes strong
distortions as the input pump power increases and the group velocity difference at the pump and
Raman wavelength causes a differential depletion over the pulse duration, even leaving a very short
un-depleted section at the front edge of the pulse.Figure 3-24(b) shows the effective Brillouin gain
as a function of the position in the DSF fiber for a pump peak power from ~400 mW to 2.16 W. The
graph shows clearly the gradual drop of the gain after 3.4 km for a 664 mW pump power which
turns more pronounced and abrupt for higher pump powers.

The absence of Raman effect is observed below a 400 mW pump power, we will see in the next
setion that this power is higher than that observed for MI as anticipated by the model. Figure 3-24
(c) represents the graph of the pump power versus critical distance for experimental data (*) and for
model prediction using Eq. (3.47) (solid line) showing an excellent agreement between the
experimental result and the theoretical expression (using the fibre characteristics shown in Table
3-1).

3.5.4 Impact of modulation instability

If the modulation instability phenomenon has been extensively exploited for the generation of
ultrashort pulses with high repetition rate [61] and more recently as a basis for the generation of
supercontinuum sources [62], in Brillouin sensors this phenomenon is not welcome. A very similar
behavior observed for Raman scattering is also observed for modulation instability, which is a
consequence of the interaction between Kerr effect and anomalous dispersion, giving rise to a train
of solitons self-building from noise. In that case the signal manifests as spectral side lobes around

Table 3-1: Characteristics of the SMF and the DSF fibres used for the experiments.

Fibre type Fibre loss Effective area Dispersion @ 1550nm | Raman Gain coef.
(dB/km) (um?) (ps/km nm) (m/W)

SMF 0.22 ~80 17 ~le”

DSF 0.14 ~50 2 ~4e’”
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the pump frequency that extends over many tens of GHz, depending on the pump power and the
medium chromatic dispersion that must be anomalous (D >0).

In total analogy a similar relation can be established for MI. The essential step is to determine
the effective bandwidth B, that is directly related to the spectral characteristics of the broadband
gain due to MI. From the analysis of the non-linear Schrédinger equation for anomalous dispersion,
we can find the MI gain spectrum G(@)=B,0|\@ -@" , where @=(4yP,/f)"* is the critical

frequency, f the dispersion coefficient, y the nonlinear parameter and P, the input power. The
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Figure 3-24: (a) The corresponding time domain measurement waveform of the pump pulse at
the output of a 13 km DSF for different pump peak powers ;(b) Brillouin gain distributed
measurement showing the pump depletion by Raman scattering in a 13 km DSF for different
input pump peak powers; (c) Measured power spectra at the far end of a 13 km DSF fibre in the
nomal dispersion regime showing the absence of M, in inset the Raman spectra of the same
fibre; (d)Maximum distance before Raman scattering begins to deplete the pump: experimental
points (*), and theoretical model (solid line).
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maximum gain is G=2yP,. From this gain spectrum the effective bandwidth B,y can then be

calculated:
4y P
B,=t | (3.48)
T |ﬁ2

To establish a nonlinear equation for the critical power similar to Eq. (3.47),

1 f 2 o —
;(hvs) ﬂzLeﬁ» = ZyR:ritLeff eXp [_ZyB:ritLeﬁ’:I’ (349)

that also leads to a simplified equality valid to determine the critical power for modulation

instability under the condition of anomalous dispersion (/<0):

2
w20 (3.50)
2 7Ly

In standard fibers at 1550nm the dispersion is anomalous and P ~0.78P"

i > using standard
parameters, so that MI will always be observable at lower power than RS and will be therefore the

dominating limitation.

3.5.4.1 Results and discussion

These theoretical expressions were compared to experimental data obtained using a classical
Brillouin optical time-domain analyzer based on a high performance pump and probe configuration
described in Figure 3-10. The duration of the rectangular pump pulses (30 ns corresponding to 3 m
spatial resolution) was carefully chosen to produce clean signals with an important gain for a better
demonstration. The signal power is kept low enough at 56 uW to avoid any depletion effect
resulting from the Brillouin interaction.

We investigated the effect of MI using a 25.5 km standard SM fibre with relevant characteristics
listed in Table 3-1. The fibre length is longer than the maximum nonlinear length 1/a=22 km, so
that results can be considered as representative for any very long fibres. To observe the MI
sidebands appearing symmetrically around the pump frequency, we measured series of power
spectra using an optical spectrum analyzer at the output fibre end for various input pulse peak
power (~160 mW to 1.6 W), shown in Figure 3-25(a). It can be seen that the MI effect becomes
more pronounced as the power increases. The sidebands which appear symmetrically around the
pump frequency become broader for higher pump power, leading gradually to pump depletion. The
influence of MI on the distributed Brillouin amplification was then measured by varying the input
pump peak power from 270 mW to 2.3 W. Figure 3-25(b) shows the effective Brillouin gain as a
function of the position in a 25.5 km SM fibre for four pump peak powers. The graph demonstrates
clearly the gradual drop of the gain after 10.52 km for a 497 mW pump that turns more pronounced
and at shorter distance for higher pump powers. It can be seen that no gain fall-off is observed at
270 mW pump power, so we can deduce the absence of MI at this power level.
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Since MI can be interpreted in the spectral domain as resulting from an energy transfer between
the fundamental mode constituting the initial continuous wave and high-order modes [44, 60],
several theoretical studies have shown that, after a definite propagation length, the energy spread
over different frequencies eventually returns to the initial mode [59-60] (this reversible behavior of
MI is known as Fermi-Pasta-Ulam recurrence FPU). This is experimentally observed in
Figure 3-25(c) and (b) for pump power higher than 500 mW in which a ripple is observed.
In Figure 3-25(c) is represented the pump power as a function of a critical distance evaluated as the
position where the Brillouin gain starts to drop. On the same graph is calculated from the model the
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Figure 3-25: (a) Measured power spectra of Ml at the far end of a 25.5 km SMF in the
anomalous dispersion regime. (b) Distributed Brillouin gain measurements in a 25.5 km SMF
fibre showing the pump depletion due to MI after a critical distance depending on the pump
peak power; (c) Experimental (*) and theoretical (x) critical power as a function of the critical
distance where the pump depletion turns significant (Brillouin gain fall-off) and the ratio (0)
between theoretical and experimental values.
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critical power P using Eq. (3.50) for each critical distance measured experimentally. Finally the
ratio between these theoretical and experimental values is represented and takes a constant value
close to 4. This shows that the critical power given by the model is over-evaluated and in the reality
the depletion effect on the pump by MI takes place at a power lower than the value given by the
model critical power. The discrepancy may come from the fact that the MI emission keeps
spreading over a broadband, as illustrated in Figure 3-25 (c) (a), and no clear dynamic spectral
narrowing of the amplified spontaneous emission is observed, so that a corrective empirical factor

must be preferably inserted in Eq. (3.50) to give a good prediction, yielding this final expression:

e (3.21)
2yL

eff
Nevertheless the fact that the ratio keeps constant for a large range of pump powers proves the
robustness of the model.

3.6 Conclusion

In conclusion, the modeling of the pump depletion effect has been pushed to obtain analytical
expressions that are useful for the proper design of a BOTDA sensor and for the determination of its
immunity to the depletion. This model is informative on the conditions maximizing the depletion
effect; therefore a standard configuration can be defined to test the immunity of a set-up to
depletion, made of a long uniform fibre having a length equivalent to the claimed range. The
Brillouin frequency at the far end of this fibre is shifted by locally modifying the temperature or the
applied strain over a short section, albeit longer than the spatial resolution. The amount of shift must
be 0v=4v/4 and the measured Brillouin shift must correspond to the real value that can be obtained
by measuring the short segment only. Moreover, the depletion does not depend on the power in the
case that one sideband is used as CW signal and the contrary effect has been observed in the case
that two sidebands are used. However in this latter the depletion is much smaller in the comparative
situations (for example with P;; below 1 mW, the depletion is six times smaller).

A common accuracy claimed in most reports and commercialized instruments are 1 MHz on the
peak gain frequency. Assuming an effective FWHM gain linewidth of A1=40 MHz and the worst
case situation 0v=4v/2=10 MHz, we find that the maximum depletion factor must be dyax=0.14
(- 0.8 dB) by Eq. (3.58). Inserting this value into Eq. (3.16) and taking realistic values for a standard
fibre (4,47 gp =0.086 W'lm'l, a=5.07¢> m'l), we can determine that the CW signal power P;; must
not exceed 95 uW (-10.2 dBm) to ensure that the depletion never exceeds 0.14 in a very long fibre
(L >Legr =20 km). This value is fairly low and is actually far from being proved to be met in the vast
majority of publications and commercial instruments. They are thus all potentially subject to biasing
errors related to depletion, errors that are only rarely observed since the worst case situation is very
unlikely to occur in real conditions.

Afterwards, it has been demonstrated that SPM-induced spectral broadening can have a
significant effect on the effective gain linewidth measured by Brillouin sensors. Modeling and
experiments have undoubtedly demonstrated that the effective gain linewidth can easily experience
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a two-fold increase in standard conditions when the pulse intensity profile is Gaussian. At power
and spatial resolutions used in standard configurations, spectral broadening can be observed
typically from a 5 km distance. Practically the problem can be circumvented by using a clean
rectangular pulse with very sharp rising and falling edges. The benefit of a narrower spectrum for
an identical pulse width brought by the Gaussian pulse is rapidly cancelled after about 10 km for
209 mW pump peak power.

The investigation the undesirable effects of modulation instability and forward Raman stimulated
scattering in distributed BOTDA sensors systems have been also done. Both effects are detrimental
and have been evaluated experimentally and compared to a theoretical model giving a simplified
expression to predict the critical power for a given distance range. In a practical sensor the critical
distance must be longer than the actual fibre length and is bound by the nonlinear fibre length,
fixing a maximum pump power. MI turns out to be the dominant nonlinear limitation since it shows
the lowest critical power, but it can be avoided to a wide extent by using the fibre in the normal
dispersion spectral region such as a DSF in the C-band. On the other hand even though the critical
power for Raman scattering remains high, ~5 times larger than MI undere similar conditions, it
must be avoided. For now the only way to avoid it is limiting the optical pump power and is
therefore the ultimate nonlinear limitation in a distributed sensing system.
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4 Brillouin Echoes Distributed Sensing
(BEDS)

Chapters 2 and 3 provided a detailed analysis of Brillouin scattering (spontaneous
and stimulated) and of different variants of the classical Brillouin sensor.
Considering this later, it has been explained that high spatial resolution and the
measurement range are two quantities that will never match. In this Chapter', we
present a new concept, called "Brillouin echoes", developed in the frame of this
thesis. With this concept, we demonstrate that the trade-off between the two
parameters (high spatial resolution and long measurement range) can be improved.
We study experimentally and theoretically the physics behind Brillouin echoes.
Through these studies, an analytical model is developed, which allows us to optimize
the performances of the Brillouin sensor.

" This chapter is based on:
Foaleng S. M., Tur M., Beugnot J.-C., and Thévenaz L. (2010). High spatial and spectral resolution long-range sensing
using Brillouin echoes. IEEE Journal Lightwave Technology, 28, 20:2993-3003.

J-C Beugnot, Tur M, Foaleng S.M. and Thévenaz L. Distributed Brillouin sensing with sub-meter spatial resolution:
Modeling and Processing. In preparation.
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As explained in chapter 3, techniques based on spontaneous Brillouin for Time Domain
Reflectometry (BOTDR) [4] require only one access point to the test fibre to launch the pump
wave, while those using SBS for Brillouin Analysis (BOTDA) must access both ends of the test
fibre to launch the pump pulse and CW signal, [1]-[3]. Both types of instruments offer good
accuracy for temperature and strain measurements, albeit at spatial resolutions not better than ~1 m
[5]. The reason comes from the fact that the observed Brillouin spectrum broadens as the pulse
width decreases, since the spectral distribution of the effective gain is given by the convolution
between the pulse spectrum, broader for shorter pulses, and the natural Brillouin gain spectrum (~30
MHz in silica fibres at A4, = 1550 nm, determined by the phonon lifetime za = 6 ns) [6]. This
broadening leads to a reduced peak gain and uncertainties in the determination of the Brillouin shift
v, and consequently to a reduced accuracy in the measurement of temperature and strain at
submetric spatial resolutions. A natural limit is given by the situation when pump pulse and
Brillouin gain spectra show a comparable bandwidth, corresponding to a pump pulse showing a
duration equal to a double phonon lifetime 2x7y = 12 ns (see section.4-1), or ~1 meter spatial
resolution. Frequency-domain and correlation-based techniques have been developed to circumvent
the phonon lifetime limitations and exhibit enhanced spatial resolutions down to 1cm for the latter
[7]. Nevertheless, in chapter 3 we have explained that both these techniques introduce their own
complexities, including a trade-off between spatial resolution and range.

4.1 Broadening of the BGS and physical limitations in
spatial resolution: theoretical and experimental
descriptions

Until now, we have given a literal definition of the spatial resolution, and said that it is limited to
~1 m in the classical Brillouin distributed sensing. In this section, we will confirm this by
theoretical and experimental descriptions. In section 2.2.1, we have seen that the process of
Brillouin scattering in optical fibres can be stimulated involving an electrostrictively-induced
acoustic wave, generated through the interference between the pump and signal waves. There is an
amplification of the signal when the phase-matching condition is reached (i.e. when the frequency
difference between the pump and signal is around the Brillouin frequency of the fibre).

Mathematically, the assumed co-polarized but counter-propagating pump and signal waves,

A,(z,t)expli(k,z+®,0)] and  A(z,t)expli(kz—wt)], will generate an acoustic field,
O(z,t)exp [i (qz + Qt)] ,q= kp +kg, Q= @,—a;, which will then couple the two optical fields
according to the Egs. (2.36a, b) and (2.37) that for convenience we will repeat here as Eqs (4.1):

04 (z,6) 1 04 (z,t) 1
P f £ =i—g,A 7t 7t9 4.1
o V. a 1= 8:4,(2,00(z,1) (4.1a)
A (z,t) 1 04 (z0) .1 .
s S —Ji—0 A ’t ’t; 4.1b
i g4, (5,00 (5) (4.1b)

4
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Notations and approximations: ®,, @, and Q=o,—,, are the centre angular frequencies of the

pump, signal and acoustic waves respectively, while k,, &k, and q=k, +kgare their wavenumbers.

s

:4Q0n c

g, (=r.4°/(82Q)) and &1y represent respectively the electrostrictive and elasto-optic

coupling constants. 4,(z,0), A(z,f) and Q(z,7), are slowly-varying complex envelopes. Q,=27v,
is the Brillouin frequency shift for resonant interaction between the three waves, and
r B:I/ 7 ,=27wAv, is the acoustic damping constant, intimately related to the phonon life time 75 and
the FWHM width of the Brillouin gain spectrum Avg(see Section. 2.2.1.4). By excluding

derivatives with respect to z in Eq. (2.36¢) (which have allowed derive Eq. (2.37)), we have
assumed that an induced acoustic disturbance at (zo, #) will remain spatially local and will not
propagate along the fibre. This common approximation is quite justified in our case, where due to
the relatively minuscule value of the acoustic velocity with respect to that of light, the generated
acoustic envelope at zy barely moves (<100um) while a pump pulse - as long as ten nanoseconds,
completes its voyage over z, ., thereby ceasing its interaction with the practically spatially-static
acoustic disturbance at that point.

The interaction between the pump and signal waves under steady-state conditions is governed by
the Egs. (2.55). Due to the exponential decay of the acoustic waves in the fibre core (see Section.
2.2.1.4), the Brillouin gain spectrum (gz) has a Lorentzian spectral profile given by Eq. (2.56). We
have also seen that in the steady-state conditions and assuming an un-depleted pump, the Brillouin
signal intensity can be expressed by Eq. (2.52) (see Section 2.2.1.5).

As the pump wave is a pulse wave, the length of the fibre over which an interaction between the
two optical waves can occur is reduced to the length that the two waves cross together. In our case
this length is related to the pulse width (7)) and corresponds to the spatial resolution Az which is
given by:

lc

Az=——T=T10°m/s, 4.2)
n

where the attenuation over this short segment has been neglected. The spectral width of the pulse
will increase as the pulse width is reduced. Assuming a perfectly rectangular pulse, the spectral
profile of the pulse S,(v), is given by the Fourier transform of the temporal pulse:

T/2 —i27vi b :
S, 0=, ,Be di=—Lsin(mvT), 4.3)
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The resulting observed Brillouin gain spectrum will be given by the convolution of the pulse
spectrum with the natural Brillouin gain spectrum gg(v), yielding the following spectrum:

g(v)=2e ™" [COSh(ﬁA VBT)—cos(27r(v—vB)T)J g;(v), (4.4)

The theoretical spectra (in Figure 4-2(a)) were generated using Eq. (4.4). As the pulse width
approaches the phonon lifetime 2x 7a~12 ns, the Brillouin spectrum broadens and reaches about 80
MHz (see Figure 4-2(a), (b)). Therefore, the resulting maximum Brillouin gain decreases due to the
spectral broadening (as shown Figure 4-1). The mathematical expression of the maximum Brillouin
response (i.e. at the resonance when v=13) can be found in the following equation:

oo (VEV )= 2o ™vsl [cosh (ﬂA VBT)—1:| g5 (VB ) , 4.5)

To understand the behaviour of the acoustic wave in these two cases (long and short pulse than
2x7,), let us assume a constant signal wave A (z,)=A°, null initial acoustic conditions
Q(z, tzO)EO, and a propagating pump pulse of temporal width 7. At some arbitrary point along the

fibre, zy the time evolution of the complex envelope at Q=am,-a;, Q(€2,20,f) was formerly given by
Egs. (2.41) that for convenience we will repeat here as Eqs (4.6):

i ApeakAO*
Bty % £ [l-exp(-T )] 0<t<T (4.62)
0(Q,2,,T)= !
i ApeakAO*
B % exp(-T )[exp(+T,T)-] t>T (4.6b)

A

The dynamic characteristics of the solutions of Eq. (4.1) heavily depend on Re(I'y)=I's/2. We

Qo9 .
S
20.8- 1
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2o.7¢ ,
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Figure 4-1: Theoretical variation of the Brillouin response versus pump pulse width for two
different values of Brillouin line-width 35 MHz and 50 MHz.
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will, therefore, examine two extreme cases:

(a) For a pump pulse much longer than 1/Re(T",)=2/T",=27,, O(Q,z,,¢) of Eq. (4.1a) reaches
its maximum magnitude long before the pulse is over, attaining a frequency-dependent value of:

A peak Ao*

a4,
0(Q.2,,T )\—T

4.7)

glA;eakAO*

s

2
;o for T>>—

J@a,y(r,n) r,

In classical Brillouin distributed sensing, Q is scanned through a range of optical frequencies to
precisely determine Qp. The range of information is obtained from the pulse time of flight data and
the spatial resolution is determined by the pulse width. According to Eq. (4.8), long pulses - while
having very poor spatial resolution -, will give rise to acoustic field amplitudes sharply peaked at

=0, , allowing the sensor to resolve local temperature - (and/or strain) that induces changes in

Qp, with a sensitivity limited only by the natural Brillouin linewidth I', and that of the processing

electronics.

(b) For a pump pulse shorter than 1[/Re(I",)=2/T,=27,, Eq. (4.6) can be approximated in the
vicinity of Qp (i.e., when|Q,—Q| 7<) by:

. peak (0%

igA A
Q,z,,T)f——T T)=
0(Q.2,.7)| ) .8)
:|g]A£°akAS°*T ; for T<<2/T,

Eq. (4.8) states that the magnitude of the acoustic field |Q(Q, Zy, I )| does not depend on Qp in

the vicinity of Qpz. Here, high spatial resolution of the sensor is achieved at the expense of losing all
spectral sensitivity (see Figure 4-2 and Figure 4-1)

This analysis has led manufacturers of Brillouin time-domain analyzers to compromise on pump
pulse widths not shorter than 5 ns ~ 1/I's, limiting the spatial resolution of the instrument to ~0.5 m.
Recently, a radically new approach has been presented for time-domain measurements, relying on
the pre-activation of the acoustic field within the Brillouin frequency resonance. In this way high-
spatial resolution could be obtained, while keeping the Brillouin gain profile at its natural narrow
width. This is the subject of the next section.
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Figure 4-2: a) Effective Brillouin response spectrum for different pump pulse width 5 ns, 10
ns, 20 ns, 30 ns and 50 ns, corresponding to the spatial resolutions of 0.5m, 1 m,2 m, 3 m,
and 5 m, b) Variation in the Brillouin response line-width (FWHM) for various values of the
pump pulse width, theoretical (solid line) and experimental (dotted line).

4.2 The new approach and the three ways of making
Brillouin echoes

In this new approach, a pre-activated acoustic field is electrostrictively generated through the
interference between a CW pump wave (or a long pulse of duration >>74) and a counter-
propagating CW signal wave, properly frequency shifted from the pump wave. Once the acoustic
wave has fully developed, a very fast change (shorter than 74) in the pump signal can imprint a
corresponding equally fast time-stamp on the amplified signal wave, without significantly affecting
the acoustic field [10]. Being excited by CW (or quasi CW) waves, the natural Brillouin linewidth is
preserved and the observed time-stamp will have narrow frequency characteristics resulting in high
sensitivity to temperature and strain, while simultaneously providing high-spatial resolution
determined by the fast features of the time stamp.

Several options exist as to the nature of the fast change imposed on either the pump or signal
waves. A spatial resolution of 15 cm was demonstrated using a bright pulse on top of a continuous
wave [9, 11] (see Figure 4-3(a)), while a dark pulse technique, i.e. shutting down one of the CW
waves for a very brief time could resolve 2 cm [12] (see Figure 4-3(b)). A variant of the bright pulse
technique, PPP-BOTDA [13], employs a Pulse Pre-Pump of lower intensity to activate the acoustic
field before a stronger interrogating pulse arrives. By analyzing the physical principles behind these
processes in the framework of this thesis, we have proposed a more recent configuration which
optimizes the response by modulating the pump using a 7 phase pulse (see Figure 4-3(c)), a
configuration we call a Brillouin Echo Distributed Sensing (BEDS) [14-15]. This denomination
comes from the formal analogy in the equations with the spin echoes, as observed in nuclear
magnetic resonance, and more straightforwardly highlights the physical fact that the time stamp on
the pump experiences a pure reflection on the acoustic wave and is thus echoed on the signal

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES THESIS-EPFL N°4958 (2011)



4.3 PHYSICAL EXPLANATION OF BRILLOUIN ECHO 103

(a) Bright pulse configuration: the electro-optic modulator can be adequately set
to allow a continuous flow of pump light to activate the acoustic wave, giving
constant background amplification on the signal. The additional pump light in
the pulse is reflected and its effect is observed as an additional amplification.
This configuration is less efficient if the peak power of the pump is fixed.

(b) Dark pulse: the pump is turned off for a short period of time, so that no light is
reflected and the constant background amplification is stopped. The acoustic
wave continues vibrating during the dark pulse and the background
amplification is restored when the pump light is turned on again. The effect of
the dark pulse is observed as a “negative” gain (actually it is an absence of
gain).

(c) Phase pulse: a m phase shift is applied to the pump for a short time, so that the
reflected light interferes destructively with the signal, equivalent to a Brillouin
loss process. The response is identical to the dark pulse, but is twice as large
for an identical pump power and is thus most efficient.

Figure 4-3: (a) Bright pulse, (b) dark pulse, (c) © phase pulse.

4.3 Physical explanation of Brillouin echo

The implementation of BEDS is realized by propagating continuous pump and signal waves
through the sensing fibre at the proper frequencies for the Brillouin interaction and by abruptly and
briefly shifting the phase of the CW pump wave by 7 during a time much shorter than the phonon
lifetime 7x. During this very short period of time, the acoustic wave does not have time to
noticeably change its phase and amplitude thanks to its inertial behaviour, so that the pump will be
reflected completely out of phase during the brief 7 phase shift, when compared to the normal
steady-state gain situation. A destructive interference on the signal results from this pump reflection
observed as a small apparent loss on the signal waveform. This brief reflection on the pre-existing
acoustic wave is called the first echo and its magnitude is proportional to the amplitude of the
steady acoustic wave generated by the continuous counter-propagating optical waves. When the
phase of the pump returns to its initial state, the normal steady state gain situation is restored.
Nevertheless, the acoustic wave slightly changes its amplitude and phase during the pump phase
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pulse and then returns slowly to its initial state during a typical time on the order of a few za. This
creates a small deficit in gain during this period, which manifests itself as a trailing and decaying
loss over the signal waveform. This effect is observed as a long-lasting second echo and is clearly
detrimental to the measurement, since it gives a trailing signal that may interfere at later positions
with the correct information given by the first echo. While the relative importance of the second
echo, when compared to the first main echo, decreases for shorter pulses, it is highly desirable to
completely eliminate its effects.

Here, we further investigate the Brillouin back-scattered signals, following 7 phase shifted pump
pulses and we show an optimized implementation that gives real metrological measurements, while
detailing the reasons for the physical response of the system. Experimentally, we demonstrate a
spatial resolution down to 5 cm (with only 256 averages), with a Brillouin linewidth identical to the
natural one, thereby simultaneously achieving high sensitivity for temperature/strain measurements
and high spatial resolution. Using a physical filtering method, measured data can be processed
resulting in attenuated second echoes, as well as using an experimentally double pulse technique
[14], later judiciously implemented in a pure intensity-based scheme [16], second echoes can be
totally screened. The Scm spatial resolution capabilities of BEDS extended to 5 km without any
pump depletion penalty.

4.4 Theoretical description of Brillouin echo

As addressed in Section 4.2, recent developments have concentrated on separating the generation
of the acoustic field from its probing by superimposing a pulse on the CW pump. This scenario can
be mathematically investigated by solving the three coupled Egs. (4.1). Since we are interested in
high-spatial resolution, where a CW or quasi-CW pump pulse wave is comparable/shorter than the
acoustic lifetime 7, the steady state condition valid as stated in Section. 2.2.1.4 is no longer valid,
thus the transient analysis of Egs. (4.1) must be carried out. Besides the approximation made on the
acoustic wave, the following three other reasonable approximations were considered before finding
a general analytic solution.

(1) The effect of linear attenuation of light is neglected over the region where the waves
interact.

(i1) (i1) The interaction is supposed to be weak enough that the pump depletion can be
neglected, i.e. 4,(z) becomes constant and, hence, Eq. (4.1a) does not need to be taken
into account.

(i11)  (i11) The signal gain is so small that its wave amplitude can be approximated using a

perturbation approach by 4 (z,t)=4"+a (z,t) Wwith ax(z,t)|<<‘AS0

, where A4’is a

continuous constant wave and ay(z,t) is a small varying term resulting from the Brillouin
amplification. Consequently, 45 can be considered as a constant in the right terms of Eqgs.
(2.41), and only as is considered when 4 is differentiated, as in the left-hand term of Eq.
(2.41D).

Under these assumptions, Egs. (2.41) become:
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da,(z,t) 1 da(zt) .1

=—i—g A (2,H)0 (z,1); 4.9
a0 G (4.9)
DT 0z 1)=ig 4, (504 (4.9b)

To calculate the analytical solution of Egs. (4.9), let us consider a very short segment of fibre
extending from position z, to zptAz being much shorter than the distance over which light
propagates during the pump pulse length 7, and the acoustic lifetime 7. The rest of the fibre is then
assumed to be off resonance for stimulated Brillouin scattering and no elctrostriction is observed
(g1=0). The interaction area is represented by a bounded distribution of the electrostriction

( g,(z)=g!|u(z—2, )u(z—2z,~Az)]), where u conventionnally represents the Heaviside unit step

function. Here we point out that there is no loss of generality in considering an isolated interaction
over one segment, since the system of equations subject to our approximations is linear in g;. If the
fibre comprises any number of concatenated segments with arbitrary g;, Qp and I, the solution can
be found separately for each segment and the total solution for as is simply given by the sum of the
separated solutions.

Since the pump has been considered un-depleted, the pump envelope A4,(z,f) is thus only function of
the quantity #-z/(Vy=c/n). Figure 4-4 represents the general situation of a time-domain pump pulse
coding. The pump wave amplitude for a general square pulse can be expressed by

A (z,0)=A" {au {mo—Vi}( fa)u (r—Vig}{ y—B)u (r—TViH : (4.10)

4 4

where the dimensionless «, £, y are arbitrary (including complex) amplitudes and durations.
Therefore a solution covering all configurations reported in the literature [9, 12-15] could be
established. The time when the pulse enters the fibre is represented by #y. The pump wave is starting
since long time (©>>#=2z¢/V,) because only the impact of pump variation on the signal was

t t +I t

Figure 4-4: Pump coding waveform, where «, £, and ycan be either real or complex. The
duration of the f part of the pump pulse, T, will determine the spatial resolution.
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considered. Moreover, we assume an infinite rise-time waveform to simplify the pump equation.
Using this pump temporal distribution, Eqgs.(4.9) were solved analytically in the Laplace domain
(see Appendix B and C). Thus, the general analytical solution for a CW input signal and a pump
wave comprising three concatenated square pulses having arbitrary (including complex) amplitudes
and durations for a short interaction length Az, (impulse response), is given by:

2
A’Az

a, (z,t) = —%g‘Az

o5
8 g
+B| B - (ﬂ - a)e_rA[t_ZZl‘%gz] {u[t 2z, - zJ ~ u[t e zz%/_ z]] , (4.11)
8 8

where g=g,g,. This expression is clearly made of three different terms (which vanish respectively
for a==y=0). Eq. (4.11) is explained as follow: First, a constant gain is observed before the
presence of the pulse represented by the factor . Secondly, the interaction starts with the onset of
the second term that manifests itself as an abrupt signal amplitude change accompanied by
exponential growths during the pump pulse duration 7. Thirdly, when the pump pulse ends, the
second term stops contributing and the third term takes place over the step amplitude that shows the
same slow exponential growth. The general analytical solution for a homogeneous long and finite
segment can be found in Appendix C (Eq. (B.11)).
For the three way of making Brillouin echoes, the parameters «, £, y are set are follow:

a=1,=2,y =1, 1is the optimum setting for the bright pulse (4.12a)
a=1,=0,y=1, is the setting for the dark pulse (4.12b)
a=1,p=-1, y=1, is the setting for the 7 phase shift pulse (4.12¢)

We will

analyze here

a particular

situation,

where a 5cm fibre

section with

Qp(5cm)/2n=10.86GHz is spliced between two longer sections, 20 m each, of a different fibre,
having Qz(20 m)/27=10.73GHz. Both fibres share a Brillouin bandwidth of 27 MHz. The power of
the signal as it emerges from the fibre is given by:

2

P(z=0,0,0) || =

A +a,
|4 +2Re[ 474 (z=0.0,0) |+]a,[ (4.13)

2
0
A
s

Brillouin
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since |a > << Re[Af*a: (z=0,Q, t):' Jlas|* was taken to be equal to zero.

(=2

(3]

Brillouin response [a. u.]

77777777777777777777777777777777777777777

19.6 19.7 19.8 199 20 20.1 . 20.2 20.3 20.4 20.5
Position along the fibre [m]

o

Figure 4-5: Brillouin signal from a 5 cm section, spliced in the middle, of a 40 m fibre, whose
Brillouin frequency is detuned by 140 MHz from that of the 5 cm section. Q is tuned to the 5cm
section Brillouin frequency. The f pump pulse is 500 ps long. A: bright pulse; B: dark pulse; C: &t
phase shift pulse.

Figure 4-5 presents the results for the pulse of Figure 4-4 with 7,>>7, (to allow full pre-

activation of the acoustic field), 7= 500 ps and Q=Qp(5cm)/21=10.86GHz. Results for the Brillouin
signal, Ppginouin, are shown for a bright pulse, a dark pulse, and a 7 phase shift pulse with the setting
parameters defined in Egs. (4.12).

Originally a function of time, the curves of Figure 4-5 monitor the interaction of the narrow £
pump pulse with the counter-propagating signal wave. When the propagating narrow £ pulse resides
in either of the 20 m sections (i.e., at distances outside the 5 cm section), it marginally affects the
Brillouin signal, which is mainly due to the off-resonance ( vg(5 cm)— v3(20 m)=140 MHz) action
of the @ and ypulses in the two long 20 m sections, with a relatively small portion being contributed
by the on-resonance but very short 5 cm section. Thus, as long as the £ pulse is away from the 5 cm
section, the Brillouin signal can be expressed by:

P, ouin (B pulse outside the 5 cmsection)=2 Re(as)2 vaom(@ YA s (a, ;/)) (4.14)

for clarity we have assumed that AJ=l,a,,.(a,7) and a  (a,y) are the Brillouin

5,5 cm
contributions of the 20 m and 5 cm, respectively, and we ignored the contribution of the short
detuned £ pulse to the Brillouin signal from the long sections. When the £ pulse resides in the Scm
section, the section contribution varies with the coding scheme, resulting in (note:

as,Scm (ﬂzl)zax,Scm (a=1, 7:l)=_ax,5cm (ﬂ:_l) and as,Scm (ﬂzz)zzas,Scm (ﬂ:l) ) as ShOWl’l in the
following equation:
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2Re (as,2 vaom (@=L y=D+2a_,  (a=l, 7/21)) Bright pulse (£=2)
P, = 2Re(a, ;a0 (@=L, 7=D)) Dark pulse (6=0)  (4.15)

(B pulse inside

Semsection) | Re(as,2 vaom(@=Ly=D—a ;. (a=l, 7/:1)) 7 shift pulse (S=-1)

Thus, at the resonance frequency of the 5 cm section (see Figure 4-5) the Brillouin signal
associated with this section (Eq. (4.15)) differs from the corresponding signal from the surrounding
sections (Eq.(4.14)) by (Eq.(4.16)) below:

2 Re (as,Scm (a:la 721)) Brlght pulse (ﬂZZ)
brillouin 4 Brillouin =1—2Re (as,Scm (a=l,y :l)) Dark pulse (£=0) (4.16)

(B pulse inside (B pulse outside

Scm section) 5cm section) _4 Re (as,Scm (a:l’ }/:1)) T Shlft pulse (ﬂ:_ 1)

Eq. (4.16), as well as Figure 4-5, clearly demonstrates that the 7z phase shift pulse provides twice
the contrast of the other methods. Thus, while all three coding schemes resolve the 5 cm section, the
7 phase shift technique results in the highest signal-to-noise ratio. As |f] increases, the performance
of the bright pulse method will asymptotically approach that of the 7z phase shift one.

The triangular shape of the calculated response from the 5 cm section is due to the fact that it
takes time for the pulse to fully enter the section, and then to fully clear it. The initial build-up of
the Brillouin pulse is not faster than the minimum between the pulse duration and the section
length. In our example, they are identical: 5 cm are translated to 500 ps and vice versa. Upon
leaving the section, the transition time is at least the pulse duration. Figure 4-6 shows the Brillouin

Frequency [GHZz]

- B =
S o> o
o A~

| Posit.ion along thé fibre. [m] |

Figure 4-6: A 2D Distance-Frequency map of Brillouin gain from a 5 cm section, spliced in the
middle of a 40 m fibre, whose Brillouin frequency is detuned by 140 MHz from that of the 5 cm
section. The Q phase shift pulse is 500 ps long. As in the experiment below, for each Q the mean
over time was removed and the redder the color the more negative are the values of the
‘2

Brillouin signal (with respect to the signal’s initial power |4;] .
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signal for the 7 phase shift pump as a function of both the distance ( =r,¢/2) and frequency

detuning Q (=@,-w,) for the same conditions as above. Similar to the other coding methods, the
5 cm section is well resolved not only in the time but also in frequency in spite of the very narrow

probing pulse (0.5 ns=I'<<7,=6 ns). But the /8 pulse, while probing the pre-excited acoustic field,
also slightly modifies it, resulting in an observed trailing edge, designated as the second echo. This
effect is clearly observed when the section under test is longer than the probing pulse.

Consider Figure 4-7, where the 5 cm section has been replaced by a 5 m one. During the
entrance of the 7 phase shift pulse (of duration 7) into the 5 m section, the signal level sharply drops
(within 7) to a level dictated by the Brillouin contributions of the f pulse at the first 5 cm of the
section and of the « pulse at the rest of the 5 m section (as well as the contributions from the & and
ypulses at the 20 m sections). As the S pulse continues its travel through the section, any length of
fibre cleared by the £ pulse becomes populated by the }/(za) pulse, and therefore the signal level

should not have changed. Instead, it continues to decrease until it saturates after a distance
equivalent to a time lapse of a few tens of nanoseconds. This behaviour is a direct consequence of

the effect of the £ pulse on the pre-excited acoustic field: the }/(za) pulse, which follows the

moving fpulse, meets a modified acoustic field, which is no longer fully matched to the counter-
propagating pump, and signal waves, and therefore, contributes /ess to the Brillouin signal.
Saturation is achieved only after a few acoustic lifetimes when the £ pulse has propagated deep
enough into the 5 m section so that the acoustic field at the beginning of the section has resumed its

u ]
(=23
» o [=;]
w w S

ponse [a.u.

Brillouin res

D
o
—on

Position along the fibre [m]

Figure 4-7: The Brillouin signal from the 5m section in a 20 m (10.73 GHz)-5 m (10.86 GHz)-20 m
(10.73 GHz) fibre, probed by a 500 ps 7z phase shift pulse. Brillouin frequency is tuned at
resonance for the 5m section (10.86 GHz). The fast-fall time is accompanied by an exponential
decrease to saturation. As the 7 phase shift pulse leaves the 5m section and enters the 20m one,
a slow recovery of the signal follows a fast rise time. The ripples are due to the relative proximity
of the Brillouin frequencies (140 MHz) of the various sections, and reflect the non-zero
contributions of the fairly long sections to the overall Brillouin signal.
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pre-p pulse value. Once the f pulse left the 5 m section, there is again a fast rise of the signal (of
duration 7) and then the above described process also manifests itself as a slow ascent of the signal
to its value characteristic of the long sections: again, for a while, the 5 m section does not contribute
its original share to the Brillouin signal. These manifestations of the second echo, and in particular
the last one, may conceal true variations of Qz or may be erroneously identified as such. It must be
mentioned that the demonstration shows fibre segments with spectrally well separated Brillouin
gains. This choice was made to distinctly show the effect of the second echo on the response, but
the second echo remains equally detrimental when the gains spectrally overlap. An improved pulse
version of the BEDS method, with no secondary echoes will be described in Section. 4.9.

4.5 Experimental implementation

Our BEDS experimental configuration, shown in Figure 4-8, is based on a simple modification
of the high-performance pump and probe set-up described in Section 3.2.2. A 1552 nm 11 mW
compact external-cavity laser diode (Redfern Integrated Optics PLANEX™ RIO0095) is used as
the light source, having an enhanced coherence (linewidth Av=23 kHz). In fact a coherence time, 7¢
=1/ 2nAv (cf. Appendix D), much longer than the phonon lifetime, 7, is required to ensure a stable
pre-activation of the acoustic wave through optical interference between the pump and signal
waves. The polarized output of the laser diode is split into two distinct channels to allow both the
pump and signal waves to be derived from the same optical source (Section 3.2.2). The signal is
generated in the upper channel, where an integrated electro-optic intensity modulator, driven by a
microwave signal in a suppressed carrier configuration, creates sidebands which are launched into
one end of the sensing fibre. The lower channel is connected to the opposite end of the sensing fibre
to launch a continuous pump wave that is periodically modulated by a phase modulator, to produce

ENHES FBG

PID controller
I
I uWave gen. I:
|

) W

Isolator Fibre Sensing

Coupler

Pump phase pulse
e

’ m_’ —
_ L Computer_|

e
Trigger

Figure 4-8: Experimental set-up of the optimized BEDS system: EC-LD: external cavity laser
diode; EDFA: erbium-doped fibre amplifier; EOM: electro-optic modulator; FBG: fibre Bragg
grating; PD: photodiode.
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very short m phase pulses. Electrical pulses from a fast pulse generator (500 ps minimum pulse
duration, corresponding to a spatial resolution of 5 cm), are then applied to the phase modulator.
The output light is controlled by a polarization controller to best align pump and signal
polarizations to maximize the SBS interaction, and then boosted to 20 dBm by a high-power
EDFA-1. In order to be not limited by the electronic noise of the wideband photodetector module,
the signal at the output of the circulator, modified by the Brillouin interaction, is further amplified
by EDFA-2. Finally, a fibre Bragg grating filter (bandwidth 10 GHz) is placed in front of the
detector to eliminate the upper sideband from the signal and any residual and Rayleigh
backscattered light from the pump.

In this set-up, all stray forward propagating waves other than the signal, such as residual light
due to the finite extinction ratio of the modulator, as well as spurious reflections and Rayleigh
backscattering of the counter-propagating strong pump, all spectrally positioned at the pump
frequency, are highly suppressed by the Bragg grating, thereby minimizing optical noise [19].

The Brillouin gain spectrum is determined by scanning the microwave generator around the
Brillouin shift vs. The net Brillouin gain is then measured by converting the optical signal using a
DC-1 GHz amplified photodiode module (PD), followed by a high-pass electronic filter. The 1 GHz
bandwidth corresponds to a 350 ps rise time that is sufficient to resolve a 500 ps transition. For each
pre-set microwave frequency, the signal is acquired in the time domain by a 4 GHz digital
oscilloscope, synchronously triggered by the 7 shift pulse. EDFA 2 was placed at the output of the
circulator, rather than before the sensing fibre in the signal channel, in order to avoid pump
depletion so that the intensity of the signal does not become comparable to that of the pump,
thereby limiting the detection range and the sensing accuracy [21]-[22]. On the other hand, the
configuration of Figure 4-8 will suffer more from the optical ASE noise generated by the amplifier
EDFA-2, see Section.4.7.1.

4.6 Experimental results and discussion

To study the performance of the BEDS system, a test fibre comprising a 5 cm section of G652A
fibre, spliced in the middle of a 40 m G652D fibre, was fabricated. This creates an abrupt Brillouin
frequency shift at the transition to the centimetric section from 10.730 GHz (G652D fibre) to
10.860 GHz (G652A fibre), as a simple consequence of the difference in core doping concentration
(see Figure 4-9(b) below). An averaging of 256 waveforms per frequency step was performed,
resulting in a total acquisition time of about 8 min. Most of this time was associated with the slow
setting time of the microwave generator and the data transfer to the computer. The actual amount of
time strictly needed to fully analyze the fibre (considering 256 averages and 256 frequency steps) is
less than 10 s.

Figure 4-9a. shows the enlarged top view of the 3D distribution of the Brillouin response in the
vicinity of the 5 cm fibre section and also the calculated Brillouin frequency shift, as a function of
position (solid line) around the 5 cm fibre section. The central frequency of the Brillouin gain was
determined by fitting the raw data to a Lorentzian distribution. The uncertainty was about 0.5 MHz,
corresponding to a temperature accuracy of about 0.5 C and strain accuracy of about 8.75 pe. The
figure clearly shows that each fibre section is fully resolved both spatially and spectrally.
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Measurements were performed using a 500 ps phase pulse (5 cm resolution). The observed dynamic
margin is quite large, indicating that a still higher spatial resolution is possible, albeit with a lower
amplitude. This comes essentially from the fact that a standard DFB laser was used for those
measurements, leading to a less efficient build-up of the acoustic wave and, consequently, a more

noisy response.
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Figure 4-9: (a) 3D distribution of the Brillouin response along the sensing fibre as a function of
frequency and position, (b) Enlarged top view of the 3D distribution of the Brillouin gain in the
vicinity of the 5 cm fibre section. Since the echo response manifests itself as an apparent loss, the

signal polarity has been inverted for clarity.

30.5

!

21009

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES

THESIS-EPFL N°4958 (2011)



4.6 EXPERIMENTAL RESULTS AND DISCUSSION 113

We could experimentally confirm that the Brillouin gain spectrum remains undistorted for any
pulse width, and that the linewidth of the measured spectrum obtained by BEDS is essentially
independent of the pulse duration, as illustrated in Figure 4-10(a). Clearly, this is not the case for a
classical BOTDA method, where the linewidth is very dependent of the pulse width, and increases
as the pulse width decreases, as shown in Figure 4-10(b).
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Figure 4-10: (a) Spectral distribution of the Brillouin response measured locally by the Brillouin
echo of a m-phase pulse, for a broad range of pulse width shorter than the acoustic life-time,
showing that the measured line-width is unchanged and equal to the natural linewidth
Av;=27 MHz; (b) theoretical and measured Brillouin response line-width as function of the pulse
width for a classical BOTDA (Brillouin optical time domain analysis) and for the BEDS technique,
showing the critical dependency of the linewidth on the pulse width in the case of the BOTDA.
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Figure 4-11: (a) The scheme shows that the signal wave beats with the Brillouin spontaneous
amplified emission from long homogeneous sections; the beat frequency is higher for signal
frequencies spectrally more distant from the spontaneous amplified emission, giving rise to a
noisy beat note jamming the response, as shown in (b).

4.7 Issues related to the continuous activation of the
acoustic wave

While the underlying principle of the BEDS technique has been experimentally validated, its
application to practical sensing requires some modifications. The implementation of Figure 4-8 in
fact suffers from the following penalties:
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4.7.1 Continuous activation

So far, pre-activation of the acoustic field has been realized through the interference of a
continuous signal with a continuous pump. However, this continuous interaction along the full
length of the fibre gives rise to several detrimental effects:

(1) Pump depletion (presented in chap3), which limits both the sensing range and sensing
accuracy [21-22]. To minimize pump depletion in the set-up of Figure 4-8, EDFA-2 could not
precede the fibre under test. Its current position, after the circulator, comes at the expense of a less
attenuated amplified spontaneous emission at the detector, resulting in higher signal-beat noise.
More averaging could reduce the impact of this noise but requires longer acquisition times;

(i1) Spontaneous Brillouin noise — A continuous pump, energizing the whole length of the fibre,
generates at each section of the fibre a spontaneous Brillouin signal, centered around the local
Brillouin frequency of the section. This accumulated parasitic signal interferes with the continuous
probe wave, as it scans the frequency range of interest, to produce optical noise, see Figure 4-11.
For a long fibre with length-varying v, and a detector, which is spectrally wide open (1 GHz) to

accommodate fast  pulses, this type of optical beat noise may limit the noise floor of the sensor
[23-24].

4.7.2 Second echo

As theoretically explained in Section. 4.4, the propagating S pulse slightly modifies the acoustic
field, resulting in a non-local response of the Brillouin sensor, i.e. the measured level of the f pulse
at a given spatial point is distorted by contributions from neighboring points. The longer the f pulse,
the more severe is the effect.

Brillouin response

Figure 4-12: 3D distribution of the Brillouin response along the sensing fibre as a function of the
frequency and the position using a 500 ps 1t phase pulse. The fibre comprises a 1m section with
v of 10.86 GHz, in the middle of 40 m of fibre with 15=10.73 GHz.
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Figure 4-13: Probing a 1m section (13=10.86 GHz) in the middle of a 40m fibre
(vg=10.73 GHz), using a 500 ps 1t phase pulse and a 256 time average for each temporal trace.
(@) The Brillouin gain through the 1m section at frequency 1= 10.86 GHz, (1m section at
resonance). The marked slow descent of the signal at the beginning of the section, and the
marked slow recovery of the signal as the m phase shift pulse enters the subsequent 20 m
section, both of the order of z,~6 ns, are manifestations of the second echo; (b) measured

Brillouin gain distribution within the 1m section at position 22.53 m showing the high quality of
the measured spectrum and the unwanted presence of the second echo. Since the t phase shift
pulse actually manifests itself as an apparent Brillouin loss, the signal polarity has been inverted
for clarity.
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Figure 4-12 and Figure 4-13 show experimental results for a 500 ps phase pulse, probing a 1m
length fibre (1v3=10.86 GHz), placed in the middle of a 40 m fibre with v3=10.73 GHz. The 3D
distribution of the Brillouin response along the sensing fibre is shown in Figure 4-12 as a function
of both the frequency and spatial position. The spatial dependence of the Brillouin gain
5=10.86 GHz is shown in Figure 4-13(a) (i.e. a cut through Figure 4-12 with the original polarity
conserved) and favorably compares with Figure 4-7. (Note that in the latter, the fibre segment was
chosen to be longer (5 m) in order to exhibit the saturation characteristics of the signal.)

Instead of assuming a constant lower value throughout the 1 m section (excluding the very short
(~5 cm) fall and rise times), the signal demonstrates a slow descent towards a saturation value, not
actually reached for the 1 m section. Furthermore, following the exit of the f pulse, the signal
returns to its proper value only after a slow recovery. As explained in Section 4.4, this behavior is a
manifestation of the second echo: the slow descent in the 1 m section originates from a f-induced
perturbation of the acoustic field along a short segment of the 20 m fibre just preceding the 1 m
section. Similarly, the f-modified acoustic field in the 1 m section is responsible for the slow
recovery of the signal in the 20 m section following the 1 m section. The time scale of saturation

and recovery is essentially in the order of 2x7,. For the same reason, the Brillouin response at

vg = 10.73 GHz, Figure 4-12, still shows a non-zero signal in the 1 m section, resulting in an
ambiguous spectrum measured well within the short segment where the signal was supposed to
show a single peak at v = 10.86 GHz, as illustrated in Figure 13(b).

After having discuss the problems of continuous activation (which limits both the sensing range
and sensing accuracy) and second echo (without doubt detrimental to information retrieval), we are
now going to present in the next two sections two tools developed to avoid them: the de-
convolution method based on the post processing of the measured data by simply applying a digital
filter and the differential pulsed pump approach, capable of alleviating the detrimental effects of the
continuous pump, as well as eliminating the aftermath of the second echo.

4.8 Deconvolution method

In Eq. (4.10), we have clearly seen that the echo decays after each phase change, which is due to
the exponential terms related to the slow inertial acoustic moving. The full knowledge of the time-
domain response of the distributed Brillouin echo sensor (based on a given coding) allows de-
convolving the interfering effect of the second echo that seriously screens the real Brillouin
response of the system. Therefore, in time-domain, the measured data is the convolution between
the impulse response and real data as sketched in Figure 4-14. Thus, an operation corresponding to
an inverse convolution will reconstruct the original Brillouin response for each measurement (that
means the filter function simply processes data by making the z-transform). Here we will address
the case of the  phase pulse that is the most interesting case as formerly described. In this case, the
impulse response is obtained by simply using the setting defined in Eq. (4.12¢) in Eq. (4.11), thus
leading to the equation:
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Figure 4-14: lllustration of the convolution of Brillouin response with the impulse response of the
system showing the reversibility of convolution.

Figure 4-15 (a) and (b) representing respectively the BEDS original data and the BEDS data after
filtering (the test fibre is the sensing fibre described in Section 4.7.2). Being a digital hygh-pass

filter, this latter suppresses all continuous components, 2052Az/ V, , on the signal gain in Eq. (A.10)

and, hence, the recovery of the acoustic wave vanishes as shown in Figure 4-15 and (b). The second
echo, more visible in the classical BEDS, is now five times smaller when compared to the filtered
data. The residual second echo observed in the same figure is due to the accumulated numerical
error.
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Figure 4-15: Probing a 1 m section (3= 10.86 GHz) in the middle of a 40 m fibre (vs=10.73 GHz),
using a 500 ps 1t phase pulse and a 256 time average for each temporal trace. (a) The Brillouin gain
through the 1 m section at frequency vz=10.86 GHz, (1 m section at resonance). Measured data
(circle), processed data (star); (b) measured and processed Brillouin gain distribution within the
1 m section at position 22.53 m showing the attenuation of the second echo thanks to the
procesing, the signal polarity has been inverted for clarity.
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4.9 Differential gain approach (DGA)

4.9.1 Principle

The effects of the second echo can be experimentally eliminated by extinguishing the pump at
the end of the f pulse (i.e. considering »=0 in Figure 4-4). Thus, in the absence of any pump light
(no right term in Eq. (4.1a)), the back-propagating signal wave no longer experiences Brillouin
interaction at all points where the f pulse has already passed through. Using an additional intensity
modulator in front of the phase modulator in the pump path of Figure 4-8, the a pulse is also made
finite, long enough (~30 ns) to substantially activate the acoustic wave but not too long in order to
minimize pump depletion and optical beat noise (see Section. 4.7). Launching the pulse of Figure
4-16(b), comprising a ~30 ns long pulse, for which the last portion has been inverted (n phase shift)
will actually activate the acoustic field and probe it without the parasitic second echo. However, the
unique contribution of the short w phase shift portion of the pulse cannot be extracted unless extra
measurements are taken.

The experimental configuration is based on the set-up of Figure 4-8. The lower channel was
replaced by the branch in Figure 4-17, where an additional intensity modulator, synchronized with
the phase modulator through the pulse generator, was used to generate the £ pulse and obtained the
pulse configuration shown in Figure 4-16. Since SBS is inherently dependent on the polarization
[25], a passive polarization scrambler (see Section 3.1.4, Figure 3-7) was placed after the pump to
achieve a non-vanishing average gain at every fibre location, regardless of the actual signal
polarization at the same spatial point. In our differential gain method, two measurements are carried
out: the first measurement is performed by using the pulse described in Figure 4-16(b), while a
second measurement records the response to a uni-polar pulse, Figure 4-16(a), of the same length as
the first pulse. Taking the difference between these two measurements results in a clean Brillouin
trace characterized by a high spatial resolution, a high spectral resolution and a long range
capability.

Light

No light
£

t
7 phase shift

/ section

Zero phase shift
section

t

Figure 4-16: lllustration of the pulse configuration, as used for the differential gain approach.
(a) The probing pulse, comprising a short it phase shift portion at the end of zero phase section;
(b) A zero phase reference pulse.
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Figure 4-17: The lower channel in the set-up of BEDS with differential gain approach
integrated.

4.9.2 Experimental results and discussion

Figure 4-18 and 19 show the application of the technique to the 20 m - 1 m - 20 m fibre of
Figure 4-12 and Figure 4-13. As described above, measurements were carried out in two steps.
First, the pump power was turned on for 30 ns, resulting in a classical Brillouin trace with a low
spatial resolution as large as 3 m. Then the 30 ns compound pulse, comprising the original 29.5 ns
zero phase and an appended 0.5 ns m phase shift pulse, was launched into the fibre and this new
obtained trace was subtracted from the first one, giving the resulting response of the sole ultra short
phase pulse. The rise/fall time of the pulses is particularly critical to secure the spatial resolution
and was limited to 200 ps by our pulse generator, reasonably shorter than the m phase shift pulse

width. No second echo is observed in Figure 4-18 and Figure 4-19(a), and the Brillouin sensing is
actually strictly local.

Brillouin response

Figure 4-18: A 3D map of the Brillouin response in the 20 m-1 m-20 m fibre of Fig.9, as
obtained from the differential gain technique. No second echoes are observed.
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Figure 4-19: Using the differential gain technique to probe a 1 m section (15=10.86 GHz) in the
middle of a 40 m fibre (13=10.73 GHz), using a 500 ps 1t phase pulse and 256 time averages of each
temporal trace. (a) Compare the very clean Brillouin gain trace around the 1 m section at the 1m
section frequency (13=10.86 GHz) with that of Fig. 10a. (b) Brillouin frequency shift as a function
of position in the fibre.
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Using the same pulse parameters, the method has been also applied to a 5km fibre
(v5=10.42 GHz), where a 5 cm fibre with v3=10.30 GHz, was spliced near the far end of the long
fibre.The differential pulse-width pair technique described in Ref. 16 can be seen as a simplification
of the differential method detailed here, in which the © phase shift pulse is replaced by a dark pulse
making the actual pump pulse shorter. A 3D view is provided in Figure 4-20 (a) and (b) where

again, the 5 cm section is spatially well resolved, while preserving the ~30 MHz natural line-width
of the Brillouin gain spectrum.
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Figure 4-20: (a) 3D spectral distribution of the response as function of the position over a 5 km
fibre realized with a 5 cm spatial resolution. The 5 cm segment is too small to be distinguished;
(b) magnified view of the 3D distribution of the Brillouin response around the 5 cm fibre section,

showing that this segment at the end of the 5 km fibre is fully resolved both in space and
frequency.
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Time traces shown in Figure 4-21 document consecutive measurements performed along the 5
km long fibre with (B) and without (A) the 0.5 ns & phase pulse, together with their difference, the
bottom curve and the inset (Figure 4-22 depicts a close-up view of the (A-B) curve of Figure 4-21,
at the Brillouin resonance of the small section fibre, around the position of the Scm section,
exhibiting excellent spatial and spectral resolution). Figure 4-22(a) shows the gain as a function of
the position around the 5 cm section, when the frequency is tuned to be at the peak frequency of the
short segment, while Figure 4-22(b) describes the Brillouin frequency shift around the 5 cm fibre
section, as a function of distance, after processing of the raw traces. The 5 cm section is very well
resolved and the accuracy of the measurement is calculated to be £3°MHz for 2 standard deviations
o, corresponding to +3°C.
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Figure 4-21: Two measurements without (A) and with (B) 0.5 ns © phase pulse along the 5 km
long fibre. Inset: the difference between the two measurements, A and B, showing the signature
of the fibre equivalent to the response of the 0.5ns phase pulse. Measurements were
performed using 256 times averaging of each temporal trace.

3
Y
o

1.008[

(b)

1.006f 10.40)

2*0=3MHz

1.004 10. SSi

1.002

Brillouin response

10.30) 10xd

4550 4551 4552 4553 4554 r 4556
s S E— | 10.25L . n
4555 45555 4556 45565 4557 4557.5 4558 4558.5 4559 4556.75 4556.85 4556.95 4557.05 4557.15 4557.25 4557.35 4557.45

Brillouin frequency shift [GHz]

Position along the fibre [m] Position along the fibre [m]

Figure 4-22: (a) Brillouin response as a function of distance in the vicinity of the 5cm fibre
section; (b)Brillouin frequency shift as a function of distance at the same positions.

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES THESIS-EPFL N°4958 (2011)



4.10 PERFORMANCES OF THE TWO METHODS 125

4.10 Performances of the two methods

In Figure 4-24(a) and (b), we can see respectively comparative pictures of the Brillouin response
and the Brillouin gain spectrum for the classical BEDS, the BEDS after processing and the BEDS
differential gain approach. The summary of the performances of the de-convolution method and the
differential gain approach is detailed in Table 4-1.
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Figure 4-23: Brillouin response applying the low pass filter on the measured data and using the
differential gain technique to probe a 1 m section (13=10.86 GHz) in the middle of a 40 m fibre
(v8=10.73 GHz), using a 500 ps 1t phase pulse and 256 time averages of each temporal trace. (a)
Compare the very clean Brillouin response trace around the 1 m section at the 1m section
frequency (13=10.86 GHz) of Figure 4-19(a) with that of Figure 4-13 and Figure 4-15 (a); (b)
Compare the very clean Brillouin gain distribution within the 1 m section at position 22.53 m
with that of Figure 4-13(b) and Figure 4-15(b).
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Figure 4-24: 2 Magnified view of 2D spectral distribution of the Brillouin response around the 1 m
fibre section as function of the position over the 40 m of fibre realized with a 5cm spatial

resolution; from left to right original data; filtered data and BEDS differential gain.

Table 4-1: Summary of the performances of the two methods.

Methods

Using de-convolution Using DGA

Second echo Strongly but not totally Totally eliminated

Range Limited to maximum 1 km due to the 5 km with 5cm spatial resolution
pump depletion
Acquisition Time required for post-processing ~2 s Double time
time
Measurement Constant contrast Constant contrast
contrast

In Ref 16, a method called differential pulse-width pair is reported. This technique though is
presented by the authors with a different point of view, in which the m phase shift pulse is replaced
by a dark pulse making the actual pump pulse shorter. In Figure 4-25, a comparative measurement
to the response of these two differential techniques is presented, showing that the phase pulse

actually optimizes the response by improving the contrast by a factor 2, as expected from the
analysis in Section 4.4.
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Figure 4-25: Comparative Brillouin response of the BEDS differential gain approach and the
differential pulse-width pair technique [16], obtained under identical power and spatial
resolution conditions (5 cm), clearly showing the optimized BEDS response by a 3 dB contrast
improvement.

4.11 Conclusion

Brillouin echo distributed sensing (BEDS) has proved to be a powerful solution to realize sub-
metric spatial resolutions in Brillouin distributed measurements. An optimized configuration, using
m-phase pump pulses, was experimentally tested down to a spatial resolution of 5 cm, with a clear
margin for further improvement down to a real centimetric spatial resolution. This optimized
configuration will produce the best contrast independently of the pulse intensity, with a factor 2 of
improvement compared to other techniques based on the same approach (dark pulse, bright pulse).
This extends the dynamic range by 3 dB, which corresponds in standard loss conditions to a 5 km
extension of the sensing range.

Major difficulties related to the restoring of the acoustic wave which manifests itself as a
secondary trailing echo in the response, were successfully alleviated using a differential gain
approach. This has limited excessive pump depletion and made it possible to extend the range to
5 km, which was limited to much less than 1 km using a continuous pump or a de-convolution
method. This corresponds to 100,000 independent resolved points along the fibre and a range
extension to 10 km looks perfectly feasible, so that a system with one million resolved points along
a standard single mode fibre is likely to be proposed in the near future. It appears that BEDS
systems can become a key and powerful configuration for the next generation of Brillouin fibre
distributed sensors, combining simplicity in the hardware implementation, kilometric sensing
ranges and centimetric spatial resolution, with a temperature/strain resolution unchanged when
compared to a classical BOTDA system.
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5 Applications of BEDS

Som applications of BEDS technology in real situations will now be presented.
This chapter® is the outcome of the collaboration between our laboratory, GFO
(Group for Fibre Optics), and two others laboratories, the Geomechanics research
group for the institute from Geotechnical Engineering (IGT) at ETHZ and the Femto-
ST laboratory at Besancon University in France.

¥ This chapter is based on:
Iten M., Puzrin A.M., Hauswirth D., Foaleng-Mafang S., Beugnot J.C. and Thévenaz L. (2009). Study of a progressive
failure in soil using BEDS. Proc. of SPIE, Vol. 7503, OFS20, Edinburgh, UK.
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T.( 2010). Photonic crystal fiber mapping using Brillouin echoes distributed sensing. Optics Express, 18, 19:20136-
20142.
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Sylvestre T. (2010). Observation of Brillouin linewidth broadening in photonic crystal fiber. In proceding of 36"
European Conference and Exhibition on Optical Communication, pp. 1-3.
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5.1 Landslide monitoring using BEDS

5.1.1 Background

Nobody will forget the BP (British Petroleum) catastrophe which happened this year (2010) in
the Gulf of Mexico and the damage caused worldwide by oil spills. Other recent events remind us
that the cost of a bridge or structure collapsing is much more than economic; it affects people’s
lives, shutting down communications networks, as dramatically demonstrated by the collapses of
the Laval’s La Concorde overpass in fall 2006, the Minneapolis bridge in summer 2007 and the
Korba chimney in autumn 2009.

This means monitoring of structures such as bridges, buildings, dams, highways, tunnels,
pipelines, containers and subseas etc. is useful from the economic and security points of view [1-3].
With a proper sensing system, it is possible to obtain information about the health of a structure
which can be used for designing repair schedules and for giving early warnings of degradation that
might lead to a catastrophic failure in the long-term [2].

Several techniques exist, including satellite photos, geodetic techniques and inclinometers.
However, with these techniques, spatial resolution ranging from 5m down to 2 m is not the only
problem, there is also much uncertainty due to the hazard environment, and manpower cost is not
negligible, thus generating very high costs.

Throughout this thesis, we have studied the Brillouin fibre optic sensors in its entirety, we have
seen it shows a huge potential in the monitoring of temperature and stress allowing a
pluridisciplinary range of applications. As a result, Brillouin sensing (using standard techniques
such as BOTDA, BOTDR or BOFDA) has been developed for applications in areas such as the oil
industry and civil engineering to monitor pipeline [4-6], and the gas industry to monitor gas leaks,
perimeter security and intrusion.

Furthermore, for new applications we have mentioned that high spatial resolution of
measurement while maintaining a good accuracy and a large dynamic range are the key elements.
These requirements are not possible using classical systems such as BOTDA as described in chapter
3, where the spatial resolution is limited to 1m (this limitation is caused by Brillouin spectrum
broadening which degrades the accuracy), or other techniques such as BOCDR, this time limited by
the number of resolve points. In geotechnical engineering for example, to monitor structures and
soils, the mitigation of geohazards is an important problem. Heavy rains, typhoons and earthquakes
are the main causes of geohazards. Due to climatic changes in and extreme weather, geohazards are
spreas all over the world. To monitoring the movement of land, the current challenge lies in the
ability to distinguish the boundary between the location of the soil, which undergoes a shift, and the
part that suffers from no moving (Figure 5-1 a), meaning that a large amount of strain gauges is
required per unit length/area of the structure. Landslides need to be detected at an early stage of
their development, when the motions are still shorter than 1m, i.e. an order of magnitude lower than
a typical strain resolution obtained using traditional BOTDA systems. This imposes constraints on
the interrogator and the fibre optic cable. It implies that the interrogator must have the ability to
resolve sub-metric faults.

BEDS technology developed in the framework of this thesis was a solution to this problem since
it offers sub-metric spatial resolution and an operation principle equivalent to a classical BOTDA

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES THESIS-EPFL N°4958 (2011)



5.1 LANDSLIDE MONITORING USING BEDS 133

system, an essential quality for tests in a real environment. With the team of Prof. Puzrin, (from
Geotechnical laboratory at ETHZ) we were able to prove the applicability of BEDS for the study of
progressive failure in soil structure interaction. For the first time it became possible to accurately
observe the failure propagation at the laboratory scale [7].

5.1.2 Detection of landslide boundaries using the BEDS system:
Detection of the strain profile of a cable pulled out of sand
at the geotechnical laboratory of ETHZ, Zurich

The laboratory measurement system was realized at ETHZ and consisted of two parts: a optical
one and a geotechnical one.

e The optical part was realized out by our laboratory using the BEDS experiment described
in chapter 4, with 5 cm spatial resolution allowing for at least 20 resolved points per
meter. The optical fibre cable itself is the sensor and therefore does not affect the
stiffness of the cable or the soil. A photograph of the configuration is shown in Figure
5-2 (a). The acquisition resolution was set to 25 ps (equivalent to 0.25 cm) to realize a
good oversampling and to be only limited by the instrumental spatial resolution of 5 cm.

e The geotechnical part was carried out by the specialists from the ETHZ laboratory, a
photograph of the configuration is shown in Figure 5-2 (b). For the laboratory testing, a
2m long, 0.Im wide and 0.2m deep pullout box was used (Figure 5-1 (b)). The idea is
that a structural part embedded in soil (e.g. an anchor or a cable buried at a depth of 0.1m
in sand) can be pulled out of the soil-filled box. The pulling force was applied by a step
motor at the front tip of the box. This motor allows for controlled pullout by
displacement 0. The following two tests were performed first: a free cable test and buried
cable test.

(1) Free cable test: This test is performed to obtain the stiffness (strain-stress
dependency) for an optical cable section of length AL. For this test, the box
remains empty and an optical fibre cable is connected to a fixing point on the step
motor and to another fixing point at a chosen distance AL from the step motor.
The section AL can then be subjected to strain controlled by displacement ¢ of the
step motor. At each strain step, optical measurements are carried out.

(1))  Buried cable test: In this test the cable is buried in sand and displacement 6 was
applied to the cable by the step motor. After a preset displacement, optical
measurements are carried out. The buried cable test allows for the specification of
the distribution of shear stresses between the cable surface and the sand along the
cable length. For softer cables this information is of crucial importance for
understanding and modeling the progressive failure phenomenon.

e Another aspect of importance for the laboratory measurement is the optical fibre cable. It
must be pointed out that such an extreme spatial resolution requires particularly cautious
handling and positioning of the fibre cable, since any bending of the optical cable induces
a strain that is clearly observed in the distributed measured Brillouin spectrum. This fact
is essential to interpret correctly the measured strain distributions, since very few sections
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Soft plastic buffer
Coated fiber -

Cable Micro-anchor

show a uniform strain and the value of the zero-strain frequency is particularly hard to
determine. A partner company has produced a special strain sensing optical fibre cable
for the laboratory tests (Figure 5-1 c) without loss due to micro-bending, allowing
unproblematic handling. The cable is basically a well-protected single-mode fibre which
shows very good strain transmission properties from the outer jacket to the fibre core.

(a)

Stable zone Transition zone Moving zone

/ Moved
/ Initial __/j

Step motor Load cells Cable buried at 0.1m depth in sand

e

Polyamide protection layer

Thermoplastic
urethane outer
protection sheet

2.8 mm

Figure 5-1: (a) lllustration of the motion of the land showing the three zones concerned (stable

zone, transition zone and moving zone) and the strain transfer to the cable for a landslide at 45°
angle, (b) geometry of the pullout box used the measurements: 2 m length, 0.1 m diameter and
0.1 m depth, c) geometry (cross section) of the used optical fibre cable (left) and its photograph

(right) which shows the cable with the micro-anchor mounted.
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Figure 5-2: Geotechnical measurement laboratory land-slide set-up showing a micro anchor
mounted onto the optical fibre cable before recovering with sand (left), the pullout-box with
optical fibre cable buried in sand (right).

Free cable testing

Free cable testing was realized over a 2 m section of the cable. A comparison with similar testing
using BOTDA technology showed an excellent correlation. Small fibre slippage inside the
protection layer at relatively high strains (>1.5%) was detected. Below that value, strain applied to
the cable jacket was directly transferred to the fibre core. The data from the free cable tests was then
used to back calculate stresses and forces from the optical measurements, which could be evaluated
as a function of the independently measured load cell forces.

Buried cable testing

Buried cable testing was realized by pulling out a 2 m long cable section buried at a depth 0.1 m
in sand.Figure 5-4 shows the obtained strain data (relative to the zero strain measurement) along the
optical fibre cable for eight displacement steps controlled by the step motor. The fixation of the
cable to the step motor is at a distance of 2.83 m from the measuring unit. As can be seen in the
same figure, in the first four steps, the strain behind the fixation point is zero. At larger
displacement steps the strain profile propagates behind the fixation point, most probably due to the
slippage of the glass fibre inside the cable.
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Figure 5-4: Measured strain for each load step 6 applied to the fibre cable: For each
load step & distributed measurements was carried out. Measured was obtained using
BEDS experimental set-up with 5 cm spatial resolution allowing for at least 20 resolved
points per meter. The Brillouin frequency shift was retrieved which gave the information
on the amount of strain applied. In the first four steps, the strain behind the fixation
point (at 2.8 m) is zero while at larger displacement steps the strain profile propagates
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Figure 5-3: (a) Applied displacement as a function of the measured displacement
(retrieved from numerical integration of the entire strain in the cable), (b) applied force
versus optically measured pullout force. The measured and the applied values are
consistent.

Numerical integration of the entire strain in the cable leads to the displacement ¢ at the fixation
point and this can also be compared with the value applied by the step motor (Figure 5-4(a)). By
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using the optically-measured maximum fibre strain at each load step, cable force P at the fixation
can then be calculated (using the formula gpe] =P [N]/0.0029 for strain showing elastic range from
0 to 9000 pe and g[pe] =258P°[N]+241P[N]+870 for strain showing elastic range above 9000
pe [16]) and compared to the applied load measured by the load cell ( Figure 5-3(b)). As can be
seen, for both values (P, J) the agreement between the optically and conventionally measured
values is very good. Geotechnical interpretation can also be find in Ref [7].

5.2 Brillouin gain spectrum measurements in Photonic
crystal fibre using BEDS

5.2.1 Background

From the introductory chapter, we know that low-loss single-mode optical fibres exist since
1970. Four years later (i.e 1974), Air-silica microstructure fibres (ASMF) were developed with the
interest of their unique optical properties and ability to manipulate light [8]. These fibres are
typically all-silica optical fibres with air-holes introduced in the cladding region that run along the
length of the fibre. Since then, we have seen the advent of air-clad optical fibres, microstructured
optical fibres (sometimes called photonic crystal fibre when the arrays of holes are periodic and
resemble a crystal) and many other subclasses [9]. Photonic-crystal fibre (PCF), a term first coined
by Philipp Russell in 1995-1997 [9], is a new class of optical fibre based on the properties of
photonic crystals. More specific categories of PCF include photonic-bandgap fibres (PCFs that
confine light by band gap effects), hollow core fibres (PCFs using air holes in their core), hole-
assisted fibres (PCFs guiding light by a conventional higher-index core and low index cladding
modified by the presence of air holes), and Bragg fibres (photonic-bandgap fibres formed by
concentric rings of multilayer film). Because of its ability to confine light in hollow cores or with
confinement characteristics not possible in conventional single-mode optical fibres, PCF is now

Fibre 1: (a) Fibre 2: (b)

Figure 5-5: Scanning electron micrograph (SEM) of the solid core PCF fibres, a)Fibre 1: 100°m
length and b)Fibre 2: 400°m length.
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finding applications in optical fibre communications, fibre lasers, nonlinear devices (high efficiency
gas-Raman cells), high-power transmission, highly-sensitive gas sensors, metrology and sensing
[10]. In fact the multi-peak Brillouin spectrum exhibited by small core PCF due to the periodic air-
hole microstructure can be an advantage for the simultaneous strain and temperature measurements.
However, when these multi-peaks overlap, the Brillouin spectrum broadens and it becomes
detrimental for the information extraction. In addition, the in-homogeneity of opto-geometrical
parameters over the fibre has a major influence on the Brillouin frequency shift. This is even more
crucial since we know that the actual challenge for higher dimensional photonic crystals fibres is in
the fabrication of these structures with sufficient precision to prevent scattering losses blurring the
crystal properties, and in drawing processes that can be as robustly mass produced as for standard
single mode fibres (SMFs).

As a matter of fact, using the BEDS technique with high spatial resolution (30 cm spatial
resolution), it has been possible to get a distributed characterization of two PCFs fibres (solid-core
fibres category) provided by a partner company Crystal Fibres [11]. The impact of structural
irregularities and strain on the Brillouin frequency shift has been evidenced. In addition, long- and
short-scale ° fluctuations in Brillouin frequency shift have been observed. We further show that it is
possible to extract the effective refractive index all along the fibre from the distributed BFS
measurements, which yields a quantitative estimation of fibre irregularities. With these
measurements performed at our laboratory at EPFL with the team of the laboratory of Besangon, we
were able to draw conclusions about the PCF fibre in-homogeneity induced by the drawing process
[12-13].

5.2.2 Mapping of two PCF fibres

The two PCF fibres under mapping are 100 m (Fibre 1) and 400 m (Fibre 2) in length,
respectively, have a hexagonal holey structure and whose scanning electron micrographs are shown
in Figure 5-5. The two PCF fibres originated from the same stack but from different intermediate
canes. The cane used to manufacture Fibre 1 was 3.8 mm in outer diameter and drawn at a relatively
high temperature (low tension). For Fibre 2, the cane was drawn with the same parameters, but the
temperature was much lower than that used for Fibrel, leading to a much higher tension during the
drawing process. At this stage, the outer diameter fluctuations of both canes were comparable, but
the air holes were slightly smaller in the cane of Fibrel than that of Fibre2. The canes were then
inserted into jacketing tubes and drawn down into fibres. Both fibres were drawn with comparable
parameters, although a slightly higher pressure was used for Fibrel to inflate the air holes. The
outer diameter fluctuations measured during the drawing process were about 2% for Fibrel and less
than 1% for Fibre2. Other parameters of the two fibres are given in Table 5-1.

? Short-scale longitudinal fluctuations were studied in Ref [8]. However it is the first time that short-scale fluctuations
were investigated in optical fibres using distributed measurements.
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Table 5-1: Parameters of PCF Fibres 1 and 2.

Fibre parameters Fibre 1 Fibre 2
Lenght 100 m 400 m

Att @ 1550nm 5 dB/km 8.6 dB/km
Aeff @ 1550nm 15 pm’ 16 pm’
Zero dispersion wavelength 1060 nm 1060 nm
Core diameter 5.5 um 5.5 um
Hole diameter 2.7 uym 2.3 pm
Pitch 4.1 pm 3.9 pm

Figure 5-6 provides the 2 D distribution of Brillouin gain along along the 100 m PCF fibre
showing the longitudinal fluctuations of the Brillouin frequency shift. As can be seen in Figure 5-7,
the distribution exhibits both long- and short-scale longitudinal fluctuations that are due to diameter
fluctuations. Particularly for Fibrel, we can identify long-scale sinusoidal variations of about 8
MHz with a half-period of the strain induced by the fibre coiling, as a half of the fibre length is
coiled on the other half. This is easily confirmed by inverting the input and output in the
measurement system. On the other hand, the short-scale longitudinal fluctuation seen in Figure5-
7 (a) (about 51 MHz every 2 m) indicates a random geometric variation of the air-hole
microstructure. By analyzing the observation, it cannot be attributed to the influence of
birefringence in the PCF, since the variation on the refractive index can be estimated to 7x10*
(using Eq. 2.24) which is well above the birefringence of the PCF (estimated phase birefringence by
simulation: ~1.5x10°, measured group birefringence ~ 5x10°°).

Figure5-7 (b) shows a 5 MHz shift in Brillouin frequency shift for Fibre 2 between 80 m and
180 m which corresponds to one layer of the fibre coil. Therefore, we are able to detect the strain
applied to one layer. The short-scale fluctuation is smaller (31 MHz, every 2-3 m of the fibre) and
can be attributed to geometrical fluctuations of the air-hole microstructure. Of the foregoing, we can
say that the longitudinal fluctuations in Brillouin frequency shift are less significant for Fibre 2 than
for Fibre 1 as the drawing process was better controlled in the former. This is verified by studying
the fast Fourier transform of the Brillouin frequency shift trace shown in the insets of Figure 5-7.
We notice that for Fibre 1, the frequencies pedestal around the main peak is wider than for Fibre 2.

In order to obtain an estimation of the diameter or microstructure fluctuations along the fibres,
the distributed effective refractive index ng from the distributed Brillouin frequency shift have been
derived using two assumptions:

(1) The main contributions to these fluctuations are due to homothetic variations of the
microstructure (i.e. to fluctuations of the outer diameter only).
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(i1) Possible longitudinal in-homogeneities of individual air holes or pitch, as well as possible
twists induced during the drawing process have been neglected.

The variation of the effective refractive index can therefore be due to different causes: applied
strain, temperature variation, longitudinal variations of the microstructure, individual air hole in-
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Figure 5-6: 2 D distribution of Brillouin gain along along the 100 m PCF fibre. The spatial
resolution and the frequency resolution are respectively 30 cm and 2 MHz.

homogeneities or variation of the pitch. Considering that the temperature does not influence the
experiment because of the short experiment duration, the impact of strain was observed in long-
scale fluctuations which indicate the effect of the fibre coiling. Moreover, the variation of the pitch
has an important impact on the effective refractive index [14].

However, several SEM-images at different sections of the fibres show that there is no
measurable variation of the pitch and singular air holes. From numerical simulation and numerical
software (Comsol), it was found that the variation of the microstructure scale is the main cause of
the variation of the effective refractive index. Thus the scale of the microstructure has been varied
since this seemed to be the most general variation. To relate geometrical variations to neg, the
dependency of nesron the microstructure scale has been computed by using the PCF cross-section of
the two two fibres via Comsol software. A simulation based on the original image (corresponding to
100%) provides a certain value for nes (1.434 for Fibre 2 and 1.432 for Fibre 1). By varying the
scale of the original SEM-image, different n.s were obtained. We have computed the local
derivation of the obtained relation between n.g and the geometrical scale around 100%. We found
that the effective refractive index changes by 2.2 x10~* (Fibre 1) and 2.0x 10~ (Fibre 2) for 1%
diameter change, when compared to the fluctuations of the effective refractive index in the fibres
using the Brillouin frequency shift formula (Eq. 2.22). The variation of the short-scale fluctuations
(51 MHz for Fibre 1 and 3+1 MHz for Fibre 2) corresponds respectively to 2.9+0.6% and
1.9+£0.6% of scale or diameter fluctuations. The large-scale variation is 4.7% (8 MHz for fibrel)
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Figure 5-7: Mapping of the Brillouin frequency shift along the a) Fibre 1 and b) Fibre 2 showing
the effect of in-homogeneities and strain. The insets show the Fourier transforms.

and 3.2% (5 MHz for Fibre 2). This means that the maximum core diameter fluctuation is
5.5£0.3 um (Fibre 1) and 5.5+0.2 pm (Fibre 2).

Since polarization and strain can influence the variation of the effective refractive index the
contribution of the structure size is expected to be below these values. This estimation confirms the
higher quality of the drawing process obtained for fibre2. Note that the fluctuations measured in the

present work are in good agreement with the specifications from state-of-the-art PCF manufacturers

[11, 15].

Table 5-2: Summary of the PCF fibres’ retrieved characteristics

Fibre parameters Fibre 1 Fibre 2

Fibre length 100 m 400 m
Short-scale fluctuations 5+1 MHz 3+1 MHz
Scale/ diameter fluctuations 2.9£0.6% 1.9£0.6%
Large-scale fluctuations 4.7% (8 MHz) 3.2% (5 MHz)
Core diameter 5.5£0.3 um 5.5£0.2 ym
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5.3 Acoustic life-time and Brillouin spectrum
measurement in Photonic crystal fibres using BEDS

From Section 5.2.2, it turned out that the Brillouin gain exhibits large- and short-scale
fluctuations and some long-scale fluctuations are due to the effect of structural irregularities.

Using the BEDS technique, it was also possible to observe (using the set-up described in Figure
4-8) at the fibre output end a damping of the scattered signal which was different to the acoustic
phonon lifetime #4. The effect of the second echo appears in Figure 5-8 (b) because of the damping
of the acoustic wave as explained in Chapter 4. Nevertheless, an asymmetric Brillouin spectrum all
along the fibre, with a mean FWHM width of 50 MHz - larger than in SMF - can be observed.
Figure 5 - 8(a) represents the Brillouin gain spectrum of Fibre 1 at a propagation distance of 85 m.
The black curve in Figure 5-8 (b) represents the maximum Brillouin gain of the same fibre at its
resonance frequency (11.059 GHz), the red line represents an exponential fit of the damping of the
scattered wave. From the same figure the acoustic lifetime ¢4 is found to be equal to ~3.8°ns which
is not directly linked to the 50 MHz line-width giving an acoustic lifetime of ~3.18 ns. However in
a single mode fibre using the same approach, the measured line-width, 28 MHz, is intimately linked
to the acoustic lifetime which was measured to be ~5.98 ns described in Section 2.2.1.4. This may
prouve that there is more than one acoustic mode interplaying each other, so more than one
Brillouin spectrum. These new characteristics mainly rely on the air-hole periodic microstructure
which impacts on the acoustic modal distribution and leads to a strong coupling between the
longitudinal and transverse acoustic modes. Since the width of the Brillouin spectrum is defined by
the damping of the acoustic wave, this effect artificially modifies the acoustic lifetime at the
Brillouin resonance. As a consequence, the Brillouin spectrum broadening may be linked to the
superposition of different Lorentz shape with a line-width equal to the silica value. The distribution

(a) (b)
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Brillouin gain specct)rum@ 85 m [a.u]
o

|
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Brillouin amplification @ 11.059 GHz [a.u]

_ 0 . . . . .
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Pump-signal frequency difference [GHZ] Position along the fibre [m]

Figure 5-8: a) Brillouin gain spectrum at position distance of 85 m with a line-width of 50 MHz
b) experimental Brillouin gain in the time domain at the fibre output end and at the peak gain
frequency. The red line represents the exponential decay fit curve to estimate the acoustic
lifetime. The set-up is described in Figure 4-8.

BRILLOUIN ECHOES FOR ADVANCED DISTRIBUTED SENSING IN OPTICAL FIBRES THESIS-EPFL N°4958 (2011)



5.4 CONCLUSION 143

of the acoustic modes is related to the propagation waveguide characteristics due to the air-hole
microstructure.

5.4 Conclusion

Throughout this chapter, we have seen the potential of the latest BEDS technology provide
solutions in real contexts. Using the BEDS technology in landslide monitoring, the cable is itself
both the structure and the strain gage, allowing for at least 20 measuring points per meter, without
affecting the stiffness of the cable or the soil. For the first time it became possible to observe the
failure propagation at the laboratory scale with an accurate precision. Furthermore, using BEDS we
have proposed and demonstrated the possibility of mapping geometrical structure fluctuations along
a photonic crystal fibre. We have been able to identify and quantify both long- and short-scale
longitudinal fluctuations in the Brillouin frequency shift resulting respectively from residual strain
due to fibre coiling and air-hole microstructure or diameter fluctuations. The homogeneity of two
solid-core photonic crystal fibres drawn from the same preform, but with a different drawing
process, has been investigated and the fluctuations logically found to be less important in the case
of a fibre fabricated with a better process control. Our results finally demonstrate the great potential
of the Brillouin echoes distributed sensing technique for small-scale optical fibre characterization.
Moreover, these results show the need for characterization of structural irregularities in fibres
before they can be used for distributed sensing. We have carried out a high spatial resolution
distributed measurement of the Brillouin gain spectrum in a photonic crystal fibre. BEDS also
allowed the direct experimental measurement of the acoustic phonon lifetime and the observation of
Brillouin linewidth broadening. In this way BEDS, can help in the fundamental understanding of
SBS and in the design of PCF in view of applications to optical-strain/temperature sensing.
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6 Optical sampling applied to optical
distributed fibre sensors

As presented in the previous chapters, novel time domain fibre sensors show sub-
metric spatial resolutions requiring a pulse width of 1 ns and shorter. The detection
and acquisition stages must be adapted accordingly, resulting in a bandwidth (BW)
of several GHz and a sampling rate of many Gigasample/s. This has of course a great
impact on the cost of the system. The response and the noise in the detection stage
also degrade proportionally to the BW, while the sensor response also decays linearly
with decreasing pulse widths. In this chapter'® we propose a technique developed to
acquire fast optical signals using low frequency detection and acquisition. It is based
on optical sampling that creates a replica of the fast signal on a much slower time
scale by a strobe effect. The performance is illustrated by comparative measurements
using a Brillouin high resolution distributed fibre sensor.

' This chapter is based on:
Foaleng S. M., Beugnot J-C. and Thévenaz L. (2009). Optical sampling technique applied to high resolution distributed
fibre sensors. Proc.OFS20, SPIE 7503, 750369-4.
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6.1 Background

As presented in the previous chapters, a substantial effort has been made for developing
distributed fibre sensors, working towards longer range and better spatial resolution. As already
known, in classical time-domain techniques the spatial resolution is given by the temporal width 7
of the pulse activating the measuring process. As a result of the group velocity in an optical fibre, a
1 m spatial resolution corresponds to a 10 ns pulse width. The detection stage must offer a sufficient
bandwidth (BW) to resolve a transition that will span over a minimum distance given by the pulse
width. A traditional relationship from signal theory fixes the minimum bandwidth necessary to
resolve the pulse as BW = 0.35/7;, so that a 1 m spatial resolution requires at least a 350 MHz
bandwidth in the detection stage. Identically, the data acquisition requires a minimum sampling rate
to resolve all changes in the signal activated by the pulse and returned from the fibre to the detector.
The Nyquist-Shannon theorem provides the condition that the sampling rate fs must be at least
equal to twice the maximum frequency contained in the signal, thus f =2 BW = 0.7/1;1. A I m
spatial resolution will thus requires a minimum sampling rate f; = 0.07 Gigasample/s in the
acquisition stage. For recently novel configurations showing submetric spatial resolutions, pulse
duration shorter than 1ns is used. The detection and acquisition stages must be adapted
accordingly, resulting in a bandwidth of several GHz and a sampling rate of many Gigasample/s.
This has of course a great impact on the cost of the system, since the needed devices required to
enter in a superior category in terms of performances, with price multiplied by a very substantial
factor. Even worse, the response and the noise energy of the detection stage also degrade
proportionally to the bandwidth, while the sensor response also decays linearly with decreasing
pulse widths. These combined effects make the SNR of the global sensor response depend on the

pulse width as 2'13/2 in identical experimental conditions.

To alleviate this problem we propose a technique that offers the possibility to detect and sample
a signal covering a bandwidth of several GHz using an arbitrary low bandwidth detection stage and
a low sampling rate acquisition card. The potential and the relevance of the technique are illustrated
on a Brillouin optical time domain analyzing system (BOTDA), by comparing the response given
by a classical direct detection and the optical sampling technique. The latter has been widely used in
optical communication [3-5] for measuring the eye diagram, in pump-probe spectroscopy [6-7], in
Fourier-transform infrared spectroscopy [8], and in electronic THz spectroscopy [9] for rapid data
acquisition. To our knowledge, it is the first time that the optical sampling technique has been
proposed in distributed fibre sensors.

6.2 Principle and theory

The principle of optical sampling can be found in many scientific contributions [3-10]. Here, we
are going to describe the technique and focus on its adaptation to the distributed optical fibre
sensing. Figure 6-1 depicts the principle of the optical sampling. The upper part of the figure shows
an optical signal (which can be the temporal Brillouin gain signal) which can be for instance a
repetitive signal with period 7. Before detection this periodical signal passes through a fast optical
gate that is opned with a periodicity 7> chosen close but different to 7;. The gate is in off-sate most
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of the time except for bried time intervals 7. If the width of the optical signal is much shorter than
the typical duration of the optical signal 7;, as shown in Figure 6-1, only a brief fraction of the
optical signal is sliced out in the time domain. A sample of duration 7 is so sliced from the optical
signal and is transmitted to the detector. Since the sample periodicity is slightly different to the
signal period, a sample shifted in time is extracted at each signal period. After a low pass filtering a
replica of the original signal is obtained on a multiplied time scale, in full similarity with a
stroboscopic effect.

Let N be the number of time resolved points to extract from the signal in the time domain. The
sampling period 75 can be expressed as follows:

T=T 4, (6.1)

This means that after each period 77, the optical gate is time-shifted by 7 /N. If Tyeq 1s the real
time necessary to display the signal replica on the scope after sampling and acquire it, then Tyq =
N.T) and N true signal periods are required to scan the entire signal. If the signal must be displayed
and acquired only over a time window 7, < T randomly positioned along the entire waveform, 7, is

expressed in this case as follows:
T
Tz = Ti + W , (62)

The parameter 7 is fixed by the total length L of the sensing fibre and is given by the following

relation7; > E’ where V_ is the group velocity of the light in the fibre.
V 4
4
Fully sampling the signal over the analyzing window requires a burst of N sampling pulses and

the repetition frequency f, of the burst sequence must satisfy the condition f, <1/7,__ to avoid any

acq
temporal superposition.
The proper setting of the sampling technique requires a special care, suggesting some comments
and guidelines:

e The gate window 7, must be shorter than the activating pulse width 7 to preserve the
instrumental spatial resolution.

o The acquisition time 7, depends on the fibre length L that fixes the signal repetition rate 77,

as 1n a classical detection scheme, but also on the number of sampling points N since Tucq
=N.T; 1-

e The low pass filtering must be low enough to smooth the response from the gating device,
but large enough to observe a change at each sample step. These two competing conditions
result in a strict value for the bandwidth of the detection stage that must be exactly
BW,, =0.35/T,.
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To give an example how the system must be properly set, the parameters selected for the
illustrative measurements shown below were calculated as follow.

L=22Km->T =T, =25us > BW, =14kHz N =2500->T7, =25.010us; Tacq =62.5ms;
fz =13Hz
AN
- N ™
J—I
BOTDA signal \ — \%EZV I\j _____ l\"‘l l\
_ _t,ns
Optical T2
sampling e 0N -----
gate
----- | t,ns
Low frequency
detection
M M v v v

Electrical \
signalafter | = TT— ----- W’w_]
sampling

t,ms

Figure 6-1: Set-up of generation of the optical sampling signal.

6.3 Experimental set-up

Figure 6-2 represents the experimental set-up used for demonstrating the potentiality of the
optical sampling technique. The first box represents a classical time-of-flight distributed
measurement system, in the present case a low noise BOTDA system described in detail in chapter
3 (Figure 3-10) was used. Generator-1 supplied the activating pump pulses of width 7. In the
BOTDA system the pump pulse width 7. The second part describes the specific sampling
configuration where a semiconductor optical amplifier (SOA) is used to create an optical gate
driven by bursts of short electrical pulses (width 73) on its electrodes supplied by Generator-2. The
gate window 7, was set to 8 ns which is the shortest pulse width supplied by Generator-2. Time
jitter was minimized by using a 10 MHz master clock to drive both generators.

A low frequency detection stage was used to allow a high gain and low noise detection for the
optical signal. The gain of the preamplifier was set, so that the bandwidth of the detection stage
exactly matches the bandwidth required for the acquisition. The sampled and filtered signal is then
visualized on a low frequency oscilloscope triggered by the master clock.

In the BOTDA system the pump pulse width 7, was set to 20 ns (2 m spatial resolution);
therefore the 8 ns gate width 7, does not limit the spatial resolution. A special test fibre arrangement
made of 2 m, 1 m and 0.5 m sections of G657B fibres placed in the middle of a 2.2 km G652D
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fibre, as depicted in Figure 6-3, was analyzed. The Brillouin frequency of the short sections is
shifted by 173 MHz compared to the rest of the fibre.

| Delay&clock | . Trigger .| Low
. generator frequency
: | | acquisition
BOTDA :
system : Optical o0 )
Optical output : |__gate J
to the detection:
i stage
Optical path

Electrical path

Figure 6-2: Complete set-up for optical sampling applied to distributed Brillouin sensing system.
BOTDA: Brillouin time domain analysis.

6.4 Experimental results and discussion

A special test fibre arrangement made of 2m, 1m and 0.5m sections of G657B fibres placed in
the middle of a 2.2km G652D fibre, as depicted in Figure 6-3, was analyzed. The Brillouin
frequency of the short sections was shifted by 173MHz compared to the rest of the fibre. Figure 6-4
represents the 3D Brillouin gain distribution as a function of frequency and distance along the fibre.
The measurement performed with a 2 m spatial resolution clearly shows the presence of the
Brillouin frequency shifted segments. The 2 m section is fully resolved, while the 1 m and 0.5m
sections are only partially resolved but still clearly detected. The time traces shown in Figure 6-5 (a)
and (b) represent the detected local Brillouin gain measured at the resonance frequencies of the
G657B fibre by respectively using a classical detection scheme and the optical sampling technique.

2m 1m 0.5m
G657B fibre G657B fibre G657B fibre

1.1 Km 5m 6.10 m 1.1 Km
G652D fibre G652D fibre G652D fibre G652D fibre

Figure 6-3: Fibre sensor arrangement used for the comparative tests. At a wavelength of
1557 nm the Brillouin resonance of the fibres is 13 = 10.693 GHz for the G652D fibre and
vg= 10.520 GHz for the G657B fibre.
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The fluctuations observed in these two traces are due to the fact that SBS is inherently dependent on
the polarization [12].

Figure 6-5 (a) is a Brillouin gain measurement performed by using a classical detection scheme
using a 125°MHz bandwidth detector. The corresponding optical signal measured using the optical
sampling technique (100°kHz), a low frequency detector and a low performance digital oscilloscope
at the frequency resonance of the long segment fibre (10.693°GHz) is shown in Figure 6-5 (b). The
fluctuations observed in the two traces are due to the fact that SBS is inherently dependent on the
polarization [12]. The aspect of the two traces is very similar and the noise looks much better
controlled in the case of the optical sampling.

To check the adequacy of the optical sampling technique with a complete Brillouin analysis and
the possibility of measuring an arbitrary time window, measurements have been realized using the
same test fibre by scanning the signal frequency around the Brillouin Stokes frequency of the two
types of short section fibres (G657B) and by restricting the acquisition on a time window centered
on the 2 m, 1 m and 0.5 m fibre segments. The time traces shown in Figure 6-6(a) and (b) represent
the local Brillouin gain measured at the resonance frequencies in the G652D fibre. These
measurements were performed by a classical detection scheme using a 125 MHz bandwidth
detector (Figure 6-6(a) and the corresponding optical signal measured using the optical sampling
technique with a low frequency detector (100°kHz) and a low performance digital oscilloscope
(Figure 6-6(b)).

The aspect of the two traces is very similar. The time scale is expanded over more than 3 decades
and the original time value can be easily retrieved from the relations given in section 2 by simply
dividing the acquisition time scale by N. However, a critical point is the acquisition time that is
clearly extended as a result of the time scale expansion. A simple inspection of the situation shows
that the noise reduction results in a reduced number of averaging that exactly compensates the extra
acquisition time when compared to the direct detection technique.

- - -
- N w
bt d g

Normalized Brillouin gain
—
Lottt

1.100

oo
a 140 1055 o
"ong 4, ' 1.150 105 ¢
e fip 1.1640 <
ey 10.45

Figure 6-4: 3D plot of the distribution of the Brillouin gain of the central region of the fibre
arrangement shown in Figure 6-3. The short segments made of distinct fibres are clearly visible.
The acquisition is realized using the optical sampling technique with a 64 times averaging.
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Figure 6-5: Brillouin gain as function of the position in the fibre at the frequency resonance of the
long segment fibre (10.693 GHz) measured (a) using direct detection i.e. high frequency detector;
(b) using the optical sampling technique and a low frequency detector.
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Figure 6-6: Brillouin gain as function of the position in the fibre at the frequency resonance of the
small segment fibre (10.520GHz) measured (a) using direct detection, i.e. high frequency detector;
and (b) the corresponding optical signal measured using the optical sampling technique and a low
frequency detector with a 64 times averaging.
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6.5 Conclusion

The possibility of using the optical sampling technique for distributed fibre measurements at
high spatial resolution was the purpose of this chapter. This technique can offer an attractive
solution to circumvent the problem of fast electronics that is not widely available, expensive and
limited in performance in terms of sensitivity and noise. The only fast electronic device is the pulse
generator that must be capable of generating pulses at the sampling resolution. The optical sampling
technique offers the advantage of optimizing the bandwidth performance of the system, and
consequently of maximizing the available gain in a given configuration. A rapid analysis of the
technique shows that the effective electrical signal at the output of the detection stage is of similar
amplitude for the direct and the sampling techniques: the amount of light on the detector is reduced
by a factor equal to the duty cycle of the optical gating, but the gain on the pre-amplification stage
can be raised in the same proportion as a result of the bandwidth reduction. It can thus be concluded
that the optical sampling technique does not cause any impairment of performance if it is properly
set up and brings the decisive benefit to improve the potential resolution of a distributed sensor
without requiring an advanced instrumentation, however the jitter can be a big issue. Optical
sampling offers an attractive solution for the next generation of high spatial resolution optical fibre
Sensors.
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Conclusion

«Ce qui est simple est toujours faux, mais ce qui ne ’est pas est inapplicable»
PAUL VALERY, 1942

By proposing an interesting approach to solve the problem of the spatial
resolution in distributed Brillouin sensors, this thesis has resulted in a number of
contributions that may help to better understand the Brillouin sensor and to build a
better set-up. Moreover, throughout this work, we have pointed out the problems and
propose solutions to resolve the raised questions. In this chapter we will summarize
the work presented in previous chapters, discuss the overall significance of our
findings and how they can inspire the future technology.
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7.1 Original contributions

The distributed optical fibre sensor based on the properties of Brillouin scattering is the central
object of this thesis.

A full development of a groundbreaking technique in optical fibre sensors has been performed,
designated as “Brillouin Echo Distributed Sensing (BEDS)”, making possible continuously
distributed measurements with a high spatial resolution (down to Scm) over a long distance (5 km),
representing 100’000 resolved points has been performed.

The key of the entire idea resides in the exploitation of the inertial behaviour of the acoustic
wave in the optical fibre with respect to the optical wave in an optimized configuration, using 7~
phase pump pulses. This has made possible to break the trade-off between the spatial resolution and
the measurand accuracy related to the effective Brillouin linewidth. This not only represents an
innovative approach, but also brings significant improvements in terms of spatial resolution,
dynamic and distance range in the Brillouin sensing systems.

Modelling and experimental demonstration have lead to the evidence that non-linear effects as
pump depletion due to SBS, modulation instability and Raman scattering are the most limiting
phenomena on the performances of the Brillouin Sensors.

7.1.1 Brillouin sensor and its limitations

We have first investigated the limitations to the classical Brillouin sensor. When intense pump
pulses propagate along the fibre, however, the optical signals can be seriously degraded by several
nonlinear interactions occurring within the fibre. The most critical nonlinear effects are those in
which the background noise is amplified while co-propagating with the pump pulse such as pump
depletion due to stimulated Brillouin scattering, the self-phase modulation (SPM), the modulation
instability (MI), which occurs only in fibres presenting an anomalous dispersion at the pump
wavelength, and Raman scattering (RS).

o For the effect of pump depletion we have pushed the modeling to obtain analytical
expressions that are useful for the proper design of a BOTDA sensor and for the determination of its
immunity to depletion. This model is informative on the conditions maximizing the depletion
effect; therefore a standard configuration can be defined to control the depletion according to the
chosen configuration (one sideband or two sidebands CW signal), made of a long uniform fibre
having a length equivalent to the claimed range. The Brillouin frequency at the far end of this fibre
is shifted by locally modifying the temperature or the applied strain over a short section, albeit
longer than the spatial resolution. The amount of shift must be 61=41/4 and the measured Brillouin
shift must correspond to the real value that can be obtained by measuring the short segment only. A
common accuracy claimed in most reports and commercialized instruments are 1 MHz on the peak
gain frequency. A CW signal power must not exceed 95 uW (-10.2 dBm) to ensure that the
depletion never exceeds 14% in a very long fibre (L >Ls =20 km). This value is fairly low and is
actually far from being proved to be met in the vast majority of publications and commercial
instruments. They are thus all potentially subject to biasing errors related to depletion, errors that
are only rarely observed since the worst case situation is very unlikely to occur in real conditions.
Experimental and theoretical studies have shown that using one sideband as CW signal the
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depletion does not depend on the pump power. The contrary effect is observed when two sidebands
are used, however in this case the depletion is much smaller in the comparative situations.

o SPM-induced spectral broadening can have a significant effect on the effective gain
linewidth measured by Brillouin sensors. Modeling and experiments have undoubtedly
demonstrated that the effective gain linewidth can easily experience a two-fold increase in standard
conditions when the pulse intensity profile is Gaussian. At power and spatial resolutions used in
standard configurations, spectral broadening can be observed typically from a 5km distance.
Practically the problem can be circumvented by using a clean rectangular pulse with very sharp
rising and falling edges.

. MI and forward RS in distributed BOTDA sensors systems are detrimental and have
been evaluated experimentally and compared to a theoretical model giving a simplified expression
to predict the critical power for a given distance range. In a practical sensor the critical distance
must be longer than the actual fibre length and is bound by the nonlinear fibre length, fixing a
maximum pump power. MI turns out to be the dominant nonlinear limitation since it shows the
lowest critical power, but it can be avoided to a wide extent by using the fibre in the normal
dispersion spectral region such as a DSF in the C-band. However, Raman scattering can be avoided
only by limiting the optical pump power and therefore is the ultimate nonlinear limitation in a
distributed sensing system. Under similar conditions RS shows a critical power ~5 times larger than
MI.

7.1.2 Toward high performances sensor: Brillouin Echoes

. A general analytical solution for Brillouin distributed sensing in optical fibres with
sub-meter spatial resolution is obtained by solving the acoustical-optical coupled wave equations by
a perturbation method. The Brillouin interaction of a triad of square pump pulses with a continuous
signal is described, covering a wide range of pumping schemes. The model predicts how the
acoustic wave, the signal amplitude and the optical gain spectral profile depend upon the pumping
scheme. Sub-meter spatial resolution is demonstrated for bright-, dark- and 7=shifted interrogating
pump pulses, together with disturbing echo effects, and the results compare favorly with
experimental data. This analytical solution is an excellent tool not only for optimizing the pumping
scheme but also in post-processing the measured data to remove resolution degrading features.

o Brillouin echo distributed sensing (BEDS) has proved to be a powerful solution to
realize sub-metric spatial resolutions in Brillouin distributed measurements. An optimized
configuration, using z-phase pump pulses, was experimentally tested down to a spatial resolution of
5 cm, with a clear margin for further improvement down to a real centimetric spatial resolution.
This optimized configuration will produce the best contrast independently of the pulse intensity,
with a factor 2 of improvement compared to other techniques based on the same approach (dark
pulse, bright pulse). This extends the dynamic range by 3 dB, which corresponds in standard loss
conditions to a 5 km extension of the sensing range.

o Major difficulties are related to the restoring of the acoustic wave which manifests
itself as a secondary trailing echo in the response. During about 10 years specialists did not define
strategies to suppress this secondary echo. However a clean explanation gave by us in chapter 4 has
allowed understanding the physics behind, suppress it and find a clever way to increase the
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performances of the sensor. This was successfully done by using our differential gain approach or a
high pass numerical filter proposed in chapter 4. This has limited excessive pump depletion and
made it possible to extend the range -with 5 cm spatial resolution - up to 5 km limited by the
instrumentation and non-linear effects (which was limited to much less than 1km using a
continuous pump or a de-convolution method). This corresponds to 100,000 independent resolved
points along the fibre and a range extension to 10 km looks perfectly feasible, so that a system with
one million resolved points along a standard single mode fibre is likely to be proposed in the near
future. A techniques as dynamic grating has allowed spatial resolution down to 1 cm but requires
special polarization maintaining optical fibres. In addition, for practical point of view users will
prefer standard optical fibre for economical reasons and availability. In all cases distributed
measurements in optical fibre with spatial resolution below 3 cm becomes meaningless since the
heat naturally propagates over ~3 cm in optical fibre. It appears that BEDS systems can become a
key and powerful configuration for the next generation of Brillouin fibre distributed sensors,
combining simplicity in the hardware implementation, kilometric sensing ranges and centimetric
spatial resolution, with a temperature/strain resolution unchanged when compared to a classical
BOTDA system, as summarized in the table here after.

Technology BOTDR BOTDA BOFDA BOCDA/ BOCDR BEDS
Meaning Brillouin Brillouin Brillouin Optical | Brillouin Optical Brillouin
Optical Time Optical Time Frequency Correlation Echo
Domain Domain Domain Analysis | Domain Analysis/ Distributed
Reflectometry Analysis Reflectometry Sensing
Accuracy 20 pe to 40 pe 20 pe to 10 pe 20 pe to 40 pe 60 pe/100 pe 10 pe to 20 pe
Spatial 1m 1m 2m 1.6 mm/13 mm 0.05m
resolution
Range 30 km 30 km 5 km S5m/7.6 m Up to 5 km
[km] with 5 cm
Availability | Commercialized | Commercialize Laboratory Laboratory Laboratory
d prototype prototype prototype
Propriety One fibre end Loop required Loop required Loop required/ one | Loop required
fibre end
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. The potentialities of BEDS technology provide solutions in real contexts. Using the
BEDS technology in landslide monitoring, the cable is itself both the structure and the strain gage,
allowing for at least 20 measuring resolved points per meter. For the first time it became possible to
observe the failure propagation at the laboratory scale with an accurate precision. Furthermore,
using BEDS we have proposed and demonstrated the possibility of mapping geometrical structure
fluctuations along a photonic crystal fibre and get an accurate estimation of the microstructure
longitudinal fluctuations. The homogeneity of two solid-core photonic crystal fibres drawn from the
same perform, but with a different drawing process, has been investigated and the fluctuations
logically found to be less important in the case of a fibre fabricated with a better process control.
This demonstrates the great potential of the Brillouin echoes distributed sensing technique for
small-scale optical fibre characterization and show the need for characterization of structural
irregularities in fibres before they can be used for distributed sensing. The reported observation of
Brillouin linewidth broadening of a PCF fibre can help in the fundamental understanding of SBS in
PCF and design them in view of applications to optical-strain/temperature sensing.

7.1.3 Outlook and future directions

For the future research on Brillouin sensor my vision is that the challenge remains opened upon
very long detection distances since we now know that the major factor that limiting the detection
distance is not necessarily the linear loss in the optical fibre, but rather non-linear effects such as
pump depletion due to SBS itself, SPM, MI (that we know how to control and overpass from the
previous section), and finally RS. This later is very critical since for the moment it is very difficult
to overcome it. Techniques such as pump pulse coding or the technical transparency of the fibre
have been recently developed precisely to bypass the use of high pump powers. Another solution
could be a design of a special optical fibre to completely avoid non-linear effects.
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Appendix

In this appendix we give the details’ derivation of the three coupled SBS equations presented in
Chapter 2 following by the details of the analytic calculations leading to the general solution of a
time-domain pump pulse coding used in Chapter 4.

A Derivation of the three coupled waves equations

e Slowly varying envelopes approximations (SVEA):

A
A A
vV vV vV

Let us consider 4 the complex envelope of an electric field £ such as:

E=A(z,t)exp[j(a)t+kz)]+c.c. , (A.1)

where ® and k are respectively the angular frequency and the wave vector of E .
A(z) slowly vary over the distance 4z=/ as sketched in the figure above means: 44 <4 over the

length 4z & |AA| << |A| .

By definition, A4 = Mpe=[H) o[HA) (M <<£<|kA|
Oz 0Oz Oz A A
:(G_Aj <<|kd4|,
Z

(A2)

Of the forgoing, if A varies slightly over the distance A, the first z derivative of 4 takes very small
values in comparable units. Consequently, using Eq. (A.2) the second z derivative reads as:
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then driving to the slowly varying envelopes approximations (SVEA) expression,
2
TAl k4. (A4)
0z
Let us consider the first derivative of E which reads as:
aE aA el(wsz) + kAel(wHIa) , (AS)
0z 2|6z
The second derivative of E reads as:
2 2
oO°FE l 0° A P @A) | k aAp SO i %e[(wpnkpz) 4 2IEA &R
822 T2 %2 P oz P oz per
, , (A.6)
8 ;41; i(wyt+k,z) +21k aAp e[(prkpz) _sz e[(prkpz)
2 0z 0z per
By applying the SVEA, Eq.(A.6) can be rearranged and becomes simply:
O°E, svea 04
lk 2 ez(a) t+k z) k A z(a)pt+kpz) , A7
622 P oz 27 ve (A7)

Now let us consider the two optical waves E , and ES and the acoustic wave p (which orientations

is described in Figure above (representing the orientation of the wave vectors involved in stimulated
Brillouin scattering in optical fibre) involved in the SBS process as described in Eqs (A.8) as:

Ep:epAp (z,t)exp[j(a)pt+kpz)]+c.c., (A.8.2)
=e, A, (z,t)exp| j(@,1—k,z) J+cc. (A.8.b)
AP =0(z,1)e"" ) +cc (A.8.c)
Signal 2 id Pump =2 >
wave ES’ Wy kS wave EP’ Ops k p

ﬁ

Acoustic A,D,’.Q, q"

wave
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where e, and e are respectively the unit polarization vectors for the pump and the signal waves. 4,
and A and Q are respectively the complex envelopes of the pump, signal and acoustic waves. Their

wave vectors are defined as: Q:EP—ES. Theirs wave numbers are defined as
q:|61|:‘f< pHES‘_2‘12,3“125‘00{012:“12\30 /2}:‘Ep‘+‘lzs‘:kp+ks at the Brillouin resonance when

Q=w,—0,=C, . The propagation of the three waves is given by the following equations [2]:

. pr0E, &P

2 n NL,
VE, — =, — (A.9.a)

= on 52ES 82l_jNL 5
VZES—C—z T (A.9.b)

24 = —
OAp g2 08P _yogons v (A9.0)
or’ o

where ¢/n and V, are respectively the speed of light and the acoustic wave in the optical fibre. /" "is
the acoustic damping time related to the acoustic damping parameter by /" '=q*/}. Py is the non

linear part of the polarizations of the pump and the signal. V.Fis the divergence of the
electrostrictive for F: =VP, with P, :_7(<E;mz> / 87[)2—]/e [((E p+ES>)2 / 87[]

We begin with the equation driving the excitation of the acoustic field (Eq. (A.9.c)).
v We first solve the right-hand component.

Vﬁ=(2+i+£jﬁ=V(Vpst)

ox Oy Oz

- - \2
* & & (E+E))
(oo o), o) NETR)) A.10
(6)62 B azzJp” | T s (4.10)
- = \2
_y O(E,+E,))
8 oz

Since

2
1 [ 1 ;
2 i(o,t+k,z) i(o—kyz)

)4
1 2 i2(wyt+k,z)
=—Ade "
4 p
1 1 i(w,—o,)t+(k,+k)z

:_Azei2(a)pt+kpz)+_A?e[2(th—kpz)+lA A*e & M
4 p B p s

1 i2(w,t— 1 i k,—k
+ZAS2612(W kyz) +EAPASez(wp+ws)t+( S E ’ (All)
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2 2 2
GEM _L 1 |:8Ap ezZ(a) t+k,z) + 2k ZA2 i2(wt+k), z) 8;5 ei2(a)[,t—k[,z) _ZikSASZeiZ(aJ.\,t—kvz)i|
4

0z
(A.12)

0z Oz

oz
04 . : .
2|: 14 A i(Qt+qz) + s aAs Apez(Qqu) +i(kp +kz)ApASez(Qt+qz):| ,

Since for 2Q), frequency, there is no excitation, all terms at that frequency can be ignored

aAp ei(Qt+qz)}

2
a E;tf)t :l a 14;7 Avei(Qqu) aA a _r z(Qt+qz) +lqA
0z 2| 0z oz oz 0z
a Av A i(Qt+qz) +aﬁaA: el(QH—qz) +lqA a :el(QH-qZ)
2| &z o 0z 0Oz 0z
1 2 LRT(e) . aA :
_ A A,el( t+qz)+l A P 1(Qt+qz)+l A S el(Qqu) , A13
2[‘1 n ! Oz 4 P 0z ( )
. .04, . - 04 04" .
— q2ApASel(Qt+qz) +2ZQAS _pel(Qqu) +2lqu %el(Qqu) +2_p%el(Qt+qz)
0z oz 0z Oz
SV_EA 2 * i(Qt+qz)
=—q ' A,4e
then,
AL ~
VF =+ 8 A, A e, (A.14)
T

v’ First term of the left-hand component

azAﬁ a Q z(Qt+qz) + QaQ i(Qt+qz) +iQa_Qei(Qt+qz) _QZQez(QH-qz)
o 2| or ot ot (A.15)

SV_EA Z-Qa_Qei(QH-qz) _ lQZQei(Qqu)
ot 2

v’ Third term of the left-hand component

82A/5 SVEA 90 sy | 2 i)
= jg—=¢' t+qz) ol t+qz , A6
v" Second term of the left-hand component

QE)ZAZZ) l 8 aQ 1(Qt+qz) qZQa_Qei(Qqu) _lqz a_Qei(Qqu) _liqZQQei(Qqu)

ot oz 81‘ 0z oz 2° ot 2 (A17)
SVEA o0 1,00 , 1. A L8080 . >\
= — Q_et(Qqu) 2 _et(Qt+qz) —— 2Q ez(Qqu) 4] __ez(Qqu)
L™ 27 PR o
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Finally inserting Eqgs. A.14, A.15, A.16 and A.17 in Eq. (9.c), we obtain:

~00 1 ., . 000 o0 1 ,00 1., j 2(- o0 1 , j 7. q2 *
0% Lo rigl% 0% 1% 1o |-rig?C-too|=T9 4 4
o e (lqaz o 1y TR 4, 799 v

¢ 2 87
(A.18)
f—
~00 ., 00 1/, 2 7 q2 *
Q——iV q—+—(Q; - Q" -, Q)0="—4 A, A.19
8t a q 82 2( B B )Q 87[ y 2 ( )
Rearranging Eq we obatain:
WCC0  LOCD - 0z ig,d, (2,004 (1)
0z ot i
. 5 , (A.20)
Q-0 QI V.4
FA =1 . g1: 4
20 8Qr
Taking into account the quasi-static of the acoustic field during the interaction
V <<c= aa—Q =0, we obtain the equation for the quasi-static acoustic wave:
Z
00(z,t . .
LD 1 00 1)-ig 4, (2.) A 0
. - (A.21)
r oo Q,-Q-=Ql', 7.9
! 20 fTsax
We follow with the equation driving the optical field (Eq. (9.a)): pump
v' We first solve the right-hand component.
, =
pNL’p _ V4 0 AszvV _ V4 (Qei(Qqu)Asei(a)xt—kl\.z))
4rQ, ot 1670,
(A.22)

i(Q+a, )t i(g—k)z ’
7/ 2] k
= Ae 7 e 7
1670, 2

then,
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- |
8 ZQAsez(wp+k z il aA 6Q a) +k, z tiw AS 8Q a) +k, z
ot or o ¢ g
azp ? ia)+z w+z ilw,+k,z
1| A gyt GO0, oy e s
oF  1670,| or o o’ 0
+ia)p %A‘Yel(wp*’kpz) z(w +k,z2) . w;QAse[(prrkpz)
SVEA ] -
_ L(2 04, 6Q i(@,+k,z2) T+ 2im A @el(wﬁk z 1 o, +k,z) _wzQAvel(a}ﬁkpZ)j
1670, ar o v o ,04,

v’ Left-hand components.

(A.23)

The left-hand components can be easily derived from Eq. (A.6):

. 2 0°E oA 1 , 2 o4 . 1 ,
2 n i(@yt+k,z) i(wyt+k,z) n . i(wyt+k,z) 2 i(wyt+k,z)
VE, = 8t2p ik, ézp zk"A" +c—2{za)p atp _Ew”A”e
_lk a14}; ez(w t+k,z) ZC() aAp i(w,t+k,z)
r 0z (c/n) ot
(A.24)
Finally by inserting Eq. (A.23) and Eq. (A.24) in Eq. (9.a), we obtain:
i(Q+a, )t i(g—ky)z
aA i +k,z la) aA i(w,t+k,z T 7’_/
ik, —L e e T k) V20 e e (A.25)
P 0z (¢/ n) ot 80, c”| ”
then,
04 04 '
P L T NV (A.26)
’ 0z (c/n) ot SQOC
then considering k,=27/4,, we obtain the equation for the forward propagating pump:
04 04, iyw
r 1 L 04 (A.27)
0z «c¢ Ot 4Q0nc

We follow with the equation driving the optical field (Eq. A.9.b): signal

v We first solve the right-hand component.
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= aZA—’*E i ilw,t+k,z
PNL,s = 7 p2 . = 7 (Qel(QHqZ)Ase( ’ kp ))
4rQ, ot 1670, (A28)
i(w, )t _i(L_kL)Z > :
4 Q'4e » e ©

1670,

then,

d*P,,  sves 2 04, 00 M) i A, 9 e hr?)
NLp " Y ot ot P or A9
or’ 16 (o ks e .
”QO +2ia)pQ*%e( oty ) —Q);Q ASe( p+, )

v’ Left-hand components.
The left-hand components can be easily derived from Eq. (A.6)

2 A2 1 .
ViE -2 d ’f = —ik, O, gt | 10, 3 94, gt (A.30)
c” Ot 0z (c/n) ot

Finally by inserting Eq. (A.23) and Eq. (A.24) in Eq.(A.9.a), we obtain:

[(Q+a)s )t i(q—ks )z
[N/

04, J 0A. ; B
l-kY a_;gl((”yf*'kﬂ) _%a_tsel(th+kx2) — _8QLCZ a)?QA?e op e » (A.3 1)
c/n 0

after some simplification

aAS a)s aAv _ l]/ 3QAP , (A32)

Ky 2 - 2 a)
oz (c / n) ot SQOC
then considering k,=2nn/A,, we obtain the backward equation for the signal wave

A A ] .
a S _25 s l}/a)s Q A , (A33)
oz ¢ ot 40mne = 7

The three couples waves are then resume using Egs. (A.21), (A.27) and (A.33) as:

04, nod,

+— = igZ,pQAs
k ca , (A.34.2)
g, =
2P 4Q,nc
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0A;  n 04,

= _igz,sQ*Ap
aZ c at , (A.34.b)
o
gz,s 4Q0}’l c
aQ(gAFFAQ(Za t)=ig1AP (z, t)A: (z.0);
p (A34.c)

L -ar,  y.q

r o=
4 20 %8ar

B Acoustic field solution

Starting with the acoustic field, Laplace transformation over time applied to both Eq. (4.9b) and
Eq. (4.10) leads to the Egs. (B.1) and (B.2):

SQ(Z,S)—i—FA (Z)Q(z,s)zig1 (z)glp (Z,S)zzlf , (B.1)
1:1p (z,s)=A2 —af . (l—e[(’s )+,5 e (l—e_TS )+7 ¢
s s S

(B.2)

2

z z z
a 79 —a [*V**fo]s - [71/—4071'}
=A)| —e e +—ﬂ P ﬂe ¢

N N N

where the sign “~” denotes the Laplace transform, and s is the Laplace variable. Inserting Eq. (B.2)
in Eq. (B.1), and performing the inverse Laplace transformation, the time domain solution for the

acoustic amplitude is:

0 (0%
A4

Q(Z,t)zl'gl(z)
—I"A(z)[t-%—to—é] z
a|l-e u(tﬂo—?j , (B.3)

+(ﬁ_a) l_e—r,;(z)[t_"zgj M(Z_Vi}'(]/—ﬁ) l_e—rA(z)[t‘T‘Vzgj M{I_T_ViJ

4 4

C General solution for Signal amplitude

We first perform the Laplace transform of the right-hand term of Eq. (4.9a). Considering the
following equality, u(t-t,)u(t-t,)=u(t-t1), valid when ¢,>t,, we obtain Eq. (B.4):
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0 40
4,4,

A,(z,t) 0" (z,t)=—ig,(z) ™)

+(W*—ﬁﬂ*)u(

z
-T——
4

a’u (t+t0—Vig]+( BB~ u {t—éj

3

4

_e_rxz)[wé] {y (- ﬂ*)u{ t_T_ViH

g

_e—rf}(z)[f—yzg] {ﬂ(ﬁ*—a)u(l—Vi}f-(}/—ﬂ)(ﬂ*—a)u(t—T—i

‘)

4

, (B.4a)

To continue, we first need to calculate the Laplace transform of Eq. (4.9a), which is given by:

oa/ z,s) s . 1~ o8
oy =i e G006, (B.4b)
The homogeneous part of Eq.(A.4) is readily solved and gives
G289 _S 5 (2,5)=0, 3(9)=C,(2)e " | (B.5)
oz v

g

where Cy(z) depends on the right term of the Eq (B.4a). By inserting Eq. (B.4.a) in Eq. (B.5), we
obtain:

+—=5

oc. v
e g
0z

iz .,90 z.9), (B.6)

By using Egs. (B.5) and (B.6), the Laplace transform of the signal amplitude change is given by
the following expression:

Al Az
T
A R
ae’® + . +(77/ ﬁﬂ)sﬁ-FZ(Z) ©)
p(p -« * SAl
‘s(+r;( ))‘(7‘ﬂ)(f’” o) s
‘7(7*‘/”*)“?;(2)
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The round-trip time /=2Az/V,, characteristic of the pump-signal technique is clearly visible.
According to the configuration of a time-domain pump pulse coding described in Figure 4-4, we
integrate the signal gain from high z values (zp+Az) to small z values (zo). Then, by solving the
integral of the right-hand part of Eq. B.7 we obtain:

,%s Zg —%s V g? e_zv%s 7%5
Igl(z)e “dz =g I e ‘dz=- g2 ; 1-e ¢ |, (B.8)
zy+Az

Now let us consider that Az is much shorter than the distance over which light propagates during
the pump pulse length 7" and the acoustic time 75, Eq. (B.8) becomes

2z,
220 pr«d -0
Ve

_[81(2)6 “dz = - g%Aze | (B.9)

Considering that Az is very small and is a homogeneous segment as formerly (meaning that Qg
remains constant) assumed, the expression for signal gain (Eq. (B.7)) in the time-domain can be
read as:

2
ANz

1 0
as(z,t) = o g‘AP
A

(B.10)

where g=g'g, . The general solution for the signal amplitude and for a homogeneous long-finite

segment Az is then given by
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1 of?

A

s A

+ r;(ﬂﬂ* _QZ)(t - ZZ%—Z]_ﬂ(lB* —0{) 1_eFA[f‘;g_] M{t _T_ 220 —Z]

8

Vv

8

(7 —ﬂﬁ’*)[t _r-% _Zj

N 7r;[t722‘;%2] u(t—T_zZ;/g—Z]
(- -a)e T -1

FZU%*—aﬂP—
8

- r, t722072+2Az
Ve

220 -z + 2Az]

%

8

u(t_T_2zg—z+2AzJ

2z, —z+ 2Az]

(7 —ﬂﬂ*)[t -

_ _rz[t_zz,HzAz] u(t . 220—;—+2AZJ}
~((r-B) (B -a)e ™ +y(r-5)) 1-e v, .

(B.11)

where we neglected the offset term since the information is located in the fluctuations. In the
experiments this offset is removed by an electrical low-pass filter (see Section 4.5).

Since a real fibre is a concatenation of many short segments, extending from position z, to z,+A4z,,
(n=0 to N, N being a natural integer), each segment with its own g,, @, and TI,, the appropriate

solution a; can be obtained by summing solutions, separately calculated for each of the short
segments:

as(t,z) = nzlz(;as(t,z < zn) — as(t - [z” i éj”] _ Z,zn + Azn]u[t —Z"Jr?/#], (B.12)

8

D Impact of the coherence’s source light

The temporal coherence 7. is the time over which the phase relationship of the light remains
nearly constant. It is approximately equal to 1/4v, where Av is the bandwidth of the source. This
implies that the spectrum of the laser must as narrow as possible to have highz. To illustrate this
concept, we used the pump-signal technique presented in Chapter 3 and we recorded the signal
intensity in two different conditions: the signal is in and out of the Brillouin gain spectrum. Figures
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here below confirm that for a coherent pump laser like a frequency-stabilized external cavity laser
with a linewidth of only 23 kHz, there is no difference between the two traces when the signal is in
or out of the Brillouin spectrum. In the case that the pump linewidth is large (3 MHz) the Brillouin
gain is noisy resulting from the random phase shift induced by the incoherence of the distributed
feedback laser (DFB).

Explanation: when the coherence time 7. of the source laser is comparable to the acoustic
lifetime 74, the phase of the pump will changed at the same time than that of the acoustic wave
resulting to a noise signal. However if 7, is higher that 74, the acoustic wave will have enough time
to return to it initial phase before that the phase of the pump changes again.

(1) Laser Source: DFB laser (4v~3 MHz)
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Glossary

List of acronyms and abbreviation used troughout this thesis.

Acronyms Meaning

A/D Analog/digital

BEDS Brillouin Echoes Distributed Sensor

BFS Brillouin frequency shift

BGS Brillouin gain spectrum

BW Bandwidth

BOCDA Brillouin Optical Correlation Domain Analysis

BOCDR Brillouin Optical Correlation Domain Reflectometry

BOFDA Brillouin Optical Frequency Domain Analysis

BOTDA Brillouin Optical Time Domain Analysis

BOTDR Brillouin Optical Time Domain Reflectometry

BP British Petroleum

CwW Continuous wave light

DFB Distributed feedback

DGA Differential Gain approach

DPP Differential pulse-width pair

EDFA Erbium dopped fibre amplifier

EOM Electo-optic modulator

ETHZ Eidgendssische Technische Hochschule Ziirich
“Swiss Federal Institute of Technology Ziirich”

FBG Fibre Bragg grating

FWHM Full width at half maximum

FWM Four wave mixing

GeO, Germanium oxide or Germanium dioxide

GFO Goup For Fibre Optics

IFFT Inverse Fast Fourrier transform

ITU International telecommunication union

LD Laser diode

MI Modulation instability

NWA Network anlyzer

OTDR Optical time domain reflectometry

SBS Stimulated Brillouin scattering

SFG Sum frequency generation

SHG Second harmonic generation

SMF Single mode fibre

SRS Stimulated Raman scattering

SOA Semiconductor optical amplifier

SPM Self-phase modulation

PCF Photonic crystal fibre

PD Photo-diode

PM Polarisation maintained

SNR Signal to noise ratio

THG Third harmonic generation
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of the Brillouin gain frequency in distributed fiber sensors. In procedimg of SPIE, 21%
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Broadening and Decay Time in Photonic Crystal Fiber. Fiber Optics - IEEE Photonics
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Stiller B., Delqué M., Lee M., Foaleng S. M., Beugnot J.-C., Kudlinski A., Thévenaz L.,
Maillotte H., Sylvestre T., 2010. Effect of inhomogeneities on backward and forward
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Conference on Optical Fibre Sensors, 7503.
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Conference on Optical Fibre Sensors, 7503.

Chin S.-H., Dicaire I., Beugnot J-C., Foaleng S. M., Gonzalez-Herraez M. and Thévenaz
L., 2009. Experimental verification of the effect of slow light on molecular absorption.
Proceedings of SPIE, 20™ International Conference on Optical Fibre Sensors, 7503.
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Foaleng S. M., Beugnot J-C. and Thévenaz L., 2009. Experimental demonstration of
5 cm spatial resolution using Brillouin echoes distributed sensing (BEDS). Technical
meeting COST Action299 "FIDES"(Optical Fibers for New Challenges Facing the
Information Society), Larnaca, Cyprius, April 2nd_3th,

Chin S.-H, Dicaire 1., Beugnot J-C., Foaleng S. M., Gonzalez-Herraez M. and Thévenaz
L., 2009. Material Slow Light Does Not Enhance Beer-Lambert Absorption. Technical
meeting COST Action 299 "FIDES"(Optical Fibers for New Challenges Facing the
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Foaleng S. M., Beugnot J-C., Moshe T., and Thévenaz L., 2009. State of the art on
Brillouin Echo Distributed Sensing (BEDS). Technical meeting COST Action 299
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