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però mai se n’han anat



iv
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No seŕıa justo dejar de lado a las dos majas con quién tantas anécdotas, y la gestación de
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Abstract

Distributed optical fiber sensors DOFS are a technology that have acquired considerable im-
portance due to their applications in areas such as structural health monitoring (SHM), intrusion
detection in perimeters or the monitoring of high voltage line oil and gas pipelines. DOFS are
suitable to monitor extra-large distances, of the order of hundreds of km with a high spatial res-
olution, offering a huge quantity of resolved points. Among DOFS, those based on Brillouin and
Rayleigh scattering are in the center of attention due its capability to monitor, simultaneously,
temperature and strain. Besides, DOFS based on Rayleigh scattering can be used to perform high
frequency dynamical measurements.

Among sensors based on Brillouin scattering, Brillouin optical time-domain analysis (BOTDA)
is one of the most studied and developed techniques due to its capabilities to realize extra-large
distances measurements of strain and temperature with high spatial resolution. In the last years,
BOTDA has been the focus of research to improve its performance regarding longer sensing range,
high accuracy measurements and higher spatial resolutions, among others. One of the main prob-
lems that impair the performance of BOTDA is the second-order non local effects (NLE). Second-
order NLE affect BOTDA sensors that use two probe waves to compensate the transfer of energy
between probe wave and pump pulse. It causes a spectral distortion of the pump pulse that is
translated to measurement errors. Another consequence of second-order NLE is a limitation in the
maximum probe wave power that can be injected in the fiber limiting, in turn, the maximum sens-
ing range of the sensor. In this thesis, we theoretically and experimentally demonstrate that the
previous techniques presented to mitigate second-order NLE are only effective when the Brillouin
frequency shift (BFS) along the sensing fiber does not present strong variations. In real world,
this scenario is not realistic because of the deployment of fibers with different BFS and existence
of fiber links exposed to different environmental conditions. We present a technique that reduces
the onset of second-order NLE related to the variation of the BFS of the fiber. This technique is
based on the modulation of the frequency of the probe wave to track the variations of the BFS of
the fiber. This method has been experimentally tested and we have demonstrate, to the best of
our knowledge, the largest probe wave ever injected in a BOTDA sensing link.

Another problem that impairs the performance of BOTDA sensors is the attenuation of its
optical signals. This leads to a limit of the sensing range of the sensor. In this thesis, we present
a simple technique to provide pulse amplification to a BOTDA sensors. This technique is based
on filtering out the low frequency probe wave and managing the sensor in loss configuration in
order to have energy transferred from the probe wave to the pump pulse, which is amplified as
it conter-propagates with the probe wave through the optical fiber. Besides, the probe wave is
frequency modulated in order for the pump pulse to experience a flat total gain spectrum that
amplify equally all the spectral components of the pulse. In addition, this frequency modulation
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prevents the apparition of second-order NLE and spontaneous Brillouin scattering (SpBS), allowing
to increase the maximum optical power of the probe wave.

Another technology vastly used in DOFS is based on Rayleigh scattering. It was demonstrated
for the first time 40 years ago and has experimented an exponential growth in the last years due to
its capabilities. Second part of this thesis is based on the development of DOFS based on Rayleigh
scattering. Among the multiple techniques, phase-sensitive optical time-domain reflectometry
(φ-OTDR) is the most used due to its simplicity and measurements that provides. The basics
of φ-OTDR consists on launching a coherent optical pulse into the fiber. As the pulse travels
through the fiber multiple reflections are backscattered. These reflections interfere coherently in
the detector, generating an interference pattern which variates according to the perturbations that
affect the fiber.

One of the problems that affect φ-OTDR is the attenuation of the pulse. It reduces the
quantity of the energy that pulse contains, then the SNR of the measured signal. A possible
solution to increase the energy is to increase the amplitude or the duration of the pulse, but
these two solutions are limited by non-linear effects and loss of spatial resolution. A possible
solutions to overcome these limitations is a technique that permits to increase the pulse energy
without impairing the spatial resolution or introducing non-linear effects. This, technique known as
optical pulse compression reflectometry (OPCR), applies a matched filter to the measured signal.
However, the resultant signal presents sidelobes that impairs the SNR of the mesurement. In this
thesis, we demonstrate a technique to mitigate these sidelobes by filtering the injected signal using
a Gaussian-shape probe pulse with linear frequency modulation (LFM). Using this technique, a
reduction of 13 dB in the power of the sidelobes has been achieved compared with previous OPCR
techniques using a square-shape probe pulse.

Another limitation that impairs the performance of the φ-OTDR is fading. There are two main
sources of fading. One of them is signal fading, which comes from the destructive interference
of multiple backscattering signals. The other one is the polarization fading which results from
the combinations of two signals with different state-of-polarization (SOP). It reduces the mixing
efficiency in coherent detection and, consequently the SNR of the received signal. In this thesis,
we present a technique that simultaneously reduces both kinds of fading by launching into the
fiber four sequential pulses with different frequencies and relative SOP. To do that, each pulse
is modulated in a different optical wavelength and a differential group delay (DGD) turns the
relative SOP according to their optical wavelength. All this is done in a all-fiber setup, so it does
not introduces time penalty in the measurement. The combination of different SOP and optical
wavelengths provides measure backscattering signals statistically independent and with different
SOP so, at least one of them will not suffer fading.

Finally, φ-OTDR presents a limitation in environments where high and fast strain changes has
to be measured, such as in structural health monitoring (SHM). Phase unwrapping techniques
fail when phase difference between two consecutive samples exceeds a value of π. In this thesis, a
technique based on the measurement of two optical signals with a slightly difference of optical phase.
This difference is obtained propagating the optical signals through the two axes of a polarization-
maintaining (PM) fiber, which exhibits slightly different propagation constants. The difference
between the phase of these two signals is proportional to the phase variation induced by the
perturbation. This permits to reduce the sensitivity of the sensor and, consequently, increase the
amplitude of the perturbation that can be measured without phase-wrapping issues. In addition,
since both axes of the PM fiber exhibits an statistically independent backscattering response, both
signals can be combined in order to avoid signal fading.

In summary, in this thesis different techniques to improve the performance DOFS based on
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Brillouin and Rayleigh scattering have been presented and experimentally demonstrated. These
new techniques permit to increase the sensing range and accuracy of BOTDA measurements and
to enhance the SNR and the fading tolerance of φ-OTDR sensors.
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Resumen

Los sensores distribuidos de fibra óptica (DOFS, por sus siglas en inglés) son una tecnoloǵıa que
ha adquirido una importancia notable debido a sus propiedades en la monitorización de estructuras,
detección de intrusiones en peŕımetro y control de ĺıneas de alta tensión, oleoductos y gaseoductos.
Entre otra propiedades, los DOFS pueden monitorizar grandes distancias, del orden de cientos de
kilómetros, con una gran resolución espacial, ofreciendo una gran cantidad de puntos resueltos de
medida. Entre los DOFS, son los que están basados en dispersión Brillouin y Rayleigh los que
gozan de mayor atención debido a su capacidad de medir, de forma simultanea temperatura y
deformación mecánica. Además, los DOFS basados en dispersión Rayleigh pueden ser usados para
caracterizar medidas de vibración a altas frecuencias.

Entre los sensores basados en la dispersión Brillouin, el análisis óptico de la dispersión Brillouin
en el domino del tiempo (BOTDA, por sus siglas en inglés) es uno de los más estudiados dado que
ofrece la posibilidad de monitorizar temperatura y deformación mecánica en distancias ultra largas
ofreciendo una alta resolución espacial. En los últimos años, los sensores BOTDA has sido objeto
de mucha investigación con el objetivo de mejorar sus prestaciones como son conseguir mayores
distancias, precisión en las medidas y mayor resolución espacial entre otras.

Uno de los problemas que afecta a los sensores BOTDA son los efectos no locales de segundo
orden (second-order NLE por sus siglas en inglés). Los NLE de segundo orden afectan a los
BOTDA que usan dos ondas de prueba para compensar la transferencia de enerǵıa entre la onda
de prueba y el pulso. Sus consecuencias son una distorsión espectral del pulso de bombeo que, a su
vez, se traduce en errores en la medida y, por otra parte, una limitación de la potencia máxima de
onda de prueba que se puede inyectar en la fibra que se traduce en una disminución de la máxima
distancia a la que se puede medir. En esta tesis demostramos teóricamente y experimentalmente
que las técnicas que se hab́ıan presentado previamente para reducir los NLE de segundo orden
sólo funcionan bien cuando el perfil de desplazamiento en frecuencia Brillouin (BFS, por sus siglas
en inglés) no presenta grandes variaciones a lo largo de la fibra. Este es un escenario que en el
mundo real no se da bien por la diferencia de fibras empleadas o por las condiciones ambientales del
entorno donde están instaladas. En esta tesis se presenta una técnica que reduce el impacto del los
NLE de segundo orden cuando existen variaciones de BFS en al fibra. Esto se consigue modulando
en frecuencia la onda de prueba y haciendo que la frecuencia de modulación siga el perfil de BFS
que presenta la fibra. Este método se ha demostrado experimentalmente con la mayor potencia de
onda de prueba que jamás se ha inyectado, hasta la fecha, en un dispositivo BOTDA.

Otro de los problemas que limitan las caracteŕısticas de los sensores BOTDA es la atenuación
que sufre las ondas ópticas usadas para medir la dispersión Brillouin. Esto se traduce en una
limitación de la máxima distancia a la que puede trabajar el sensor. En esta tesis presentamos
una técnica simple que proporciona una amplificación intŕınseca de la onda pulsada en sensores
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BOTDA. Esta técnica se basa en filtrar la onda de baja frecuencia y manejar el sensor el config-
uración de pérdida. De esta forma se consigue que la transferencia de enerǵıa entre la onda de
prueba y la pulsada, cuando se contrapropagan a través de la fibra, se traduzca en una ganancia
neta de enerǵıa de la onda pulsada. Además, la onda de prueba se modula en frecuencia para
conseguir una amplificación constante en todas las componentes espectrales de la onda pulsada.
Esta modulación plana, a su vez, permite reducir la aparición de la emisión espontanea de Brillouin
(SpBS, por sus siglas en inglés) de la onda de prueba al mismo tiempo que reduce la aparición de
NLE de segundo orden.

Otra de las tecnoloǵıas ampliamente usadas en DOFS está basada en la dispersión Rayleigh.
Esta fue demostrada inicialmente hace 40 años pero no ha sido hasta los últimos años cuando su
desarrollo ha experimentado un crecimiento exponencial debido a sus propiedades. La segunda
parte de esta tesis está centrada en la contribución al desarrollo de sensores basados en este tipo
de dispersión. Entre las distintas técnicas, la reflexión óptica en el dominio del tiempo de forma
coherente (φ-OTDR, por sus siglas en inglés) es la más usada debido a su simplicidad y propiedades
que presenta como, por ejemplo, una sensibilidad extremadamente alta. La idea básica de un
sistema φ-OTDR consiste en lanzar un pulso óptico en el interior de una fibra óptica y medir
el patrón de interferencia que generan las múltiples reflexiones que el pulso genera mientras se
transmite a través de la fibra. Este patrón de interferencia depende de la fase relativa entre las
múltiples reflexiones, por lo que de la variación del patrón de interferencia se puede saber dónde
ha habido una perturbación en la fibra.

Uno de los problemas que afectan a φ-OTDR es la atenuación que sufre el pulso de sondeo. Esto
se traduce en una reducción de la enerǵıa del pulso y, como consecuencia, pérdida de SNR de la
señal medida. Una posible solución para incrementar la enerǵıa consiste en incrementar la amplitud
o la duración del pulso, pero estas soluciones presentan limitaciones por efectos no lineales y por la
degradación de la resolución espacial. Una solución que evita estas limitaciones consiste en realizar
una compresión de de pulso mediante la aplicación de un matched filter (MF) a la señal reflejada,
pero esta técnica provoca la aparición de lóbulos laterales en la señal comprimida, degradando la
SNR de la misma. En esta tesis, presentamos una técnica que usa pulsos con envolvente Gaussiana y
modulación lineal de frecuencia (LFM). Usando esta técnica se ha demostrado reducir la amplitud
de los lóbulos laterales en 13 dB respecto de las técnicas previas donde se usaban pulsos con
envolvente cuadrada.

Otra de los problemas que limitan las prestaciones de los sensores φ-OTDR es el fading. Existes
dos causas principales de fading. Por un lado está el fading de señal que es consecuencia de las
interferencias destructivas de las señales reflejadas. El otro, llamado fading de polarización, es
consecuencia del mezclado de dos señales con diferentes estados relativos de polarización (SOP,
por sus siglas en inglés). Esto puede inducir una reducción de la eficiencia de suma de ondas en
la detección coherente, lo que se traduce en una reducción de la SNR de la señal medida. En esta
tesis presentamos un sistema que reduce, de forma simultánea, ambos tipos de fading. Esta técnica
se basa en lanzar, de fora consecutiva, pulsos con diferentes frecuencias y SOP. Para hacer eso,
se modula cada pulso con una frecuencia óptica diferentes y un retardador diferencial de grupo
(DGD por sus siglas in inglés) gira el SOP de cada pulso según la frecuencia óptica del mismo. De
esta forma, mediante la combinación de pulsos con diferentes longitudes de onda óptica y SOP se
asegure que, al menos uno de los múltiples pulsos no esté afectado por fading.

Finalmente, una limitación que presenta φ-OTDR en escenarios como monitorización de grandes
estructuras, o aeronáutica, son los cambios grandes, o rápidos, de fase entre dos medidas consec-
utivas. Esto genera que, cuando el cambio de fase entre dos medidas consecutivas es mayor que
π las técnicas de reconstrucción de fase presenten un mal funcionamiento. Para combatir esta
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limitación, en esta tesis hemos presentado una técnica que usa las medidas de dos señales ópticas
con una pequeña diferencia de fase entre ellas. Esta diferencia se obtiene haciendo propagar las
señales a través de los ejes principales de una fibra mantenedora de polarización (PM), los cuales
tienen constantes de propagación ligeramente diferentes. La diferencia de fase entre las dos señales
sigue la forma de la perturbación, lo que permite medir perturbaciones que excedan la diferencia
de π entre dos medidas consecutivas.

En resumen, en esta tesis se presenta diferentes técnicas que contribuyen en la mejora de
DOFS basados en dispersión Brillouin y Rayleigh. Todas estas técnicas han sido demostradas
experimentalmente mostrando resultados prometedores. Con estas nuevas técnicas, los sensores
BOTDA pueden llegar a medir más lejos y con más precisión. Además, las técnicas encaradas a
mejorar las prestaciones basadas en dispersión Rayleigh coherente permiten mejorar la SNR de la
señal, reducir el fading que afecta a la señal medida aśı como incrementar notablemente la máxima
amplitud de la perturbación que se puede medir.
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Introduction to this thesis

Motivation of this thesis

The use of optical fibers in the field of the telecommunication industry has contributed, due to
its low optical attenuation, to reach long distances when propagating signals. Besides, as a result
of their substantial optical bandwidth, the rate of data transmission is higher when compared with
conventional radio or electric cable systems. All of this has permitted us to develop an extensive
optical fiber network around the world.

Further, their use for data transmission, another essential use of optical fiber is the development
of optical fiber sensors (OFS). Intrinsic OFS take advantage of variations that light experience in
its propagation along the fiber in response to environmental conditions. OFS can be classified into
two main groups: punctual sensors, such as fiber Bragg grating (FBG), and DOFS, which use the
whole fiber as a sensor, working as a virtual array of multiple punctual sensors.

Other sensors, such as punctual electrical sensors, use electrical cables to feed and read the
measured values of the sensor. As a consequence of the use of electrical cables, this kind of sensor
is not suitable when used in environments affected by electromagnetic interferences. In contrast,
optical fiber used in OFS is made with a dielectric material makes to this kind of sensor suitable
to be used in environments affected by electromagnetic interferences.

In addition, since in OFS the whole optical fiber is used as a sensor, all the points that fiber
covers are a candidate to be measured, whereas when the punctual sensors, all the points between
two consecutive sensors can not be measured giving an advantage of the DOFS over conventional
punctual sensors. Moreover, DOFS can be entirely developed using standard telecom fiber without
any modification, which facilitates the implementation using the existent optical fiber network.

The continuum measurements that DOFS provide permits them to be employed in large struc-
tures when a significant number of points has to be measured simultaneously. As a consequence,
the cost per sensing point is dramatically reduced.

For all these reasons, OFS has become a revolutionary technique in the field of structure health
monitoring (SHM). The use of this kind of sensors is continuously growing. During 2017, its market
value was USD 852.15 Million in 2017 and is projected to reach USD 2592.28 Million by 2025 [4].

Basically, there are three kinds of optical effects that permits to implement DOFS. First of all,
Raman scattering which permits to measure temperature. Another technique is Brillouin scat-
tering, which measures temperature and strain. Finally, Rayleigh scattering offers, in addition to
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strain and temperature variation, the possibility to deploy acoustic distributed sensors. Neverthe-
less, DOFS are not limited to strain and temperature measurement. Their field of applications
is vast and includes monitoring of large structures such as tunnels, dams, oil and gas pipelines
deformation, perimeter intrusion. In addition, DOFS can be used to detect humidity, vibrations,
nuclear radiation among others. The key to these measurements is to link the desired parameter
to temperature and /or strain measurement.

Objectives of the PhD thesis

The work done during this thesis is focused on the contribution of the improvement of the
performance of distributed optical fiber sensors (DOFS) based on BOTDA which is one of the most
studied and developed Brillouin based on sensors and phase-optical time-domain reflectometry (φ-
OTDR), one of the most studied Rayleigh distributed sensor.

During the first part of this thesis, the objective of this thesis has been focused on the im-
provement of the performances of BOTDA sensors. These improvements have been done through
an enhancement of the SNR that permits to meliorate the sensing range, spatial resolution and
accuracy of measurements.

The SNR of the BOTDA sensors depends on the optical power that sensor deploys. The
maximum optical power are limited by non local effects (NLE) and non lineal effects.

• Study and mitigation second-order NLE. This effect distorts the spectrum of the pulsed
wave which induces an error in the measured value of strain and temperature. To
prevent the apparition of second-order NLE the maximum optical power of the probe
wave is limited, therefore, the SNR of the sensor. An objective of this thesis is to modify
the prove wave in order to avoid second-order NLE then increase the maximum optical
power and the SNR of the sensor.

• The maximum optical power of the pulsed wave is limited by modulation instability.
It limits the maximum amplitude of the pulsed wave. An objective of this thesis is to
develop a system that generates intrinsic amplification over the pulsed wave therefore
increase the SNR of the sensor and, consequently, extend the sensing range and enhance
the spatial resolution an accuracy of the system.

Improvement in φ-OTDR sensors. The performance of this kind of sensors depends on the
SNR of the measured optical signal. The objective of this thesis in φ-OTDR sensors are:

• Contribute to develop a techinque that permits to increase the sensing range without
damage the spatial resolution of the sensor.

• Develop a system that permits to mitigate simultaneously polarization and signal fading
without the use of polarization diversity detection scheme.

• Contribute to the development of a system that permits to increase the dynamic range
of the measured perturbation in φ-OTDR sensors.

Structure of the thesis

In order to present and demonstrate how each one of these objectives has been carried out, the
content of this thesis has been divided into seven chapters.
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� Chapter 1: Introduction

This chapter is divided into two main parts:

First one, Brillouin scattering and its use in DOFS are presented. Then, the main tech-
niques of sensors based on Brillouin scattering, and their limitations are explained. Finally,
the BOTDA technique, which is used during the thesis, is deeply explained as well as its
limitations and how they have been avoided using techniques previously presented.

The second part of the introduction is used to introduce DOFS based on Rayleigh scattering.
First a brief explanation of the evolution of the techniques using this effect for sensing
is presented. Then, the differential phase-OTDR method and its principal limitations are
presented.

� Chapter 2: Non-Local effects mitigation by tracking of the Brillouin frequency shift (BFS)
of the fiber

This chapter introduces NLEs that affect the performance of BOTDA sensors. First, the
physical origin of this kind of limitation is presented, as well as how it has been previously
mitigated. Then, theoretically and experimentally, the apparition of second order non-local
effects (second-order NLE) is demonstrated. Finally, a new technique implemented to avoid
second-order NLE is presented.

� Chapter 3: Pump wave amplification in long-range BOTDA

This chapter describes the optical attenuation of the pulse wave and its effect over the
performance of the BOTDA sensor. Then, a technique to amplify the power of the pulse and
compensate the optical attenuation is presented.

� Chapter 4: Sidelobes apodization in optical pulse compression DAS

This chapter, the first one about DOFS based on Rayleigh scattering, is focused on extending
the measuring range without a loss of spatial resolution. Pulse compression technique and
its limitations, related to the apparition of sidelobes, are explained. Finally, a technique to
mitigate the apparition of sidelobes is theoretically and experimentally demonstrated.

� Chapter 5: Mitigation of Rayleigh and polarization fading in DAS

In this chapter, the origin of fading, which damage the signal-to-noise ratio (SNR) of the
measured signal, is introduced. Both sources of fading and previous technique that have
been introduced to avoid them are explained. Finally, a technique that mitigates all fading
effects simultaneously is theoretically and experimentally demonstrated.

� Chapter 6: High dynamic range measurements in DAS

In this chapter, a technique to increase the maximum amplitude of the perturbation that
can be measured in a DAS sensor is presented. The maximum amplitude is limited by phase
wraping. The new technique uses the phase difference between the two orthogonal signals
generated in a DAS using the two principal polarization axis in a PM fiber. This phase
difference follows the profile of the perturbation, but its amplitude is proportional to the
difference of refractive index between both axis of the PM fiber.

� Chapter 7: Conclusions and open lines

Finally, this chapter offers a summary of what has been done in each part of this thesis.
Open research lines in Brillouin and Rayleigh based on DOFS are given as well.
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CHAPTER 1

DOFS based on Brillouin and Rayleigh scattering

1.1. Scattering in optical fibers

There are different scattering effects that appear when a light beam is transmitted through
a medium. The way that scattering is generated depends on the intensity of incident light.

The first one is spontaneous scattering, which occurs when the intensity of the light transmitted
through the media does not exceed a certain threshold. In this case, the medium is not modified
by the effect of the light. In the other case, when the power of the light overcomes this threshold,
the effect is known as stimulated. In this case, the intensity of the light modifies the properties of
the medium leading to a non-linear effect.

In terms of energy, scattering phenomena are classified in elastic processes, where the energy of
the incident and scattered photons have the same energy (same frequency), and inelastic processes
where the energy of the scattered photons is different from the incident photons. In the latter, the
frequency of the emitted photon is different from the input photon.

There is another classification of scattering processes that is more useful for this thesis: ac-
cording to their nature. There are three kinds of the scattering process. The first one is Raman
scattering. This kind of scattering comes from the interactions between incident photons and
optical phonons, which have higher energy, in frequency, in the order of tens of THz (∼14 THz
in optical fibers) [5]. Brillouin scattering is the scattering of light due to their interaction with
sound waves that come from the propagation of the pressure and density waves. As an inelastic
process, where the incident light interacts with acoustic phonons, the frequency of the scattered
light changes. This process will be the focus of study in the first half part of this thesis due
to its potential to characterize strain and temperature when the process occurs in optical fibers.
Finally, among the elastic process where the energy (frequency) of the scattered light is not mod-
ified, is Rayleigh scattering. There are two kinds of Rayleigh scattering processes that come
from different interactions. The first one, called Rayleigh-wing, comes from fluctuations in the
orientation of the anisotropic molecule. Their reorientation process is very fast, so its spectral con-
tent is enormous. The other one, known as Rayleigh scattering or Rayleigh-center scattering is
the scattering produced by the interaction with a non-propagating density fluctuations [5]. This
last scattering process will occupy the second part of this thesis due to its potential to provide
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distributed vibration sensing. The frequency distribution of all the scattering process is shown in
Fig. 1.1.
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Figure 1.1: Spectrum of the different optical scattering processes in an inhomogeneous medium.
νR denote frequency of Raman scattering, νB mean frequency of Brillouin scattering process. ν0

is the frequency of the Rayleigh scattering.

1.2. Interaction between photon and acoustic phonon: Bril-

louin scattering

As mentioned in the introduction of this chapter, Brillouin scattering comes from the interaction
between incident photons and sound waves (acoustic phonons) that are propagated through the
fiber. Following the mathematical description used in [5], Brillouin scattering can be described
starting from the equation of motion for a pressure wave, which is well known from the acoustics
field and is given by:

∂2∆p

∂t2
− Γ∇2∂∆p

∂t
− v2

a∇2∆p = 0 (1.1)

In this equation the damping coefficient is given by Γ and va is the velocity of the acoustic
wave, which is given, in terms of thermodinamics variables, by:

v2
a =

(
∂p

∂ρ

)
s

=
1

Csρ
(1.2)

where Cs is the compressibility at a constant entropy and ρ is the density. The propagation of
the acoustic involved in the interaction can be described as:

∆p = ∆p0exp [i(qr − Ωt)] + c.c (1.3)

where the frequency of the acoustic wave is denoted by Ω = va|q|, and q is its wave vector.
Finally, without loss of generality, in the interaction between the incident wave and the acoustic
wave, the incident wave can be described by a monochromatic wave:



1.2. INTERACTION BETWEEN PHOTONANDACOUSTIC PHONON: BRILLOUIN SCATTERING7

E = Eoexp [i(kr − ωt)] + c.c. (1.4)

where its angular frequency and wave vector are given by ω and k.
The scattered field obeys the perturbed wave equation, which is derived from Maxwell’s equa-

tion:

∇2E − n2

c2

∂2E

∂t2
= µ0

∂2P

∂t2
(1.5)

where n and c are the index of refraction of the medium and the velocity of the light in the
vacuum, E, is the electric field and P is the polarization field induced by electric dipoles. The
relation between polarization and electric field is given by:

P = ∇χE = ∆εE (1.6)

where ∇χ is the fluctuation of the dielectric susceptibility that is translated to fluctuation of
dielectric constant, ∆ε. Variations of both, ∇χ and ∆ε result in a variation of refraction index. If
variation of refraction index is given by fluctuations of adiabatic density, such as acoustic waves,
Eq. 1.6 becomes:

P = ε0

(
∂ε

∂ρ

)(
∂ρ

∂p

)
∆pE = ε0γeCs∆pE (1.7)

Combining Eq. 1.3, 1.5 and 1.7, it gives:

∇2E − n2

c2

∂2E

∂t2
= −γeCs

c2

[
(ω − Ω)2E0∆∗pe

i((k−q)r−(ω−Ω)t) + (ω − Ω)2E0∆pe
i((k+q)r−(ω+Ω)t) + c.c.

]
(1.8)

In the last equation, the first term is related to Stokes scattering, while the second one to anti-
Stokes scattering. Frequency and vector wave are ω′ = ω − Ω and k′ = k − q for Stokes wave and
ω′′ = ω + Ω and k′′ = k + q for anti-Stokes wave. Acoustic phonons that intervene in a Brillouin
scattering process carry a momentum which value moves proportionally to the frequency of the
phonon that is, in turn, given by the acoustic velocity of the medium. Frequency and wave vector
of the incident optical field, involved in Brillouin scattering, are related by

ω = |k| c
n

(1.9)

also, the parameters that define the acoustic wave are connected by:

Ω = |q|va (1.10)

The scatter optical wave can be coupled efficiently to this component of polarization only when
its frequency, ω′ and vector wave, k′, are related, by the relation of dispersion, as:

ω′ = |k′| c
n

(1.11)

In Brillouin scattering, the frequency of the sound wave and wave vector must each have
a particular value for any particular direction in order to satisfy the requirements of Brillouin
scattering.



8 CHAPTER 1. DOFS BASED ON BRILLOUIN AND RAYLEIGH SCATTERING

1.2.1. Conservation of momentum and energy in Brillouin scattering
process

During the scattering process, both total momentum and energy are kept constant. In the case
of energy, the three waves involved in the interaction are related according to:

h

2π
ω =

h

2π
(ω′ + Ω) (1.12)

for the momentum, it follows:
hk = h(k′ + q) (1.13)

where h is the constant of Plank. Due to |k| is very similar to |k′|, since Ω is much smaller than
ω, so q and k are related as:

|q| = 2|k|sin
(
θ

2

)
(1.14)

where θ is the angle between the wave vector of the input and output optical wave. The relation
of dispersion, given by Eq. 1.10 can be described, considering that the acoustic velocity is much
smaller than light velocity, as:

Ω =
2nωva
c

sin

(
θ

2

)
(1.15)

It is found the that acoustic frequency varies between a minimum value of 0, when θ = 0 (forward
scattering), and a maximum value for a θ = π (backscattering). In this case, the acoustic frequency,
known as BFS is given by[5, 6]:

Ωmax =
2nωva
c

=
2nω

c

√
(1− κ)Y

(1− 2κ)(1 + κ)ρ
(1.16)

where κ is the Poisson ratio, Y is the Young modulus and ρ is the density of the material. For
the case of standard optical fiber working at the third communication windows (∼ 1550 nm), the
frequency shift (νa = Ω/2π) becomes 10.8 GHz.

1.2.2. Brillouin spectrum and linewidth

In the previous deduction of the acoustic wave, its attenuation has been neglegted, however the
Brillouin wave scattered has a linewidth due to the attenuation of the acoustic wave. When the
propagation of the acoustic wave (Eq. 1.3) is introduced in the acoustic wave equation (Eq. 1.5)
and it is found that q and Ω are related through a dispersion relation as follows [5]:

Ω2 = q2(va − iΩΓ) (1.17)

that can be rewritten as [5]:

q ∼ Ω

va
+
iΓB
2va

(1.18)

where ΓB = Γ2
q represents the decay rate of the phonon (also known as acoustic damping coeffi-

cient). When this expression is substituted in Eq. 1.3, the intensity of the acoustic wave varies
as [5]:

|∆p(z)|2 = |∆p(0)|2exp(−αaz) (1.19)
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αa represents the absortion coefficient of the acoustic phonon, and it is given by:

αa =
ΓB
va

(1.20)

Using the damping coefficient, ΓB, the lifetime of the acoustic phonon is given by:

τB =
1

ΓB
(1.21)

Due to the attenuation that the acoustic wave experiences, in the frequency domain, Eq. 1.19
becomes a non-monochromatic wave, leading to a Brillouin components that exhibit a Lorentzian
spectral shape given by [5]:

gB = g0
(∆νB/2)2

(ν − νB)2 + (∆νB/2)2
(1.22)

where ∆νB = ΓB/2π is the full-wave half-maximum (FWHM) Brillouin linewidth and g0 represents
the maximum value of the Brillouin gain in the resonance, where ν = νB.

1.2.3. Stimulated Brillouin scattering in optical fibers

As said, when the intensity of the incident optical beam is low, the system works in a linear
regime without modifying the characteristics of the medium. As the power of the optical wave is
incremented, the system enters in a nonlinear regime leading to a modification of the properties of
the medium, obtaining SBS. In Brillouin scattering, the system becomes more efficient when SBS
is used. This section will introduce the characteristics of SBS.

When high optical intensities are used in order to stimulate the scattering process, the dipoles
of polarization (P ) depend on the non-linearities of the electric field (E). Total polarization takes
the value [7]:

P = ε0(χ(1) · E + χ(2) : EE + χ(3)...EEE + ...) (1.23)

Where ε0 is the vacuum permittivity and χ(j) (j = 1, 2, 3, ...) is the j-th order susceptibility. The
principal contribution to P is given by the linear susceptibility χ(1), which effects are included in
both refraction index (n) and optical attenuation coefficient (α). The second order susceptibility
χ(2) is the cause of some non-linear effects as second harmonic generation and the generation of
the frequency sum. However, χ(2) is equal to zero in symmetric molecules as the case of SiO2.
In optical fiber made with SiO2, χ(3) is the main source of nonlinear effects such as Kerr effect,
third harmonic generator, four wave mixing and stimulated scattering [7]. The polarization field,
inducted by the dipoles depends on the electric field [7]:

PNL = ε0χ
(3)...EEE (1.24)

with the attenuation of the fiber, α, and the nonlinear polarization, PNL. The perturbated wave
equation, then becomes:

∇2E − n2

c2

∂2E

∂2t
− αn

c

∂E

∂t
= µ0

∂2PNL

∂t2
(1.25)

Electrostriction is a mechanism in which materials suffer a compression when an electric field
is applied. The interest of electrostriction lies in that it is a mechanism to generate a third-order
non-local optical response and a coupling mechanism to generate SBS [5].
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In an optical fiber, counterpropagating signals interfere, generating electrostriction. When
detuning frequency between waves is close to the BFS of the fiber, the electrostriction generated
in the optical fiber becomes in an acoustic wave. This acoustic wave modulates the refraction
index of the fiber, generating a Bragg grating that propagates through the fiber and scatters the
pump wave. As the acoustic wave moves along the fiber, parallel to the pump wave, it generates
a down-shifter frequency Doppler effect in the scattered wave. In the other direction, it generates
an up-shifted frequency Doppler effect. The first case is added to the probe wave as constructive
interference, generating a gain over the Stokes wave. In the other case, a depletion over the
counterpropagated wave is generated.

From the macroscopic point of view, electrostriction can be explained as the effect a concentra-
tion of energy from constructive interference between both counterpropagated waves. This energy
depends on the electric field, E, as:

U =
1

2
ε0εrE

2 (1.26)

where εr is the relative dielectric constant of the medium.
From the microscopic point of view, this force develops a dipole momentum over each molecule

affected by the electric field. As a consequence, it generates a strictive pressure that can be written
as:

pst = −1

2
ε0ρ

(
∂ε

∂ρ

)
< EE > (1.27)

where< EE > denotes the time average during an optical period. Due to the negative character
of pst, when it is applied a strong electric field, the pressure is reduced leading to a reduction of
the density, that can be expressed as:

∆ρ = −ρ
(

1

ρ

∂ρ

∂p

)
pst = −ρCPst (1.28)

where the compressibility of the material is written as C = ρ−1(∂ρ/∂p). Combining Eq. 1.27
with Eq. 1.28, the equation that is obtainned is:

∆ρ =
1

2
ε0ρCγe < EE > (1.29)

As the change in the susceptibility, when an electric field is applied it can be represented as
∆χ = ∆ε, and ∆ε = (∂ε/∂ρ)∆ρ, being ∆ρ given by Eq. 1.29. The result becomes as:

PNL = ε0CTχ
2
e|E|2E (1.30)

Using Eq. 1.30 in the perturbed wave equation, for both optical waves and taking in consideration
the acoustic wave, the couple equation waves for SBS is obtained, as it is shown in the next section

1.2.4. Mathematical model of SBS in single mode fibers

In the Brillouin scattering process, three waves are involved: Stokes wave (Es(z, t)), pump signal
(Ep(z, t)) and the acoustic wave (Q(z, t)). These three waves are coupled and can be modelled
(assuming plane waves interactions) by the system of equation that follows [5]:[

∂

∂z
+
n

c

∂

∂t
+ αp

]
Ep(z, t) =

iωpγe
2ncρ0

QEs(z, t) (1.31a)
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[
− ∂

∂z
+
n

c

∂

∂t
+ αs

]
Es(z, t) =

iωpγe
2ncρ0

Q∗Ep(z, t) (1.31b)

[
−2iqν2

a

∂

∂t
− 2iΩ

∂

∂t
+ (Ω2

B − Ω− iΩΓB)

]
Q(z, t) = ε0γeq

2Ep(z, t)E
∗
z (z, t) (1.31c)

In order to solve the value of Es(z, t), both numerical integration and analytical methods can
be used. In the case of an analytical solution, some simplifications have to be done to considerate a
temporal interaction longer than the lifetime of the phonon (τp); in that case, temporal derivative
in the equations can be negligible. Also, since the acoustic velocity is much smaller than optical
velocity, the acoustic wave can be perfectly taken as static. Acoustic wave vanishes after propa-
gation of few optical wavelengths as well, so the temporal derivative in the third equation, 1.31c,
can be considered equal to zero. As a consequence, the third equation remains as [8]:

Q(z) = ε0γEq
2 Ep(z)E∗s (z)

Ω2
B − Ω2 − iΩΓB

(1.32)

Due to optical properties of the material, both optical frequencies are almost the same, so they
both have the same attenuation (αp ≈ αs = α). With these approximations and using the Eq. 1.32
in Eq. 1.31a and 1.31b, the result becomes:

d

dz
Es(z) = −iε0ωγ

2
eq

2

2ncρ0

|Ep(z)|2Es(z)

Ω2
B − Ω2 − iΩΓB

+ αEs(z) (1.33a)

d

dz
Ep(z) =

iε0ωγ
2
eq

2

2ncρ0

|Es(z)|2Ep(z)

Ω2
B − Ω2 + iΩΓB

− αEp(z) (1.33b)

In this system, it can be seen that Eq. 1.33a determines that SBS is a gain process over the
probe wave and it depends, basically, on the pump and probe wave intensities. Using dI/dz =
d|A|2/dz = A∗dA/dz+AdA∗/dz, and some algebraic manipulation [8], system of equations can be
rewritten as a coupled intensity equations as follow:

d

dz
Ip(z) = −gB(ν)Ip(z)Is(z)− αIp(z) (1.34a)

d

dz
Is(z) = −gB(ν)Ip(z)Is(z) + αIs(z) (1.34b)

where the intensity of pump and probe wave are given by Ip and Is, gB is the Brillouin gain
coefficient (given by Eq. 1.22). If it is assumed that evolution of the intensity of the pump
wave is dominated by the optical attenuation of the fiber and the pump depletion is considered
negligible [8], Eq. 1.34a can be approximated to Ip(z) = Ip(0)e−αz where Ip(0) is the pump intensity
at the input of the fiber. Puting this approximation in Eq. 1.34b, it is obtained:

Is(z) = Is(L)e−α(L−z)exp
[
gB(ν)Ip(0)e−αzLeff

]
(1.35)

where Is(L) is the intensity of the probe wave at its input in the extreme end of the fiber
(z = L) and Leff is the effective length of the fiber, in which a lossless fiber would exhibit the
same nonlinear effect as in a real lossy fiber [8], and is given by:
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Leff =
1− exp(−α(L− z))

α
(1.36)

The evolution of the intensity of the probe wave is determined by the SBS interaction along its
propagation. This interaction generates a gain, and by the optical attenuation of the optical fiber.
Although this model has been developed for gain-based BOTDA, the same system presented in
Eq. 1.34 is valid for loss-based BOTDA if signs for the Brillouin interaction are changed.

In this section, the physical origin and its mathematical demonstration of the SBS have been
explained. In the next section, the use of SBS in optical fiber is developed. This is a particular
case, useful in this thesis since optical fiber provides a continuum medium able to generate a
distributed sensor.

1.2.5. Distributed optical fiber sensor using Brillouin Scattering

The dependence of the BFS on the perturbation that affect to the fiber: strain and temperature,
is used to depelop DOFS. The relation between variation of BFS and strain and temperature is
given as follows [9]:

BFS(T, δε)−BFS0 = Aδε+B(T − T0) (1.37)

where BFS0 is the BFS measured at a room temperature (T0 = 25◦C) and without any strain
applied, T is the temperature of the measurement and δε is the difference in the applied strain. A
and B are a constants that determine how is each variation, and are given by [9]:

A′ =
A

BFS0

=
∂n

n∂ε
− ∂ρ

2ρ∂ε
+

∂E1

2E1∂ε
(1.38a)

B′ =
B

BFS0

=
∂n

n∂T
− ∂ρ

2ρ∂T
+

∂E1

2E1∂T
(1.38b)

In the system presented in Eq. 1.38, each equation is formed with three elements. The first
element for both equations is the elasto-optic and thermo-optic coefficient. The second elements
are the strain-induced distortion and thermal expansion, respectively. Finally, the last term in both
equations reefer to strain-induced second-order non-linearity of Young modulus and the thermal-
induced second-order nonlinearity of Young modulus [9].

When Brillouin interaction occurs between two continuous wave (CW), the resultant Brillouin
gain spectrum (BGS) is an integration over all the length of the fiber, but it is not possible to
discern the BFS in each location of the fiber. In order to characterize the Brillouin interaction
(BFS) in each point of the fiber, several techniques have been developed.

In the next section, the principal techniques used to determine the BFS in each location of the
fiber are briefly explained.

1.2.5.1. Brillouin optical correlation domain analysis (BOCDA)

Brillouin optical correlation-domain analysis (BOCDA) technique was presented, for the first
time, in 2000 [10]. This technique shows a desirable behavior when a spatial resolution of millime-
ters in a few meter range is needed.

The fundamentals of this technique are based on the interaction of two waves: pump and probe.
They both are identically frequency-modulated following a sinusoidal shape and, in addition, the
probe wave is frequency shifted around the BFS of the fiber. Both waves counterpropagate along
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the fiber, leading to correlation peaks (due to the Brillouin gain) where is frequency separation
is constant in time and equal to the BFS of the fiber. In the other points, where the frequency
separation changes in time, the Brillouin interaction is negligible. The spatial resolution and the
maximum length of the measurement is defined by the parameters of the modulation such as
frequency and depth of modulation.

In essence, this setup presents three limitations. The total time of the measurement increases
with spatial resolution. The length that can be measured is limited by distance between two
correlation peaks ( one period of modulation). Finally, the setup is rather complex.

1.2.5.2. Brillouin optical frequency domain analysis (BOFDA)

This technique, presented in 1996 [11], is based on the measurement of the relation between
the amplitudes of probe wave and pump wave in order to obtain the complex transfer function of
the fiber. In this technique, two counterpropagating waves are deployed. In one direction, a CW
pump wave counter propagates a CW probe wave, which is frequency shifted equal to the BFS
of the fiber and amplitude-modulated by a sine-function. The resulting Brillouin interaction of
both signals is analyzed by a vector network analyzer (VNA), which is fed by two photodetectors.
Finally, the inverse Fourier transform of the frequency response is calculated, giving the Brillouin
interaction response in the time-domain of each section of the fiber.

Since the amplitude of the Brillouin interaction depends on the BGS, the spatial resolution
achieved by this technique is limited by the low amplitude of the interaction when the acoustic
phonon is not excited enough. Also, more distance and high spatial resolution imply a bigger
frequency swept and, as a consequence, the measurement time is increased. Although Brillouin
optical frequency-domain analysis (BOFDA) has worse performance than other distributed sensors
based on Brillouin interaction, a measurement of a fiber link of 5.5 km with a spatial resolution of
3 cm, using a post-processing method, has been achieved [12].

1.2.5.3. Brillouin optical time-domain analysis (BOTDA)

Finally, the technique deployed in this thesis is called BOTDA. This technique was demon-
strated for the first time in 1990 for temperature monitoring [13] and is the most used technique
in several applications [14, 15, 16]. BOTDA systems are based on two counterpropagating waves,
as shown in Fig. 1.2, continuous probe wave and a pump wave with a frequency separation ap-
proximately equal to the BFS of the fiber.

During the propagation of the pump wave, an acoustic wave is locally excited. The frequency
of the acoustic wave depends on the characteristics of the fiber in each location. Acoustic wave
facilitates an energy transfer between both waves through Brillouin interaction. Depending on the
configuration, when the optical frequency of the pump wave is higher than the probe wave, the
system works in a gain-based configuration, in the opposite case, the system works in the loss-based
configuration. After the whole propagation of the pulse along the fiber, the probe wave is detected
in the time domain. Then, each time of the probe wave has suffered a gain/loss (depending on
the configuration) depending on its interaction with the pump wave. These time-dependences of
the variation in the amplitude of the probe wave can be turned into position-dependences over the
fiber using the round-trip time relation:

z =
c

2n
t (1.39)

where t is the time since pump pulse entered in the fiber and z is the position of the fiber where
pulse meets each front wave of the probe wave.
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Figure 1.2: Basics of the BOTDA where two waves are counterpropagated through the optical
fiber. Probe wave (green) suffers a gain whereas pump wave (red) suffers a depletion induced by
Brillouin interaction.

Since the Brillouin interaction occurs throughout an optical bandwidth equal to the Brillouin
linewidth, it is necessary to measure the frequency difference at which the Brillouin interaction
experiences a maximum gain/loss for each location of the fiber. With this aim, a scan of the
frequency difference between the pump and probe wave is done. The distribution of the BGS is
reconstructed after the measurement, as shown in Fig. 1.3(a). Finally, as Fig. 1.3(b) the accuracy
of the maximum of the BGS is given by the position of the maximum of the fit applied to the
spectrum given by Eq. 1.22
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Figure 1.3: (a)Brillouin specatrum gain along 100-km fiber link. (b) Amplitude of a single fre-
quency marked as a black in (a) figure. Also the BGS at the input (red) and end (green) of the
fiber are shown.
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1.2.6. Mathematical model of the BOTDA sensors

As said before, in BOTDA sensors probe and pump waves counterpropagate along the fiber.
As the pump pulse meets each front wave of the probe wave, there is an energy transfer from the
pump pulse to the probe wave (in gain-based configuration). As a consequence, the probe wave
experiences an amplification at each location. This amplification can be expressed solving the
coupled equations shown in Eq. 1.33

d

dz
Ep(z) =

[
−g0

2

i∆νB
i∆νB + 2∆ν

− α

2

]
Ep (1.40a)

d

dz
Es(z) =

[
−g0

2

i∆νB
i∆νB − 2∆ν

+
α

2

]
Ep (1.40b)

where Ep and Es are the optical amplitude fields of the pump and probe wave respectively.
The maximum of the BGS is located at a frequency ∆ν = νs − νp + νBFS(z), being νs and νp
(with νs < νp for gain-based configuration) the optical frequencies of probe wand pump wave and
νBFS(z) the BFS of the fiber at the location z.

Probe wave and pump wave are introduced in the positions z = L and z = 0 of the fiber
respectively. If it is assumed that pulsed signals just experiences fiber attenuation because of its
propagation, Eq. 1.40a can be easily solved as:

Ep(z) = Ep(0)exp
[
−α

2
z
]

(1.41)

this last equation can be directly used in Eq. 1.40b in order to calculate the gain experienced by
probe wave due to the Brillouin interaction, that becomes

Es(z −∆z) = Es(z)exp

[
g0

2

(∆νB/2)2 − (∆ν∆νB/2)

(∆νB/2)2 + ∆2
ν

|Ep(z)|2
]

(1.42)

where the spatial resolution of the sensor is given by ∆z = Tpc/2n with Tp the temporal
duration of the pulse. Since the duration of the pulse is short enough to considerate that pump
pulse does not experience optical attenuation during the interaction, both amplitudes probe and
pump waves are kept constant during interaction. Therefore, Eq. 1.42 evaluated in the optical
receiver (Rx) turns out as follows:

Ps(z)
∣∣∣
Rx

= Psie
−αLexp

[
g0

Aeff

(∆νB/2)2

(∆νB/2)2 + (∆ν)2
PPie

−αz∆z

]
(1.43)

where Aeff is the effective area of the fiber. Eq. 1.43 gives the power of the probe wave in
any location, that can be simplified if it is assumed that BOTDA sensor works in a small signal
regime, giving an expression as follows:

Ps(z)
∣∣∣
Rx
≈ Psie

−αL
[
1 +

g0

Aeff

(∆νB/2)2

(∆νB/2)2 + (∆ν)2
Ppie

−αz∆z

]
(1.44)

where the term inside the bracket represents the power of the probe wave and the gain ex-
perienced by the probe wave, which is proportional to the gain coefficient (g0), pump wave and
duration of the interaction [17].

From Eq. 1.44, it can be deduced that in a sensor link that shows a uniform distribution of the
BFS, the gain experienced by the probe wave will decay exponentially with the length (position)
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of the fiber. However, the case when the distribution of the BFS is not constant, the gain profile
will experience a shape different from the exponential decay, in the same way, when the system
experiences any nonlinear effects or distributed amplifier [17]. If an ideal case, when it is considered
that both waves experience optical attenuation, it is expected that a larger fiber link implies smaller
gain experienced by the probe wave at the end of the fiber and, as a consequence, worst SNR.
Therefore, the worst-case location in a fiber link sensor will be located at the end of the fiber, and
its gain will be given by [17]:

Ps(L)
∣∣∣
Rx
≈ Psie

−αL +
g0

Aeff

(∆νB/2)2

(∆νB/2)2 + (∆ν)2
PPiPsie

−2αL∆z (1.45)

In the last equation, the signal at the end of the fiber is twice affected by the optical attenuation.
First, by the attenuation of the pulsed pump wave due to its propagation throughout the fiber.
Second, by the probe wave that travels all the fiber between its input in the fiber and the receiver.

After the mathematical model of the BOTDA sensors has been shown in the last section, the
next section will introduce the principal limitations that BOTDA faces.

1.2.6.1. Limitations of BOTDA sensors

The main aim of BOTDA sensors is to determine the BFS profile of the fiber. The BFS profile
is obtained from the peak value of the BGS at each fiber location. The precision of the detection
of the BGS peak depends directly on the SNR, which is directly related to the Brillouin gain.
As shown in Eq. 1.45, when the powers of both counterpropagating waves are optimized, and
the distribution of the BFS along the fiber is uniform, the farthest point from pulse input is the
worst-case, where the amplitude (therefore the SNR) is minimum.

There are some factors that limitate the performance, such as the maximum power of waves
that can be introduced in the fiber. In the next sections, the principal limitations that the power
of each wave experience are explained.

Pump power limitations
As shown in Eq. 1.45, a limiting factor in the Brillouin gain induced over the probe wave is the
power of the pump wave. An obvious solution to increasing the Brillouin gain induced over the
probe wave is to inject a higher pump power, but it presents a problem related to nonlinear effects
such as modulation instability (MI), self-phase modulation (SPM) and Raman dispersion.

MI generates a depletion of the pump wave [18, 19] that impairs the performance of the sen-
sor [20]. MI comes from the combination of Kerr effect and anomalous dispersion in the fiber [21].
Due to MI, two symmetric sidebands next to the optical frequency of the pump wave are generated.
The spectrum of these MI sidebands are expressed as [21]:

GMI(Ωp) = 1 +

sinh2

(
2γPPL

√(
Ωp
Ωc

)2
(

1−
(

Ωp
Ωc

)2
))

2
(

Ωp
Ωc

)2
(

1−
(

Ωp
Ωc

)2
) (1.46)

where γ is the nonlinear coefficient of the fiber. The power of the pump wave is given by PP ,
Ωp is the frequency of the sidebands around the optical frequency of the pump wave and Ωc is
the cutoff frequency. When the pump wave is launched, there is an exchange energy between the
frequency of the pump wave and the sidebands, resulting in a power fluctuation of the pump power.
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These fluctuations of the power are translated to the amplitude of the Brillouin gain along the
fiber. This leads to a reduction in the precision of the measurement of the BFS at those locations
where the amplitude, and hence the SNR, drop.

Before being injected in the fiber, the pump pulse is typically amplified using an Erbium
doped fiber amplifier (EDFA). The more the pump wave is amplified, the higher the amplified
spontaneous emision (ASE) is generated, which co-propagates with the pulse signal. Furthemore,
amplification spontaneous emission (ASE) works as a seed to the generation of MI. However, the
use of an optical filter (OF) to limit the spectral bandwidth of ASE can reduce the increased MI
due to this effect [17].

The maximum power of pump wave that can be injected into the fiber can be expressed us-
ing [21]:

Pmax =
σcrit

2γLeff
(1.47)

where σcrit is the critical gain calculated as a function of the noise power spectral density (Sn).
The depletion ratio (RD,MI) is given by [21]

σcrit − ln(σcrit) = ln(RD,MI)−
(
Sn
10

+ 9

)
ln(10) +

ln(2)

2
(1.48)

In standard telecommunication fiber, MI typically imposes a maximum pump pulse power of
22 dBm. This limitation can be overcome when dispersion shifted fibers (DSF) are used. However,
this kind of fibers have smaller effective areas and lower dispersion that standard SMF. As a
consequence, another kind of nonlinear effect such as Raman scattering are induced, deploying the
pump wave, and, consequently, limiting the distance of the sensor.

Finally, another nonlinear effect related to the temporal shape of the pump wave plays a
fundamental restriction in the performance of the sensor: SPM. In this effect, the intensity of
the pump pulse wave modulates the refractive index, generating a phase-shift of the transmitted
signal. As a consequence, the spectral bandwidth of the pump pulse is broadened [22]. The effect
of the SPM over the instantaneous frequency of the pump pulse can be expressed as [22]:

∆ω(τ) = −∂ΦNL

∂τ
= −γPPiLeff

∂

∂t
|U(0, τ)|2 (1.49)

where U(z, τ) is the normalized pulsed signal. Eq. 1.49 can be understood as any temporal
change in the phase leads to a variation of an instantaneous frequency of the pulse from its central
frequency (ωp). This time dependence of the instantaneous frequency has the same effect as a
pulsed chirp which chirp amplitude is increased in the distance.

Probe wave limitations: spontaneous Brillouin scattering and NLE.

Another critical factor that limits the performance of the BOTDA sensor is the power of the
probe wave, which limits the SNR of the probe wave. But the maximum power of probe wave is
limited by NLE [1, 23] and by the spontaneous Brillouin scattering (SpBS) [24]. These both effects
introduce noise in the measurement, producing a damage of the SNR.

In BOTDA systems, two counterpropagating waves interact along the optical fiber. The inter-
action between both waves has a frequency dependence on the BFS of the fiber. It leads to an
energy exchange due to the SBS process, leading to a spectral distortion of the pump wave and
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resulting in a measurement error. In order to reduce this pulse distortion, the injected probe wave
has to be reduced.

In this thesis, two kinds of NLE are studied: first-order NLE and second-order NLE. In chapter
2, their physical origins, and the methods proposed to compensate this effect are discussed and
explained.

Another significant restriction on the power of the probe wave is the so-called SpBS. This
critical limitation comes from the Brillouin interaction between probe wave and thermal-induced
acoustic waves in the fiber. In order to avoid spontaneous amplification, the maximum power of the
injected probe wave is limited. This maximum power is given by the so-called Brillouin threshold
of the fiber [25]. When optical power exceeds the Brillouin threshold, a significant power begins to
reflect that leads to a random depletion of the input probe wave, becoming in a reduction of the
SNR. In single-mode fibers, the theoretical limit for a CW probe wave is around 6 dBm [26, 24].

Spatial resolution

As shown in Eq. 1.43, the spatial resolution, ∆z depends on the length of the pulse in the fiber
that, in turn, is related to the temporal duration of the pulse, Tp, as:

∆z =
Tpc

2n
(1.50)

This relation between the temporal and spatial length of the pulse is valid for any reflectometry
technique.

When a high spatial resolution is required, it is necessary to reduce the temporal duration of the
pulse, but this presents a series of problems such as less Brillouin interaction and, therefore, less
Brillouin gain over the probe wave, leading to a worse SNR. Moreover, since the linewidth of the
BGS becomes from the convolution of the pulse and the natural Brillouin linewidth, the spectrum
of the Brillouin interaction is broadened, further than the natural Brillouin linewidth, when pulse
shorter that acoustic phonon lifetime is used. This broadening of the Brillouin linewidth leads to
a reduction of the accuracy of the determination of the BFS.

Different techniques have been presented in order to overcome the limitation on the pulse length
and improve the spatial resolution. Some of them are based on the pre-excitation of the acoustic
phonon [27, 28, 29]. Other technique, described in chapter 3, is based on calculating the difference
between two BGS generated with pump pulses with different temporal duration [30].

Sensing Range

Another major constrain experienced by BOTDA is the maximum distance that can be mea-
sured. As Eq. 1.43 demonstrates, each location of the fiber suffers twice optical attenuation, one
due to the whole propagation of the probe wave through the optical fiber and the other because
of the pulse propagation between its input and the location where the interaction occurs. The
attenuation experienced at the last point of the fiber is twice the optical attenuation of the whole
fiber, as Eq. 1.45 shows. As a consequence, the SNR is reduced, and the maximum distance of the
measurement is constrained.

In order to minimize this loss of SNR, a number of techniques have been implemented. The
first one, and the most simple, is to perform an average measurement that reduces the noise but,
in turn, increases the measurement time. Other techniques use distributed amplification of the
waves during their propagation in order to compensate for the optical attenuation of the signals.
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These techniques, which are fully explained in chapter 3, are based on Raman amplification [31,
32], second-order Raman amplification [33] and distributed Brillouin amplification [34]. Other
techniques use discrete amplification [35] or pulse coding techniques [36]. Finally, a technique
based on heterodyne detection schema was presented. This technique beats the probe wave with
a local oscillator in order to increase the SNR [37].

1.3. Rayleigh Scattering

1.3.1. Rayleigh scattering as a physical phenomena in optical fibers

In contrast with inelastic processes such as Brillouin and Raman scattering, photons in Rayleigh
scattering do not experience any exchange of energy during their interaction with the medium.
Rayleigh scattering process was discovered by Lord Rayleigh in the 19th Century. It was initially
found when studying the origin of the color of the sky, which is due to the small suspended particles
that divert the light from its regular course [38]. In particular, in Rayleigh scattering, the size of
the particles is approximately a tenth of the wavelength and, besides, it has a strong dependence
with the wavelength as λ−4 [39].

As an optical wave travels through a medium, there is an interaction of its electric field with
the medium. The incident electrical field excites the medium generating an electrical dipole. The
oscillating dipole reemits an optical wave with the same frequency of the incident wave but with
less amplitude and a phase delay.

This thesis is focused on the use of scattering light to use as a sensor hence the scattering
process will be explained from a macroscopic point of view. From the macroscopic point of view,
Rayleigh scattering (RS) is based on the coherent superposition of the waves generated by all
Rayleigh scatters, located randomly along the medium. In the ideal case of a perfect crystal with
no imperfections, reemitted light by all the particles (scatters) have an optical phase that depends
just on the position. As a consequence, the phase delay between all the waves is constant in all
the directions. This leads to a cancellation of the interference between the multiple scatters in all
the directions except forward.

In contrast, a real medium such as optical fiber has imperfections. These imperfections are a
consequence of the fabrication process. The origin of the imperfections is thermal fluctuations,
which lead to a variation on the crystal structure of the fiber [8, 40, 41]. As a consequence of
these variations, the refractive index of crystal variates locally, generating Fresnel reflections. The
typical size of these fluctuations is much smaller than the wavelength of the optical wave, becoming
a Rayleigh scatter. All the Rayleigh scatters are randomly located, but their location is fixed in
the crystal structure.

In this case, the interaction of light with the medium occurs as with perfect media. Nevertheless,
now each RS adds an extra phase delay due to the local variation of the refractive index. The
variation of phase delay between the set of scattered waves is translated to multiple scattered
waves are not in phase between them. It leads to not destructive interference in all directions of
the propagation, being part of the optical energy reflected in the backward direction [42, 43]

1.3.2. Use of Rayleigh Scattering as a DOFS

When Rayleigh scattering is analyzed in an enclosed medium, such as al optical fiber (as Fig. 1.4
indicates), part of the scattered light is propagated with an angle that allows leaving the core of
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the fiber, losing its guided propagation. Another part of the energy is kept being guided and
propagated in a backward or forward direction, as Fig. 1.4 indicates.

Figure 1.4: Set of scatters and their reflected waves along the length of the fiber.

DOFS, based on Rayleigh scattering, use the analysis of backscattering signal generated when
an optical signal is launched into an optical fiber. The red dot in Fig. 1.4 depicts schematically
the multiple scatter centers present along the fiber. The incident optical signal, depicted with
the blue arrow, excites all the dipoles along the whole length of the fiber. Each dipole reflects a
weak amplitude copy of the incident light with a random phase delay, which depends on the local
refractive index variation. Finally, the set of reflected waves interfere in their way to the input
extreme of the fiber.

The amount of energy that a medium scatters depends directly on both the length of the
medium and the wavelength of the used optical signal [38]. In telecom pure silica fiber, the
scattering coefficient is around 0.7 dBkm−1µm−4, being reflected an average value of 0.12 dBkm−1

of the incident power when third telecom window wavelength, 1.55µm (which fiber presents the
minimum absorption) is employed [43].

Depending on the domain of the measurement, main sensors types based on Rayleigh scattering
are classified as:

OTDR

when an optical pulse is launched into the fiber to retrieve the impulsive response of the fiber

optical frequency domain reflectometry (OFDR)

This system measures the frequency response of the fiber using an optical CW, which fre-
quency is swept along a bandwidth.

1.3.2.1. Incoherent OTDR and OFDR

The basic implementation of the DOFS based on Rayleigh backscattering is schematically
depicted in Fig. 1.5. Its aim is to retrieve the optical attenuation of the fiber, α(z), through the
measurement of the detected reflected signal Et(z) [44]. The technique consists of measuring the
roundtrip response of the channel (fiber) in order to retrieve the optical attenuation from the
measured signal.

The setup presented in Fig. 1.5 is based on the well-known time-domain technique called
OTDR. Its operation consists of a waveform generator that controls the intensity that the light
source emits. The optical pulsed signal is sent through a circulator to the FUT. In addition, the
circulator diverts the backscattering Rayleigh pattern generated in the fiber to the photodetector,
where the optical signal is translated to the electrical domain to be digitized and stored by the
oscilloscope to be analyzed.

As the pulse travels through the fiber, each Rayleigh scattering center, contained into the
length that pulse occupies, reflects a weak copy of the probe pulse. Depending on the coherence



1.3. RAYLEIGH SCATTERING 21

Figure 1.5: Basic setup implemented in a based on Rayleig DOFS.

length of the light source, the addition of the multiple backscattering waves is produced in intensity
(incoherent) or in field (coherent). If coherence length is shorter than the length of the optical
pulse, the backscattering waves generated inside the pulse are not in phase. As a consequence,
all of them are added in intensity. In contrast, when the coherence length of the light is longer
than the pulse length, the multiple reflected waves have a constant phase difference between them,
leading to a coherent interference.

Fig. 1.6 shows the schematic analysis of an incoherent-OTDR back-reflection. The red line
symbolizes a 10-km length optical fiber that has an optical connector and a splice. The black
line indicates the intensity of the backscattering signal generated by the optical pulse as it travels
through the fiber. In the figure, the interaction of the optical pulse with the connector gives a
weak reflection. Also, splice generates an optical attenuation, which is translated to a drop of the
reflected intensity.

Figure 1.6: Measured signal in a basic OTDR used to retrieve the attenuation of the fiber.

The first time these kinds of OTDR sensors were presented was in 1976 by Barnoski and
Jensen [44] to investigate the attenuation characteristics of fiber links. This property was exploited
in order to characterize optical fiber links and dynamical events that affect the attenuation of the
fiber. To that, the fiber was covered with a metallic coating, inducing an optical attenuation when
a perturbation was applied.

For the analysis of the measurement, the position of the perturbation along the fiber is extracted
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from the time of the measured backscattering signal. Using the index of refraction of the medium,
time and position over the fiber are linked through:

z =
1

2

c

n
t (1.51)

An important parameter to have in mind regarding OTDR systems is the spatial resolution.
Spatial resolution can be understood as the spatial accuracy with which the specific physical field
is mapped over the fiber. The duration of the pulse gives the spatial resolution according to:

∆z =
c

2n
Tp (1.52)

where Tp represents the temporal duration of the pulse.

The sensing range of the measurement is another parameter that characterizes the performance
of the DOFS. It determines the maximum distance that can be sensed before the SNR of the
backscattering signal becomes so small. Since the maximum sensing range depends on the energy
of the pulse, there are two techniques to increase it. The first one is to increase the peak power
of the pulse. However, as with BOTDA sensors, this enhancement is limited by the onset of MI.
apparition of MI. Another solution consists of increasing the length of the optical pulse since
more length implies more energy, but this solution implies a degradation of the spatial resolution
according to Eq. 1.52. A solution of these two limitations will be introduced in the next sections
and fully explained theoretically and experimentally in Chapter 4.

Alternatively, at the OTDR system, OFDR uses a CW to retrieve equivalent round-trip channel
through the measurement of the frequency response of the fiber [45, 46]. Basically, two techniques
can be employed to implement an OFDR measurement. The difference between these two tech-
niques depends on the nature of the deployed signals. On the one hand, there is Incoherent-OFDR
when a light source with low coherence length is employed [47]. In this technique, the frequency
response of the FUT at each optical frequency is obtained by measuring the backscattering sig-
nal of the FUT using direct detection in a photo-detector. In contrast, Coherent-OFDR uses a
highly coherent CW signal that generates a backscattering signal for each one of the tuned optical
frequency along the measured bandwidth. The backscattered signal is beaten with the reference
light from the laser generating a coherent interference that is detected by an homodyne receiver.
In both techniques, the temporal Rayleigh profile is calculated using the inverse fast Fourier trans-
form (IFFT). In Coherent-OFDR (C-OFDR), in contrast with incoherent-OFDR (I-OFDR), the
measured signal is complex. As a consequence, the sensitivity of the system is hugely increased.
Since the OFDR technique uses a CW, the spatial resolution that the system achieves depends
on the inverse of the bandwidth of the frequency swept, and the SNR is not reduced as the spa-
tial resolution is improved [48, 49]. However, better spatial resolution implies larger bandwidth
and, as a consequence, a time-penalty that makes the system unsuitable to perform dynamical
measurements.

1.3.2.2. Coherent OTDR

The OTDR sensor described in the previous section uses a non-coherent light source. It simpli-
fies the implementation of the system, although it pays a penalty in terms of sensibility, since the
relative phase shifting between the multiple scatters has no effect over the resultant interference
of the multiple non-coherent waves. When the used light source has a high coherence length, it
presents an intrinsic sensitivity to temperature and strain variations.
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DOFS sensors based on coherent interference can be classified according to their frequency
or time-domain operation. While C-OFDR sensors can achieve extremely high spatial resolution,
coherent-optical time domain reflectometry (C-OTDR) can perform extremely high-frequency mea-
surements, making it possible to implement high-speed dynamic sensors. Since this thesis is focused
on developing sensors that provide high sensitivity and frequency sample rate, the explanation of
the DOFS based on Rayleigh scattering will be centered in the time-domain.

C-OTDR, also known as φ-OTDR is a technique that increases extremely the sensitivity of
the sensor when compared with basic OTDR. φ-OTDR is based on launching an optical pulse,
conformed by coherent light, into the fiber. When the coherence length of light exceeds the length
of the pulse, all the backscattered waves that the pulse generates as it travels through the fiber
interfere coherently. Due to the highly coherent light, all the scatters centers within the pulse
have a constant, but random, phase delay between them. The optical signal that arrives to the
photodetector is measured as the summation of all the backscattered waves. As a consequence, the
total measured power is not proportional to the summation of individual power of each reflected
waves, as in the case of incoherent - optical time domain reflectometry (I-OTDR).

Due to the coherent addition of all the waves, the amplitude along the measurement variates
abruptly along the measurement. The phase delay of the waves in some points of the fiber results in
constructive interference leading to a strong amplitude. In contrast, in other locations of the fiber,
the relative phase delay between the multiple waves results in destructive interference, which leads
to a weak measured amplitude. This variation in the amplitude is a well-known limitation that
φ-OTDR presents and is called fading. The main limitation that fading imposes on the systems
is the reduction of the SNR when the signal is weak. A solution of this issue will be presented in
the section 1.3.4.2 and chapter 5.

When a perturbation occurs locally over the fiber, the relative positions of the scattering
centers are modified, as a consequence, the phase delay between the set of backscattering waves
are modified as well. The extreme dependence of the optical phase on an external perturbation
is translated to a substantial variation of the resultant amplitude from the coherent interference,
which occurs locally over the backscattering pattern when the perturbation is applied.

There are two basic techniques to use a φ-OTDR as a sensor: measure either the intensity or
the optical phase of the backscattering signals

In a intensity-based φ-OTDR setup, the backscattering signal is detected, using a direct-
detection in a photodetector, as the square of the electric field. The measured Rayleigh backscat-
tered signal is then power versus time, which can be translated to power versus distance using
Eq 1.51. When the optical source wavelength and the fiber are stabilized, the multiple consecutive
measured traces do not exhibit changes on their power backscattering profile. This power profile
is completely random and unique for each optical fiber and optical wavelength.

When the optical fiber is perturbed, a variation in the phase delay between multiple optical
waves reflected around the position of the perturbation occurs. This variation of phase delay is
translated to a modification of the pattern of backscattering power. By mean of the comparison
of the power profile of the consecutive measurements, a perturbation can be detected. Due to
the extremely high dependence of the amplitude on the optical phase delay between the multiple
waves, the a minimal is translated to a significant variation of the measured amplitude. However,
the resultant amplitude does not vary linearly with the variation of the phase induced by the
perturbation. As a consequence, although the perturbation is detected, it can not be characterized.
Therefore φ-OTDR based on the power measurement technique just provide a simple detection
of perturbation, limiting their use scenarios to applications such as the detection of position and
speed monitoring of trains [50, 51] or the detection of intrusion [52].
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In order to overcome the limitation that φ-OTDR power measurement technique presents to
characterize the amplitude of the perturbation, several techniques have been presented. These
techniques make use of the dependence of the backscattering power profile on the optical wavelength
and the refraction index. The basics of the technique consist of launching consecutive pulses with
a slight variation of the optical frequency. When a perturbation is applied to the fiber, the
backscattering patterns are locally spatial shifted due to the variation of optical phase that the
change of refractive index produces. The aim of the variation of optical frequency is to compensate
the local spatial shift of optical frequency by mean of neutralizing the variation of optical phase
by changing the optical wavelength. From the relation between optical wavelength and refractive
index when the position of the power pattern is translated to its original location, the variation of
the index of refraction, thus the strain or temperature, can be extracted. This technique has been
demonstrated by measuring strain [53], temperature [54] and birrefringence [55]. Although this
technique permits to characterize the magnitude of the perturbation, the frequency scan introduces
a time-penalty. As a consequence, the maximum frequency sampling of the sensor is limited.

An evolution of this technique was presented in 2016 [56]. This technique employs chirped
pulses to measure the variation of strain and temperature in a single shot, without the need to
perform a stepped frequency scan. The basics of the technique consist of compensating the shape
of the backscattering pattern, that the variation of refractive index produces, by a variation of
the optical wavelength. In this case, the frequency variation is applied linearly during the pulse
duration. When a perturbation is applied to the fiber, the induced variation of the refractive
index generates a longitudinal shift of the trace. Measuring the time separation between two
consecutive measurements, the optical frequency shift that generates both identical patterns is
obtained and, as a consequence, the variation of the induced refractive index is extracted. Even
though, this technique avoids the time-penalty that stepped frequency scan induces, an extremely
high oscilloscope frequency sample is needed in order to achieve a high-frequency resolution along
the pulse, generating a massive quantity of data.

An alternative to intensity-based φ-OTDR, is the phase-recovery OTDR, which is able to
measure dynamic perturbations and quantify their magnitude. Since the optical phase variates
linearly with the amplitude of the perturbation, this kind of sensor presents a considerable potential
in the field of acoustic sensors, which are able to characterize both amplitude and frequency of the
perturbation.

1.3.3. Differential-phase OTDR DAS

As described above, measurement of backscattering power trace permits to detect an event that
occurs in the proximities of the optical fiber, but this technique does not allow to characterize the
magnitude of the event, so power direct detection techniques are not able to perform a DAS. DAS
and distributed vibration sensor (DVS) are both used equally to allude to systems employed to
measure the variation of the optical phase along the measurement. Phase recovery OTDR offers a
suitable technique to determine the characteristics of the perturbation.

When a perturbation is applied over a section of the fiber, the position of the Rayleigh scat-
tering centers is spatially shifted. Then the optical phase of each reflected wave is modified, in
a proportional way to the elongation that the fiber suffers, which depends on the amplitude of
the perturbation. On the one hand, this has the effect of a random modulation of the resultant
backscattering amplitude (which is used in direct detection OTDR techniques). On the other hand,
the optical phase of the set of reflected waves that interfere is added linearly, being possible to
establish a relation between the resultant optical phase and the amplitude of the perturbation [57].
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As the pulse travels through the optical fiber, the optical phase the reflected wave accumulates
in a distance ∆L is given by:

∆Φ = 2ξ∆Lβ (1.53)

where β is the propagation constant, ξ is a correction to the optical path length change that
accounts for the strain-optical effect and 2 indicates the round-trip of the optical signal through
the perturbed region.

When a perturbation, such a pressure wave occurs over the fiber, the length of the fiber is
slightly modified. For simplicity and without loss of generality, it is assumed that the perturbation
is isolated in the fiber and affects a fiber length equal to ∆l. Then, the optical phase before
the perturbed region is given by Φ1. After the perturbed region, the optical phase is given by
Φ2 = Φ1 + ∆Φpert(t), where ∆Φpert(t) denotes the temporal dependence of the optical phase
variation due to the perturbation.

In order to extract the phase information related to the perturbation, the phase difference
between two points located after and before the perturbed zone, separated a distance known as
gauge length (GL) is performed. By this way, in the perturbed area, the differential optical phase
that perturbation introduces is given by:

∆Φ(z) = Φ2(z +GL)− Φ1(z) (1.54)

The basics to implement differential phase technique is to retrieve the optical phase of the
reflected signal. Different techniques have been implemented in order to measure the optical
phase.

Interferometric phase recovery

This technique, presented in [58], uses a conventional basic Φ-OTDR setup, but a Mach-
Zehnder interferometer is included before the detection scheme. This interferometer is con-
formed by two imbalanced fiber segments. The imbalanced length is equal to ∆L, which
represents the GL, is calculated. At the output of the interferometer, both path signal in-
terference is directed to a 3x3 coupler, which feeds three photodetectors that are 3π/2 rad
shift between them. The combination of these three signals permits to retrieve the evolution
of the amplitude and phase of the reflected signal [59, 60].

The principal advantage of this technique resides on its simplicity since just two more pho-
todetectors and two couplers have to be added to the basic φ-OTDR. On the contrary,
the Mach-Zehnder interferometer constrains the GL, which can not be modified after the
measurement has been performed.

Dual-pulse simultaneously fiber scan

This technique, proposed by [61], is based on launching two consecutive pulses with an
optical frequency slightly shifted. In addition, both pulses are temporally shifted, generating
a spatial separation between them. As both pulses travel along the fiber, each one leads to
light being reflected at its carrier frequency. When both backscattering signals, from different
arrive at the photodetector, the fiber position over the fiber that arrives simultaneously are
spatial shifted a distance equivalent to the temporal separation between both pulses.

When a perturbation occurs between both pulses, the optical phase of the first pulse is
modified. As a consequence, the resultant electrical field that arrives at the photodetector
changes. The response of the photodetector depends on the square of the interference of both
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backscattering signals. The variation of the optical phase is extracted from the variation of
the resultant phase-difference between two consecutive measurements.

The main limitation of the previous technique is partially avoided, since the temporal sepa-
ration between both pulses, which defines the GL, is easily configurable.

Phase-shift keying pulse

This technique is a modification of the dual-pulse technique presented above. In contrast
with the previous technique, in this case, just one pulse is launched simultaneously, into
the fiber, but a phase-shift keying is applied during the second half of the pulse [62]. A
sequence of pulses with a constant stepped phase variation is sequentially launched. The
variation of phase between the multiple pulses remains constant along each sequence. Using
the combination of the signal measured from the backscattering of the multiple pulses, the
phase difference along the fiber is calculated. Unlike the previous technique, the gauge
length in this technique is related to half of the pulse duration. Moreover, since multiple
pulses have to be launched, the optical phase variation ,due to the perturbation, between two
consecutive pulses can not be significant, limiting the performance of the sensor to measure
high-frequency perturbations.

Coherent detection phase recovery

Finally, using a coherent detection technique, the phase difference is not performed in the
optical domain but the electrical domain during the postprocessing stage. It avoids the
fundamental limitation imposed by previous techniques related to the predefined GL before
the measurement.

The fundamental of coherent technique is based on launching a single pulse into the FUT.
Then, the backscattering signal is beaten, in a coherent detector, with a local oscillator
(LO) [63, 64]. From the detection, both amplitude and optical phase of the trace generated
by the pulse are obtained. Finally, from the distribution of the optical phase, the phase
difference is calculated as a difference of the optical phase of the desired spatial separation
as a GL.

Since coherent detection is the main phase recovery technique employed during this thesis,
its advantages and disadvantages, as well as its limitation and how they have been resolved,
will be explained in the next section.

1.3.4. Use of coherent detection to recovery the optical phase

As explained, coherent detection allows us to translate the raw distribution of the optical phase
along the fiber to the electrical domain, and then, during the post-processing stage, calculate the
differential phase according to the desired GL.

Fig. 1.7 depicts schematically the basic setup employed in differential phase-OTDR (dφ-OTDR)
with coherent detection. As in a conventional OTDR setup, the pulse generator (PG) emits an
electrical signal that feeds the semiconductor optical amplifier (SOA), which pulses the optical
signal that the laser emits. The optical pulse is then sent to the FUT using a circulator. As
the optical pulse travels along the FUT, the backscattering signal is diverted to the 90◦ coherent
receiver [64] where a LO signal is introduced directly from the laser. Both optical signals are beaten
generating an in-phase (I) and in-quadrature (Q) electrical signals, which are digitized and stored
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Figure 1.7: Basic setup used to coherent detection.

by the oscilloscope. Using I and Q signals, amplitude and phase of the backscattering signals are
obtained as follows:

A(t) =
√
I2(t) +Q2(t) (1.55)

φ(t) = atan
Q(t)

I(t)
(1.56)

Then, the backscattering phase pattern is reconstructed using the relation between measure-
ment time and position over the fiber, t = 2z/vg where t is the time since the optical probe signal
has been launched into the fiber, z is the position of the fiber ang vg is the group velocity of the
probe wave in the fiber.

∆φ(t) = φz2(t)− φz1(t) (1.57)

Although this technique needs to change the direct photodetector by a 90◦ hybrid coherent
photodetector and split the optical signal that the laser emits in order to generate the LO, it
permits to configure the GL, as z2 − z1, after the measurement is done, which confers flexibility
to the sensor. In addition, a coherent detection scheme permits to increase the SNR [65]. This
translates to an extension of the measurement range of the sensor.

The measurement range of the sensor depends directly on the energy contained inside the probe
optical pulse. Due to the optical attenuation of the fiber the amplitude of the pulse is reduced,
therefore the SNR of the measurement. In order to increase the energy of the pulse, and thus
the measurement range, the first parameter that can be modified is the pulse peak power. As
the amplitude of the pulse is boosted, its energy is increased. However, This enhancement is
constrained by the onset of non-linear effects such as MI and SPM, which results in an effective
reduction to the SNR of the measurement. Another possible method to extend the measurement
range is to extend the duration of the pulse and thus the energy. Nevertheless, this solution leads
to a trade-off since the spatial resolution is linked to the temporal duration of the pulse.

1.3.4.1. Spatial resolution

In order to overcome the trade-off between spatial resolution and SNR of the measurements,
some techniques have been presented. One of these techniques consists on using correlation-
OTDR [66, 67, 68] although coded-OTDR offers an increment of the sensitivity [69] and enhance-
ment of the SNR [70, 71].
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Another technique that breaks the trade-off between spatial resolution and measurement range
and, besides, permits to perform dynamical measurements is the pulse compression. This technique
was initially developed in the radar environment. Pulse compression technique is based on applying
a matched filter (MF) to the backscattering signal generated by a single pulse, which has been
FM [72]. At the output of the MF all spectral components of the reflected pulse are merged in the
same position, enhancing the SNR.

Another vital issue that limits the performance of the φ-OTDR sensors is fading.

1.3.4.2. Fading

The fading problem results in a random variation of the amplitude of the resultant electrical field
along the backscattering measured signal. Two different causes may result in fading. Nevertheless
the effect over the measurement is the same in both cases. The first origin of fading is the own
nature of coherent-OTDR. Due to the high coherence between the multiple backscattering reflected
waves, the superposition of all of them may result in destructive interference. As a consequence,
the amplitude of the resultant electric field becomes low in a specific positions of the fiber, which
is translated to a low SNR, and hence, to unreliable measurements.

In order to combat the effect of Rayleigh fading, a technique that exploits the dependence of the
optical phase between waves on the optical frequency was presented [73]. This technique launched
a set of pulses with different optical frequencies in order to generate different backscattering traces
statistically independent and combine them. With this technique, the position of constructive and
destructive interference are spatially shifted, ensuring that a given position will not suffer fading
at least for one of the pulses in the set.

The other source of fading is polarization. It is suffered by the systems where two signals with
different SOP are beaten in order to recovery the optical phase [64]. When two signals are mixed,
the efficiency of the mix depends on the relative SOP between both signals. The SOP of a signal
variates randomly along a standard telecom fiber due to its birefringence as its backscattering
signal as well. As a consequence, when the backscattering signal is beaten, the signal coming from
some positions of the fiber may have an orthogonal SOP relative to the LO, becoming in a low
amplitude output signal. The low amplitude implicates low SNR, which is directly translated to
an untrustworthy measured value.

In order to reduce the effect that polarization mismatch has over the SNR, some techniques have
been presented. The basic idea of these techniques is to measure simultaneously both horizontal
and vertical polarizations. With that purpose, the conventional 90◦ hybrid coherent photodetector
is changed by a polarization diversity 90◦ hybrid coherent photodetector. This device consists of
splits the LO signal in both orthogonal polarizations in order to ensure that the backscattering
signal is mixed with a parallel and orthogonal SOP [74, 75, 76]. But this technique requires to
install a new, more sophisticated detection setup, which increases the complexity of the sensor.
Moreover, the generated data, as well as the acquisition and processing hardware is doubled.
Another implemented technique consists of install PM fiber in order to keep the backscattering
SOP constant. This technique does not permit to employ existent fiber links and, besides, it
increases dramatically the cost of the sensors [77].

In chapter 5 of this thesis, a technique that mitigates, simultaneously, both Rayleigh and
polarization fading is presented [78]. This technique is based on launching consecutively four
pulses with different optical frequencies and a defined relative SOP between them in order to
measure at the same time four statistically independent backscattering signals with both possible
orthogonal polarizations.
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Finally, another problem that constrains the performance of the sensors based on phase re-
covery is the ambiguity of the phase, which limits the maximum amplitude and frequency of the
perturbation that can be measured. Phase ambiguity is not related to a reduced SNR, but to the
malfunction of the phase unwrapping technique.

1.3.4.3. Ambiguity of the phase

During the phase recovery technique, the signal at the output of the hybrid 90◦ coherent pho-
todetector is sampled and digitized by the oscilloscope. After the differential phase is calculated,
its phase profile is reconstructed using the unwrap algorithm. Unwrap algorithms by works adding
or subtracting multiples of 2π to compensate 2π-jumps of the differential phase. Due to the
limitation imposed by phase ambiguity in the unwrap algorithm, the maximum variation of the
differential-phase in the same location between consecutive measurements is limited to 2π. This
limits the maximum phase change rate that can be mesured, and hence, the maximum amplitude
and frequency of the perturbation.

This problem constrains the performance of the sensor in applications where high amplitude
and frequency perturbations are analyzed, such as structural health monitoring (SHM) in aircraft
wings.

The mitigation of this problem is addressed in chapter 6 of this thesis. The solution presented
in [79] develops a system which measures at the same time the phase variation on both axis of a PM
fiber. Each axis response is measured in one different polarization using a polarization diversity
90◦ hybrid photodetector. Then, the phase difference between both polarizations, whose amplitude
is proportional to the difference of refractive index between both axis, reduces the rate of phase
variation per unit of time. In addition, since both PM fiber axes have a different refractive index,
their Rayleigh response is statistically independent. This permits to mitigate Rayleigh fading by
the combination of both measured signals.
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CHAPTER 2

Non-local effects mitigation by tracking the BFS of the fiber

2.1. Introduction

During the last few years, DOFS that make use of Brillouin scattering have been in the focus
of research due to their ability to be used as distributed sensors in extremely large distances

since they can provide a high precision measurement of temperature and strain. Among all the
possible different techniques to implement a distributed sensor based on Brillouin scattering (see
section 1.2.5), BOTDA is the technique that offers better performance when an extremely large
measurement range is needed.

In this technique, a pulsed pump wave is launched into the FUT, where it interacts with a
counter-propagating CW probe. Due to its robustness working with large distance, BOTDA can
be a good candidate to be used in several scenarios such as monitoring the integrity of oil and gas
pipeline, structural health of bridges and other kind of civil structures, deformation in dams, fire
detection in installations such tunnels and a temperature sensor of underwater and underground
high power electric cables.

As it has been said in section 1.2.5.3, among the main focus topics of the research on BOTDA
sensors is the improvement of the performance of the sensor in order to get the longest distance
range without compromising the spatial resolution. One possibility to solve this trade-off is to
increase the power of the waves that interact, but this presents some problems linked to the use
of high optical powers. When the power of the pulsed pump wave launched into the sensing fiber
link is too high, it leads to the generation of nonlinear effects such as MI [21] and SPM [24],
therefore the maximum peak power of the injected pump wave is constrain. Another possibility to
increase the SNR of the signal that arrives at the optical receiver in long-range BOTDA sensors is
to increase the power of the probe wave, but this leads to an increment of the added noise due to
the SpBS effect. The other significant effect that limits the optical power of the probe wave is the
so-called NLE [1, 23].

This chapter presents the physical sources of the NLE as well as the effects on the performance
of the sensor. Besides, a review of the techniques that have been previously used in order the
mitigate the start of NLE is presented. Finally, a system developed to mitigate NLE is introduced.
This system performs a measurement using a FM probe wave, in which central frequency is locally
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adapted to the BFS of the fiber to compensates the second-order NLE due to the variations of
the BFS. This system permits us to inject the highest probe wave power that has been ever
demonstrated in a BOTDA to our knowledge.

2.2. Sources of non-local effects

As explained in section 1.2.6.1, when BOTDA DOFS are implemented, two optical waves
are used: a pump pulsed wave counter-propagates a CW probe. When the optical frequency
separation between these both waves is close to the BFS, an interaction between them comes into
play, generating an exchange of energy via SBS. Although the physics behind the interaction
between both waves is, in its essence, always the same, there are two possibles configurations:
gain-based BOTDA and loss-based BOTDA depending on the role that each one of the waves
plays.

When a gain-based BOTDA is implemented, the pump pulsed wave, which has a higher optical
frequency than the probe wave, transfers energy to the CW. As a consequence, the CW suffers gain,
whereas the pump wave experiences a depletion over its spectrum. On the other side, in loss-based
BOTDA configurations, the lower optical frequency wave is the pump pulsed wave, and the CW
is located a higher optical frequencies. In this case, when the optical frequency detuning between
both waves is close to the BFS of the fiber, the CW provides energy, via Brillouin interaction, to
the pump wave leading to an attenuation of the CW at the same time that the pump pulsed wave
experiences a gain [1].

In BOTDA, the interaction between both pump pulsed wave and probe wave takes place in
a length of fiber equal to the pulse length, and the spatial resolution of the system is given by
the duration of the pulse. During this interaction, the effect that pulse induces over the CW is
very small, as well as the effect that Brillouin interaction has over the pump wave. However,
although pump wave interacts with a different front wave along its travel through the optical fiber,
the different front waves of the probe wave interact over the same pump pulse wave, exchanging a
small quantity of energy with the probe wave in each position of the fiber. After the pump wave has
traveled all the optical fiber, the integration of all the small interactions becomes in a significant
gain/loss (depending on the configuration of the BOTDA) over the pump pulsed spectrum. This
phenomenon is proportional to the length of the fiber, so more fiber length becomes in a more
significant exchange of the energy of the pump pulse. The consequence of the accumulation of
energy in a part of the spectrum of the pulse, due to its Brillouin interaction with probe wave,
results in a distortion of the pulse shape.

To understand the physical phenomena behind the pulse distortion due to Brillouin interaction,
the optical power of the pump pulse at the end of the fiber has to be calculated. With that purpose,
the model of Brillouin interaction between two coupled waves (Eq. 1.40 ) is used. Without a loss of
generality, the gain-based BOTDA is studied. In the other case (loss-based BOTDA configuration),
the signs of Brillouin interaction of the model have to be exchanged, but the fundamentals of the
system does not change [1]. As said before, pump pulse interacts with a different front wave of
the probe wave in each location of the fiber, so it can be perfectly assumed that the probe wave is
just subject to the optical attenuation of the fiber. Therefore, the interaction model between the
fields of both waves can be described as:

Ep(L) = Ep(0)e−
α
2
Lexp

[
−g0

2

(∆νB/2)2 − i(∆ν∆νB/2)

(∆νB/2)2 + ∆ν2
|Es(L)|2Leff

]
(2.1)
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where the field of the pump wave is given by Ep(z), with z = 0 and z = L for the input and
output of the fiber, respectively. The peak Brillouin gain coefficient is represented by g0, ∆νB
references to FWHM Brillouin linewidth. The frequency detuning between the probe wave and
the pump wave is represented by ∆ν. The probe wave, injected into the fiber at the extreme end
(z = L), is denoted by Es(L). Finally, Leff = (1− exp(−αL))/α indicates the effective length of
the fiber. Despite what it might seem, the amount of energy that the pulse wave exchanges is not
significantly increased with the fiber lengthabove Leff the amount of depletion of the pulse wave
stabilizes when the length of fiber exceeds Leff ≈ 22km (for α = 0.2dB/km).

From Eq. 2.1, that describes the evolution of the amplitude of the field of the pump wave, the
power of the pump wave of the output of the fiber can be deduced as:

Pp(L) = Pp(0)e
− gB(∆ν)

Aeff
Ps(L)Leff

e−αL (2.2)

where the power of the pump wave at the input of the fiber is given by Pp(0), Aeff denotes the
effective area of the fiber, gB the coefficient gain of the Brillouin interaction, that has a dependence
on the frequency detuning between probe and pump wave. Ps(L) indicates the power of the probe
wave at its input of the fiber (z = L).

Notice that Eq. 2.2 denotes that the depletion of the pulse has a frequency dependence given
by the natural Lorentzian response typical of Brillouin interaction. In this case, the depletion of
the pulse has its maximum value (given by the peak value of the Brillouin interaction) when the
frequency separation between both signals is equal to the BFS of the fiber.

When the fiber has a constant BFS along all its length, the disminution in the energy that the
pump pulse suffers after its journey along the whole fiber, for a specific frequency detuning, can
be given as a dimensionless deplection factor, d [1]:

d(L,∆ν) =
P o
p (L,∆ν)− Pp(L,∆ν)

P o
p (L,∆ν)

(2.3)

where P o
p represents the pump pulse power at the end of the fiber in absence of Brillouin

interaction. It also can be understood as the effect that optical attenuation of the fiber has over
the pump pulse. If Eq. 2.2 is sustitute in Eq. 2.3, the depletion factor is obtained as follows:

d(L,∆ν) = 1− e−
gB(∆ν)

Aeff
Ps(L)Leff

(2.4)

Notice that the coefficient that determines the depletion of the pulsed wave in each frequency
has a unique dependence, for each frequency and length of the fiber, with the power of probe wave
that is injected into the fiber, so more power of probe wave translates to more loss that is induced
over the spectrum of the pump wave. Also, notice that there is not a dependence of the depletion
neither on the duration of the pulse nor on the power itself. Using Eq. 2.4, the maximum power
of the probe wave that induces a given depletion coefficient over the pump pulse wave can be
calculated as:

Ps(L) = − ln(1− d(L,∆ν))
Aeff

gB(∆ν)Leff
(2.5)

A schematic depiction of the effect that depletion has over the pump pulse spectrum is shown
in Fig. 2.1. This figure assumes a constant BFS along the fiber with a slight variation in a small
section at the end. As it has been shown in Eq. 2.4, the depletion factor that the pump wave
suffers depends on the frequency separation between pump and probe wave [1]. Consequently of
the depletion that pump wave suffers, the Brillouin spectrum suffers a distortion resulting in peak
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gain shifting and, consequently, a measurement error of the BFS. That is because of, as explained
in section 1.2.5.3, the Brillouin gain, that pump wave experiences after its travel through the
optical fiber, is given by the integration, along the fiber, of each local Brillouin interaction, as it is
described as follows:

Gk = e
∫ zk+∆z
zk

gB(∆ν)

Aeff
Pp(0)e−αzkdz

(2.6)

in this equation, the local region where the interaction occurs is given by ∆z, which corresponds
to the spatial resolution of the sensor, given by the pulse duration.

Figure 2.1: Effect of a non-uniform frequency distribution of the pump pulse power on the mea-
surement of the Brillouin gain spectrum: if the pump power is reduced by a fraction d at a given
frequency and a Brillouin gain spectrum is analyzed with a peak gain frequency shifted by δν from
this given frequency, a distorted Brillouin gain spectrum will be measured, as shown on the right
(thick solid line). The measured peak gain frequency is shifted with respect to the real gain spec-
trum (thin solid line) and suffers from a systematic error. c©2013 Optical Society of America [1].

This dependence of the depletion on the frequency becomes in a distortion of the pulse. It leads
to an offset in the frequency of the measured BFS. As Fig. 2.1 shows, the peak of the Brillouin
spectrum is biased to high frequencies when a gain-based BOTDA configuration is used, while the
shift of the peak of the Brillouin spectrum is moved to low frequencies when loss configuration is
deployed [1].

It is useful to mention that this error induced in the measured value of the BFS is known as
NLE. This error generates, in a located position of the fiber, a depletion over the pump pulse.
That depletion is generated in other locations of the fiber. This makes the Brillouin interaction in
a location of the fiber, to be conditioned by the interaction that pump wave had with probe wave
in the previous locations of the fiber.

As said before, both the variation on the BFS (δν) and depletion factor (d) influence the
measurement error due to the pump pulse depletion (νe). Assuming an error in the BFS smaller
than FWHM of the gain spectrum and a depletion coefficient not so big, d < 0.2, the error in the
measurement of the BFS, induced by the depletion of the pump wave, is given by [1]:

νe ∼=
dδν(

1 + 4
(

δν
∆νB

)2
)2

− 2d

(
1 + 2

(
δν

∆νB

)2
) (2.7)

If a constant depletion coefficient, δ, is fixed, the frequency shift of the BFS at which the error
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is maximized is given by:

δν =

√
2− d

28
∆νB ≈ 0.26∆νB︸ ︷︷ ︸

d�1

(2.8)

From the equation 2.8, it is deduced that the maximum error in the measured BFS at the end
of the fiber, occurs when its BFS, has a difference around a quarter of the FWHM of the gain
spectrum with respect to the constant BFS along the rest of the fiber. Furthermore, as Eq. 2.7
shows, the depletion factor, and the error in the determination of the BFS are linked, so more
depletion leads to more measurement error. This dependence is shown in Fig. 2.2. To that, a
a fiber link with a constant BFS and a variation, equal to δν = ∆νb/4, in the last section has
been simulated. An error no bigger than 1 MHz in the BFS and a maximum epletion coefficient
of δ ≈ 0.2 have been imposed as well [1]. With these parameters and the restrictions imposed in
order to not beat the maximum error in the measurement of the BFS, according to Eq. 2.5, the
maximum power that can be injected at the extreme end input of the fiber is -11 dBm. Finally, as
in a conventional BOTDA, the Brillouin gain is reduced by a factor 1/2 due to the random relative
SOP between both probe and pump waves [80].
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Figure 2.2: Maximal depletion in function of the error of the BFS for the worst-case scenario.

2.2.1. Previous techniques used to avoid NLE

As it has been explained in the section 1.2.5.3 several effects impair the performance of the
BOTDA systems, but NLE is one of the main. Due to the limitation on the probe wave, that can
be injected into the fiber, that this effect imposes, in order to limit the error on the measurement
of the BFS, the SNR that BOTDA devices can achieve is severely limited. That is the reason that,
in the last few years, several groups have focused their research on looking for techniques that
mitigate that problem. In this section, a brief review of the main solutions, developed in order to
hit NLE, is presented.
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One of the first methods that was developed did not require to make changes in the exper-
imental setup. It was oriented to do a numerical reconstruction of the BFS measurement [81].
This technique used an algorithm to reconstruct the profile of BFS based on a multidimensional
algorithm to find coefficients that parametrize the unknown profile of the BFS. This method
was satisfactory demonstrated over a measurement of a fiber of 7 km where NLE were avoided.
Although this technique demonstrated to be useful, it needed a previous knowledge of the fiber
characteristics. Besides, the time needed to perform the post-processing of the data makes this
technique not suitable for most realistic scenarios.

Figure 2.3: Basic of Brillouin interaction between probe waves and pump pulsed wave when two
probe waves are deployed in a BOTDA sensor.

After this technique, a technique that deploys two probe waves was presented [82]. Both probe
waves are arranged symmetrically in frequency around the pump pulse. This setup makes use of
both waves in order to generate a complementary Brillouin interaction with the pump pulse. In
this way, while the probe wave located at higher frequencies, generates gain over the pulse, the
probe wave (at lower frequencies) contributes to the system generating a loss. The fundamental
of this technique is shown in Fig. 2.3, where it displays how the higher frequency probe wave
transfers energy (following a Lorentzian profile) to the pulse whereas lower frequency probe wave
contributes to the pump spectrum with a Lorentzian shape loss, typical of the Brillouin interaction.
As a consequence, both interactions over the pump pulse are completely, or almost completely,
compensated, leading to no depletion of the pulse. It is important to note that both probe waves
are launched at the same time into the fiber. They both are co-propagated, so both arrive at the
photodetector at the same time. For this reason, one of them has to be filtered out, before the
detection, in order to perform a measurement.

Notwithstanding, this mutual compensation between both interactions can be accepted par-
tially since it does not take into account the effect that interaction has over both probe waves:
amplification of the Stokes wave and loss in the anti-Stokes wave. If Brillouin interaction between
these three waves (both probe waves and pump wave) is studied in detail, it is proved that, even
though depletion over the pulse is highly mitigated, there is pump depletion yet since both waves
that are interacting simultaneously with the pulse are unbalanced due to the interaction itself [1].
When it is considered that power of low-frequency probe wave (PSL(z)) and high-frequency probe
wave (PSU(z)) Eq. 2.2, that describes the pump power at the output of the fiber, can be given
as [1]:

PP (L,∆ν) =
PP (0)e−αL

1 + gB(∆ν)2

A2
eff

PP (0) [PSL(L) + PSU(L)] e−αL∆zL
(2.9)
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at the output of the fiber, z = L, the depletion that pump pulse experiences can be calculated
using Eq. 2.9 in Eq. 2.3 as:

d(L,∆ν) = 1− 1

1 + gB(∆ν)

A2
effPP (0)[PSL(L)+PSU (L)]e−αL∆zL

(2.10)

note that, from Eq. 2.10, the maximum depletion when dual probe wave is used, in contrast
with one probe wave BOTDA, occurs when L = 1/α. Besides that, the dependence of the depletion
in function of the pulse can be obtained. There is a dependence on the depletion with both pulse
peak and pulse duration. More power and/or duration implies a bigger depletion coefficient of the
pulse. With the same purpose that Eq. 2.5, the maximum power of the probe waves, for a given
depletion coefficient, is given as follow:

PSL(L) + PSU(L) =
d(L,∆ν)A2

eff

gB(∆ν)2PP (0)(1− d(L,∆ν))e−αLuL
(2.11)

from this equation, the maximum power that probe wave in a long-range dual-probe BOTDA sensor
(L = 1/α) when a pulse of 10-ns and a maximum peak power before generating MI, 20 dBm [21], is
found to be approximately 10 dBm per side-band (13 dBm in total). As said before, the depletion
factor depends on the power and duration of the pulse, as for 50-ns pulse duration, with the same
peak power, the maximum power of the probe waves drops up to 6 dBm in total (3 dBm per
side-band). Although depletion of the pulse becomes dependent on pulse characteristics when two
side-bands are used, this method presents a significant improvement in the performance of the
sensor, compared to the BOTDA sensor with just one side-band.

2.2.2. Onset of second order NLE

Second-order NLE are due to the spectral distortion of the pump pulse signal when it continuosly
interacts with the Brillouin spectra induced by the two probe waves deployed in NLE-compensating
BOTDA sensors [23]. As depicted in Fig. 2.4(a), the use of two probe waves equally spaced from
the pulsed pump signal by the BFS of the fiber is enough to solve the problem of first-order NLE,
since the Brillouin gain spectrum generated by one of the probe waves upon the pulsed signal is
canceled out with the Brillouin loss spectrum induced by the other probe wave. However, during
the scanning process used to retrieve the Brillouin spectrum, the frequency spacing of both probe
waves from the pump is shifted. As a consequence, the Brillouin spectra generated by both probe
waves do not longer overlap over the pulsed signal, inducing an spectral distortion of the pulse, as
it is schematically depicted in Fig. 2.4 (b) and (c). The onset of this spectral distortion effectively
limits the maximum probe power to around -3 dBm for typical long-range BOTDA systems [23].

2.2.3. Techniques to avoid second order NLE

As said before, the conventional scan process of the Brillouin interaction in an optical fiber
with two probes, that are moved in frequency symmetrically, presents a substantial limitation in
the power of the probe bands due to the second-order NLE [24, 23].

In order to solve the limitation set by the described second-order NLE several solutions have
been proposed [2, 83]. One solution is to maintaining a constant frequency difference between
both probe waves during the scanning process, which should be fixed to twice the BFS of the fiber
as depicted in Fig. 2.5(a) [2]. However, whenever the BFS varies along the fiber, the Brillouin
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Figure 2.4: Stimulated Brillouin scattering (SBS) interaction between both side-bands probe waves
and pump pulsed wave in BOTDA sensor when frequency separation from pump wave to probe
waves is equal to the BFS (a), higher than BFS (b) and lower (c).

gain and loss spectra generated by the probe waves do not longer overlap giving rise to a non-flat
transfer function over the pulsed signal as it can be observed in Fig. 2.5 (b) and (c). Moreover, as it
is analyzed below, this issue can not be solved in general by adjusting the probe spacing using the
average BFS of a particular portion of the fiber, for instance, to the BFS of the so-called effective
length from the probe input end. The Brillouin gain and loss is so large due to the powerful probe
wave injected into the fiber that even when the probe wave has been greatly attenuated by the
fiber propagation, the interaction between the pump and probe wave can still introduce significant
spectral distortion on the pump pulse spectrum [83].

The solution that we proposed to overcome second-order non-local effects is based on the fre-
quency modulation of the optical probe waves [3]. The Brillouin spectral interaction induced on
the pulse in this technique is schematically depicted in Fig. 2.6. As it is shown, the frequency
modulation of the optical probe waves broadens the total Brillouin interaction experienced by the
pulsed signal [3]. Adjusting the average frequency of both probe waves to the BFS of the fiber,
both spectra cancel out leading to no distortion of the pulse. However, as in the previous case, if
there is a section of the fiber that has a different BFS, both interactions shift and hence, the pulse
becomes affected by a non-flat transfer function, as shown in Fig. 2.6. Notice that the influence
of the Brillouin interaction over the pulsed signal is going to be less significant with our method
based on frequency-modulated probe waves that the one deploying constant frequency separation
between the probes, since the frequency modulation spreads the energy of the interaction into a
larger frequency region, thus, reducing the amplitude of the transfer function. However, there is
still some distortion of the high frequency components of the pulse that, as it is shown below,
limits the maximum probe power that can be deployed in links with BFS variation along the fiber.

In summary, we have qualitatively shown that all techniques available so far to compensate
second-order NLE require the fiber to have a fairly uniform BFS along its length. The use of fiber
with varying BFS characteristic leads to a residual second-order NLE that may affect the pulsed
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Figure 2.5: Brillouin interaction over the spectrum of the pump wave when frequency separation
between both probe waves is (a) equal to the BFS, (b) larger than the BFS and (c) smaller than
the BFS.

Figure 2.6: Brillouin interaction over the spectrum of the pump wave in BOTDA sensors when
frequency modulation is applied. When average central frequency deviation of the probe wave fits
the BFS of the fiber (BFS1), BFS is larger than the average frequency detuning between pump
and probe wave (BFS2) and when BFS is smaller than the central frequency of the FM (BFS3).
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signal. In order to quantify this effect we can solve the differential equations governing Brillouin
interaction between the pump pulse and the probe waves assuming that the intensity of the probe
waves along the fiber is not affected by the pump wave interaction [7]. This gives the expression
of the pump pulse propagating along the fiber:

Pp(z) = Pp(0)exp

[
Pus(0)

∫ z

0

gb(∆νus)

Aeff
eαzdz − Pls(0)

∫ z

0

gB(∆νls)

Aeff
eαzdz

]
e−αz (2.12)

where Pp(0), Pus(0) and Pls(o) are the power of the pump wave, and upper and lower frequency
probe waves, respectively, at the input of the fiber, α is the fiber attenuation, Aeff is the effective
area, and gB is the Brillouin gain or loss spectra at each location, z, that depends on the local
frequency detuning ∆νus and ∆νls, respectively, given by:

∆νus = νp + νus(z)−BFS(z) (2.13)

∆νls = νp − νls(z) +BFS(z) (2.14)

where νp, νus and νls are the optical frequencies of pump, and upper and lower frequency probe
waves, respectively, and BFS is the Brillouin frequency shift in each location of the fiber. The
solution in Eq. 2.12 assumes pulses with a duration longer than the acoustic phonon lifetime
(∼ 10 ns).

As an example of the distortion brought by second-order NLE in non-uniform BFS fiber links,
we use the model in Eq. 2.12 to calculate the spectral distortion of the pulse in a link with the
BFS distribution shown in Fig. 2.7. The fiber link comprises two consecutive 50-km fiber sections
with 10.8 and 10.79 GHz and another fiber section of 20 km with a BFS value, again, of 10.8 GHz.
This is quite a realistic scenario in which two types of fibers with slightly different BFS due to
fabrication or cabling are deployed in a link.
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Figure 2.7: BFS distribution used in the simulation.

The total transfer function due to Brillouin interaction experienced by the pulsed signal when
injecting different probe power levels in the link is calculated when using either the technique
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Figure 2.8: Transfer frequency function due to the Brillouin interaction using the system presented
in (a) [2] with power of probe waves -15 dBm (magenta), -5 dBm (cyan), 0 dBm (red) and 5 dBm
(green). Plot (b) displays the frequency transfer function presented in [3] using power of probe
wave equal to 0 dbm (red), 5dBm (green), 12 dBm (blue) and 15 dBm (black).

for second-order NLE compensation deploying two probes with constant frequency spacing during
the spectral scanning (Fig. 2.8(a)), or our method with frequency modulation of the probe waves
(Fig. 2.8(b)). Note that the horizontal axis represents the frequency deviation from the central
frequency of the pulse spectrum.

In both systems, the peak-to-peak frequency deviation of the probe waves is 300 MHz and
the frequency of the probe waves for perfect compensation of second-order NLE is set assuming a
BFS value of 10.8 GHz, which is predominant in the fiber, particularly in the first 20-km section
at the probe wave input end. The first fact that the calculations in Fig. 2.2.3 highlights is that
adjusting the probe wave frequencies taking into account just the BFS of a section of the fiber
approximately equal to its effective length is not sufficient to get rid of second-order NLE. Indeed,
the calculations display significant spectral distortion of the pump pulse spectra even at moderate
probe powers. In addition, the calculations in Fig. 2.8 also highlight that the technique for second-
order NLE compensation using frequency modulation of the probe waves is more tolerant to BFS
variation than the method using probe waves with constant frequency spacing: at equal power
level the amplitude of the spectral distortion is much lower. Up to 10 dB larger probe power can
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be deployed with the frequency modulation method for same-order distortion. As it was explained
before, this advantage is due to the spreading of the interaction upon the pump pulse into a large
frequency region brought by the frequency modulation of the probe, which reduces the maximum
level of distortion experienced by the pulse.

2.3. Compensation of second order NLE by tracking the

BFS of the fiber

We propose a novel method to solve the limitation on probe wave power imposed by the
non-uniformity of the BFS along the fiber in BOTDA setups that compensate second-order NLE.
This method is based on dynamically tuning the optical frequency of the probe wave so that it
tracks the changes in BFS along the fiber. This is achieved by introducing an additional optical
frequency modulation to the probe wave. A schematic of the fundamental of this new technique
is depicted in Fig. 2.9. As it can be observed a frequency shift is added to the probe wave optical
frequency modulation. This added frequency shift must be set so that the average frequency of
the probe waves matches the average BFS of each section of the fiber. Therefore, the gain and loss
spectra induced by both probe waves on the pump pulse frequencies cancels out at each section of
the fiber so that the spectral distortion that was analyzed above is avoided.

Figure 2.9: Fundamentals of the technique that tracks the BFS. Central frequency of the FM fits
the local BFS of the fiber.

Notice that the BFS tracking just described does not need to be very precise or very fast. It
is necessary just to adapt to changes in the average BFS profile of different sections of the fiber.
This profile can be extracted from the measurements that the BOTDA system is continuously
performing or even from a previous characterization of the BFS along the fiber using low spatial
resolution, as it will be shown in the following sections. The system can work with sharp changes
in BFS profile due to the use of different fiber types concatenated as well as with slow variations
of the average BFS of the fiber link due to enviromental or cabling effects. Minor deviations of
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the local BFS in small lengths of fiber are not significant because their contribution to the total
integrated gain and loss affecting the pulse is going to be small.

2.4. Experimental setup

After the explanation of the basics of this technique, the system has been tested in the labora-
tory. With this purpose, the setup described in Fig. 2.10 was assembled [3]

Figure 2.10: Experimental setup for the BOTDA sensor based on tracking the BFS with FM of
the probe wave.

The output of a distributed feedback laser (DFB) laser is divided by a coupler into two branches
to generate the pump and probe waves. In the upper branch, the output of the coupler is pulsed by
a SOA driven by an electrical pulse from an arbitrary waveform generator (AWG). The pump pulse
is boosted to a peak of 19 dBm using an EDFA, and its SOP is randomized using a polarization
scrambler (PS).

In the lower branch, a dual-probe wave is generated using a Mach Zehnder-electrooptic modula-
tor (MZ-EOM) that is biased at the minimum transmission point of its transfer curve to generate
a double sideband suppressed-carrier signal. The MZ-EOM is driven by an AWG, which pro-
vides a microwave signal with a saw-tooth frequency modulation centered at 10.8 GHz and with a
peak-to-peak frequency deviation of 300 MHz. Also, the AWG provides a synchronization between
the electrical pulse and the FM modulation of the microwave signals in order for the pump pulses
to always interacts with the same instantaneous frequency at the same location of the fiber [3].
The power of the probe waves is amplified in another EDFA before being injected into the sensing
fiber in a counter-propagate direction to the pump pulse. Finally, after Brillouin interaction of
these waves with the pump pulse, the probe waves are directed to a fiber Bragg grating via a cir-
culator in order to filter out the upper-frequency probe, and the remaining lower-frequency probe
is detected by a photo-detector, which is connected to an oscilloscope.

2.5. Experimental results

A 120-km length of standard single-mode fiber (ITU G.652) with different BFS sections was
deployed in the setup of Fig. 2.10 in order to analyze the detrimental effect that a non-uniform BFS
profile of the sensing fiber has on the compensation of second-order NLE, and also to demonstrate
the capabilities of the proposed tracking technique to overcome this impairments. Fig. 2.11 shows
the measured BFS profile of the fiber, where three different fiber spools with a slightly different
BFS are clearly distinguishable. The BFS difference between the first two reels (50-km length
each) was around 17 MHz, while the deviation between the second and third one (this one with
20-km length) was 46 MHz. This measurements were performed using the setup in Fig. 2.10
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without adding the BFS tracking capability. The probe power was 12 dBm and long duration
pulses of 200 ns were used because we were interesting just in the evolution of the average BFS
along the fiber. During measurements, the last 20 km of the fiber was kept at constant controlled
temperature in a climatic chamber.
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Figure 2.11: Measured BFS along the fiber with the low precision technique.

We started by characterizing the optical frequency response experienced by the pump wave
as a result of its interaction with the probe waves. In order to perform this measurement we
devised the experimental setup in Fig. 2.12, which is a modification of that in Fig. 2.10. The
idea was to deploy the technique for optical transfer function measurement based on the use of
optical single-sideband (OSSB) modulation [84]. We modified the upper branch of the setup in
Fig. 2.10 to generate a OSSB signal whose sideband could be tuned in the range of frequencies
of the pump pulse. Then, this OSSB signal counter-propagates with the probe waves so as to
make the sideband experience the same transfer function that the pump pulse would experience.
Finally, the OSSB signal is extracted at the far end of the fiber using a circulator and detected
in a microwave bandwidth photodetector, which translates the optical transfer function from the
optical to the electrical domain [84]. In addition, a 20-GHz electrical VNA is used to scan the
frequency of the OSSB sideband and measure the optical transfer function.

Figure 2.12: Experimental setup used in order to characterize the optical frequency response of
the Brillouin interaction that the pump wave spectrum experiences.

The method to derive the OSSB from the laser in Fig. 2.12 uses first a MZ-EOM biased at
minimum transmission and driven by an RF generator at 10 GHz to generate a double-sideband
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suppressed-carrier signal. The lower-frequency sideband is later removed using and OF, which
leaves a single spectral component that becomes the optical carrier of the OSSB and is spaced
10-GHz from the pump central frequency. Then this optical carrier is fed to an optical single-
sideband electro optical modulator (OSSB-EOM), which is based on a MZ-EOM with two radio
frequency (RF) electrodes driven using a 90◦ hybrid coupler [85]. The OSSB-EOM is driven by
the VNA that scans the sideband frequency, by generating a microwave frequency sweep between
9.5 GHz and 10.5 GHz, and measures the optical transfer function experienced by the pump along
the fiber and up to the microwave photodetector.

Fig. 2.13 depicts the distortion of the frequency transfer function, measured using the OSSB
method, for increasing probe power. This is the transfer function that the pump pulse experiences
due to its interaction with the probe waves. It can be clearly observed that as the probe power
is raised, the distortion of the pump wave increases. Indeed, for probe wave powers of 0 dBm
and 5 dBm the pump wave spectral distortion is negligible. However, when the probe power is
increased to 15 dBm, the pump wave spectrum experiences a large distortion: the low and high
frequencies of the spectrum experience a 4-dB peak loss and gain, respectively. Besides, this last
measurement is compared in the figure with the calculations using the model in Eq. 2.12, showing
good agreement in shape, despite some small differences attributable to the SpBS generated over
the OSSB signal frequencies by the counterpropagating continuous probe waves. Notice that the
frequency separation of the gain and loss peaks in Fig. 2.13 equals the peak-to-peak frequency
deviation of the FM modulation introduced to the probe wave. In addition, the frequencies of the
two lobes that each peak can be directly related to the difference between the central frequency of
the FM modulated probe waves and the BFS of the different sections of the fiber.
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Figure 2.13: Mesured transfer function due to Brillouin interaction between pump wave and probe
wave when power of probe wave is 0 dBm (green), 5 dBm (blue) and 15 dBm (red blue line). A
simulation of model using Eq. 2.12, denoted by dashed red line, is shown using a probe wave of
15 dBm.

The distortion of the optical transfer function experienced by the pump pulse upon interaction
with the probe waves translates to a distortion of the temporal shape of the pulses. This is
highlighted in Fig. 2.14, that displays the temporal shape of a 20 ns pulse, measured at the output
of the fiber in the setup of Fig. 2.10, when different probe wave power level are deployed. It can
be observed that for probe wave power lower than 12 dBm the pulse shape does not experience
nearly any distortion.

However, for 12 dBm probe wave power a ripple of around 11% of the pulse amplitude appears
on the top of the pulse. Moreover, for 15 dBm this ripple is increased to a variation of 53% of the
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Figure 2.14: Optical pulses at the output of the fiber

amplitude of the pulse and, in addition, the fall edge of the pulse loses its original shape.
Once the detrimental effect on the pump pulse wave that the BFS difference along the sensing

fiber had been studied, we experimentally demonstrate the performance of the new BFS tracking
technique. For that purpose, the first step is to measure the average BFS profile of the sensing fiber,
which was done and displayed in Fig. 2.11. Then the measured BFS profile is used to compensate
the average BFS variation of the fiber, by adding an offset frequency to the probe wave modulation,
as it was schematically explained in Fig. 2.10. Finally, we performed distributed measurements
of BFS using 30-ns pump pulses (3-m spatial resolution) and a probe power of 15 dBm. This
probe power was limited by the Brillouin threshold of the fiber. Fig. 2.15 shows the measured BFS
measurement along the fiber when this BFS tracking is applied. Notice that is a ”virtual” BFS
since to obtain the real BFS it is necessary to subtract the frequency offset added to the probe wave
modulation at each fiber section. The BFS is not completely flat in Fig. 2.15 because just the last
20 km of the sensing fiber were held inside a climate chamber during measurements. Hence, the
first 100 km were exposed to laboratory temperature variations between the initial measurement
of the average BFS in Fig. 2.11 and the measurements with tracking in Fig. 2.15, which explains
that their BFS is slightly offset from 10.8 GHz. Note that in a real system the BFS tracking would
be continuously in operation using previous measurement results so the BFS variation would be
perfectly compensated.

0 30 60 90 120

 Distance (Km) 

10.78

10.79

10.8

10.81

10.8210.82

 B
F

S
 (

G
H

z
) 

Figure 2.15: Virtual BFS measured using the sistem with tracking BFS.

Fig. 2.16 depicts the temporal shape of 20 ns pump pulses after crossing the whole fiber and
for different probe wave power levels, when BFS tracking is applied. It can be observed, that for
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a lower probe power than 15 dBm there is negligible pulse distortion, while for a probe power of
15 dBm just a small ripple appears and the fall edge of the pulse preserves is original shape. This
small distortion, which does not impair measurements, is due to the residual variation of BFS
that was observable in Fig. 2.17. Nevertheless it would be completely suppressed in a system with
continuous BFS tracking.
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Figure 2.16: Pulses at the output of the fiber when the BFS tracking is applied.

Finally, in order to evaluate the precision of the system, a series of 18 consecutive measurements
were performed. Fig. 2.17 shows the precision along the sensing fiber calculated from the standard
deviation of those measurements at each location. An approx. 2-MHz (1σ) precision is obtained
at the end of the fiber. All these measurements have been done with 1024 averages of the traces.
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Figure 2.17: Precision of the measurement

2.6. Conclusions

In this chapter, we have introduced the way to obtain the ultimate performance of BOTDA
sensors in terms of the probe power that they can deploy. We have identified the factor that was
limiting the performance of currently available NLE compensation methods: the inability of those
methods to cope with variations of the BFS profiles along the fiber. This is a limitation that really
limits real world applications of long-range BOTDA sensors. We have demonstrated that indeed
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this was the limiting factor by developing a theoretical model for the pump pulse distortion due
to the interaction with the probe waves. Furthermore, we have verified this model experimentally.

In addition, we have presented a new technique that makes BOTDA sensors to completely
compensate NLE by adding an optical frequency modulation to the probe to track the variations
in average BFS found along the fiber. Therefore, the new limit to probe wave power is the effective
Brillouin threshold of the sensing fiber. Nevertheless, the probe FM modulation technique that we
deploy pushes this limit to higher powers than in standard BOTDA setups. Using our BOTDA
setup, we deployed a probe wave of 15 dBm, which, to the best of our knowledge is the largest
probe power ever injected in a long-range BOTDA setup. The enhancement in the detected SNR
brought by the use of such power leads to an excellent sensor performance without resorting to
additional means such as the use of pump pulse coding or Raman gain.



CHAPTER 3

Pump wave amplification in long-range BOTDA

3.1. Introduction

During the last few years, BOTDA has been one the centers of attention of DOFS due to its
capability to monitor temperature and strain over extra-large structures. There are several

scenarios with a great need for measurement distance of more than 50 km, such as structural health
of gas and oil pipelines, bridges, or high voltage electric lines. Further that a long sensing distance,
these applications have a common demand for high spatial resolution in the order of one meter
or even shorter. Currently, these requirements make it necessary to install several interrogators
covering each one a short distance, increasing the cost of the whole system dramatically.

As explained in the section 1.2.5.3 in the introduction chapter, in BOTDA systems a CW probe
wave counter-propagates a pump pulse. When frequency detuning between these both waves is
almost the same as the BFS of the fiber, there is a Brillouin interaction between them. Probe wave
suffers a gain (or loss, depending on the configuration of the sensor) in its amplitude that can be
described as:

∆PS(z) =
g0

Aeff
PPie

−αzPSie
−αLu (3.1)

where the probe wave and the pump wave are given by PSi and PPi . g0 denotes the local
coefficient of gain due to Brillouin interaction, Aeff is the effective area of the fiber, α means the
optical attenuation coefficient of the fiber, L the length of the fiber and u the spatial resolution,
given by the temporal width of the pulse as 10 ns∼ 1 m.

As can be observed in Eq. 3.1, the gain that the probe wave experiences is twice dependent on
the coefficient of attenuation. One of the dependences defines how the probe wave is attenuated
due to its propagation through fiber (αL). On the other hand, the coefficient of attenuation
modulates the gain of the Brillouin gain of the probe wave as the pump wave propagates through
the fiber (αz). Because of these two contributions of the coefficient of attenuation, the SNR of the
detected Brillouin gain drops to small values.

49
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3.2. Techniques used to compensate optical attenuation

The main limitation brought by the optical attenuation of the optical waves is a degradation
of the SNR. Assuming that the input powers of all signals injected in the fiber are maximized and
optimized in order to avoid non-linear effects such as MI, SpBS, or NLE, the simplest technique
to boost the SNR is to perform a signal averaging. But although this technique does not require
to implement a modification in the optical setup, it becomes impracticable when the number of
averages, N, is largely increased. While the SNR is improved as a factor

√
N , the measurement

time is increased with the number of averages, N.
Some techniques that avoid a measurement time penalty implement an amplification of the

optical signals. One of the solutions consists of the installations of EDFA repeaters along the
fiber link [35, 86]. In these setups, a pair of EDFAs are inserted in the middle of the fiber. Two
circulators extract the signal from the fiber, and each circulator sends the probe and pump pulse
to the correct EDFA. After both signals have been boosted, they are injected in the sensing fiber
link again. Although this kind of technique permits to extend a sensing distance up to 150 km,
the EDFAs need to be powered, limiting their use in remote areas.

Several solutions that do not need to be powered away from the interrogation unit have been
proposed. All the systems have a point in common with the use of distributed amplification
schemes. The first of them is the use of distributed Raman amplification (DRA). This system
injects a Raman pump into the fiber, generating a Raman interaction that leads to the an am-
plification of the pump pulse and also probes wave if a bidirectional DRA pump configuration is
used [31, 87]. With these setups, a sensing range of 100 km with a spatial resolution of 0.5 meters
has been reached. Nevertheless, Raman interaction has a huge bandwidth, so tens of nanometres
bandwidth are wasted. Besides, since DRA needs to pump a high optical power into the fiber,
it presents an eye-safety concern when the system is operated in real scenarios. Finally, relative
intensity noise (RIN) from the Raman pump is translated to the amplified signal, leading to the
degradation of SNR of the signal.

Finally, a technique that does not introduce noise in the system, and amplifies the pump wave
using distributed Brillouin amplifier (DBA), was presented as a solution to the problem of the
optical attenuation [34]. This system is based on a conventional dual-band probe wave BOTDA,
where an extra optical signal has been added. This other signal is provided by a laser whose
wavelength has been directly modulated by an electrical current following a triangular shape. As
a consequence, an extra interaction occurs over the pump wave. This Brillouin interaction is
distributed along the whole pump spectrum, generating a flat gain spectrum that does not disturb
the pump wave shape. The performance of this system was successfully demonstrated with the
compensation of the optical attenuation that pump pulse suffers in a 50-km length sensing fiber.
Further of this work, a sensor that amplifies the pulsed pump wave and does not need to install
an extra laser in the setup has been developed during this thesis. This technique generates a gain
over the pump wave by its interaction with the probe wave.

3.3. Fundamentals of the gain generation by the probe

wave over the pump wave

The technique introduced in this chapter compensates for the attenuation of the pump wave
by means of the intrinsic gain generated by the Brillouin interaction. The basics of this technique
is the system developed in chapter 2 but, in this case, the lower optical frequency probe wave is
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filtered out so that the pump wave spectrum experiences a net gain.

Figure 3.1: Optical waves present in the optical fiber.

Fig. 3.1 depicts, schematically, the fundamentals of the technique. As in a conventional
BOTDA, two optical waves that counterpropagate are used, pump pulse and probe wave. In
this case, the sensor is arranged as a loss-based configuration. Therefore, the pump wave generates
a loss of the probe waves at the same time that the probe wave transfers energy to the pulse wave
at every location of the optical sensing fiber. As a difference to a conventional BOTDA, in this
case, the probe wave is frequency modulated following a sawtooth shape, so at each position of
the fiber the interaction between the pump wave and probe wave occurs with a different frequency
separation. The Brillouin gain spectrum that the pulse wave experiences at each location has a
Lorentzian shape, but in this case, this Brillouin spectrum gain is slightly shifted in frequency at
each position of the fiber. As a consequence, after the Brillouin interaction along all the fiber, the
net gain over the frequency spectrum of the pulse wave has a flat shape.

Unlike the conventional BOTDA scan, where the frequency is performed using a discrete fre-
quency swept, this system takes advantage of the frequency modulation of the probe wave. The
local instantaneous frequency of the Brillouin interaction depends on the time delay of the optical
frequency modulation of the probe wave relative to the launch of the pump pulses in the fiber.
Then, variating this relative time delay, the frequency of the Brillouin interaction changes at each
location of the fiber. Each relative time delay step applied to both signals will be equal to the
sawtooth period of the modulation divided by the number of steps that are applied to the scan
process.

3.3.1. Theoretical study of this technique

In order to explain the Brillouin interaction between both waves shown in Fig. 3.1, the well-known
steady-state coupled wave equations for the intensity and pump wave are used [88]:

dPp(z)

dz
= −gb(∆ν)Pp(z)Ps(z)− αPp(z) (3.2a)

dPs(z)

dz
= −gB(∆ν)Pp(z)Ps(z) + αPs(z) (3.2b)
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Note that these coupled wave equations are only valid when the Brillouin interaction is longer
than the phonon lifetime (10 ns), so in order to use this approximation, it is assumed that the
deployed pulses are longer than the acoustic phonon lifetime . From the solution of the coupled
equations (Eq. 3.2), the evolution of the pump wave is found as:

Pp(z) = Pp(0)exp

[∫ z

0

η(z)gB(∆ν)

Aeff
PS(L)exp(−α(L− z))dz

]
exp(−αz) (3.3)

where the power of the pump and the probe wave injected in the fiber are represented by
Pp(0) and Ps(L), L is the length of the fiber while Aeff is the effective area, gB is the Brillouin
gain coefficient that depends on ∆ν, which is the local detuning frequency from the center of the
Lorentzian Brillouin spectrum and is given by:

∆ν(z) = νp − νs(z) +BFS(z) (3.4)

being νp the optical frequency of the pump wave, νS(z) is the frequency of the probe when
meets the pulse at a position z of the fiber and BFS(z) is the BFS at a position z of the fiber.
Notice that ∆ν(z) variates along the fiber length since a frequency modulation over to the probe
wave, as a consequence, the effect that the probe wave has has been applied to the pump pulse
spectrum is defined by the integration, along the optical fiber, of multiples periods of the shape
of the frequency modulation. The net gain that the pump pulse spectrum experiences depends on
the shape of the FM.
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Figure 3.2: Interaction when pulsed signal is polarization randomized

It is essential to highlight the importance of the effect of the relative SOP between pump wave
and probe wave, denoted in Eq. 3.3 by η(z). As in a conventional BOTDA setup, the relative
SOP between both counterpropagating waves determines the efficiency of the interaction. In
low-birefringence single-mode optical fibers, the logarithmic gain varies between a minimum of 1/3
when both waves are orthogonal and maximum of 2/3 for parallel counter-propagating signals [80].
Fig. 3.2 schematically displays the situation of the interaction between both waves, probe and pulse
pump signals, when a PS randomizes the pump wave. It is shown how the SOP of the probe wave
varies slowly along the optical fiber due to the low. Then, the SOP of each pulse injected in
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Figure 3.3: Interaction when probe wave signal is polarization randomized

the fiber changes randomly. In this case, each pulse meets the same SOP of the probe wave in
each location of the fiber. Consequently, the gain that pump pulse experiences depends on the
polarization and can be represented by an ellipse with a 1/3 and 2/3 relationship between its mayor
and minor axes (in purple color). This means that one polarization of the pulse may experience
a large gain; meanwhile, its orthogonal experiences a smaller gain. The orientation of this elliptic
gain depends on the initial SOP of the probe wave. As a consequence, each pulse experiences
different gain in each polarization axis, an effect that is not compensated by the averaging process.
Since the gain depends on the initial SOP of the probe wave, the solution consists of randomizing
instead the SOP in this case of the injected probe wave. Fig. 3.3 displays the relative SOP between
probe waves (red arrows) and pump pulse (green rectangles). In this case, the SOP of the probe
wave varies randomly along its travel through. In this way, each pulse experiences interaction with
a probe wave, whose relative SOP varies randomly along all the possible polarizations during its
way. As a consequence, pulses experience a gain that is equally distributed along the possibles
SOP leading a polarization non-depending gain, as the purple color circles in the figure indicate.

3.4. Experimental setup

Figure 3.4: Experimental setup for the BOTDA sensor based on frequency modulation of the probe
wave.

The setup used in this technique is shown, schematically, in Fig. 3.4. In this setup, the mi-
crowave generator used in a regular BOTDA setup is substituted by an AWG. The purpose of the
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AWG is to feed the MZ-EOM with a microwave signal used to generate the FM probe wave. A
DC signal is used to set the bias voltage of the MZ-EOM in order to generate a double-sideband
suppressed-carrier signal. The signal that the AWG supplies is a FM microwave with an instanta-
neous frequency that varies around the average BFS of the fiber. In this case, the FM microwave
follows a saw-tooth shape with a frequency deviation, peak-to-peak, of 200 MHZ and a period of
modulation of 12.5 milliseconds (frequency rate of 80 kHz). A lower-cost alternative to the use of
the AWG would be to deploy a microwave voltage control oscillator driven by a saw-tooth signal.
In order that the pulse always meets the same instantaneous frequency of the probe wave at a
given location during an scan step, the frequency modulating signal and the electrical pulse signal
that is applied to the driver of the SOA have to be perfectly synchronized, therefore this electrical
pulse is generated on the same AWG than the FM signal. Through the change of the relative
time delay between the FM and pulse signals, the instantaneous frequency that the pulse meets in
each point of the fiber can be changed. After the MZ-EOM, an OF filters out the lower-frequency
sideband of the probe wave. Then, the upper-frequency sideband of the probe wave is amplified,
using an EDFA up to the limit of 9 dBm, imposed by NLE. Next to that, a PS randomizes its
SOP. Finally, the probe wave is launched into 100-km of G.652 FUT. The disposition of the fiber
is in two spools of 50 km each one and a hotspot of 140 m located at the extreme end of one of
them.

In the upper branch, the pulsed signal, generated by the SOA, is amplified using an EDFA to a
peak power of 19 dBm, which is the maximum power before non-linear effects appear. After that,
a circulator drives the pulsed signal direct to the FUT.

After the Brillouin interaction inside the fiber the same circulator sends the probe wave to
another circulator where an fiber Bragg grating (FBG), configured in reflection, selects the probe
wave. Finally, the signal is detected by a photodetector and digitized and store in an oscilloscope.

3.5. Experimental results

Once the theoretical and experimental fundamentals and of this technique has been established,
several experiments, to demonstrate experimentally the validity of this system, have been carried
out.

Figure 3.5 compares the distribution of the Brillouin spectra measured along the fiber with a
dual-probe-sideband BOTDA [3] and for the new BOTDA with amplification of the pump pulse.
For the dual-probe BOTDA, the amplitude of the Brillouin spectra decays exponentially due to
the attenuation of the pump pulse as it propagates through the fiber. In contrast, in our system,
the amplitude initially decays but starts to recover at a distance of around 30 km from the pump
input, as it can be seen more clearly in the BOTDA trace in Fig. 3.6. At that distance the gain
provided by the probe wave to the pump pulse starts to be significant. Considering that the gain
experienced by the pump pulse does not increase the noise level in the measured response of the
sensor [34], the increment of the detected amplitude along the fiber translates into an enhancement
of the SNR. Notice that this is a BOTDA in loss configuration, but the amplitude of the traces
have been inverted for clarity.

Figure 3.7 highlights the effects of polarization on the measured BOTDA signal. It is well-
known that the relative polarization state of the pump and probe waves at each location of the fiber
determines the mixing efficiency of the gain (or loss) experienced by the probe. This is given by the
η(z) factor discussed in section 3.3.1 that goes from η(z) = 0, for orthogonal polarization, to η(z) =
1, for identical polarization. Therefore, the common practice is to scramble the polarization of one
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(a)

(b)

Figure 3.5: Brillouin gain distribution measured with (a) dual-probe-sideband BOTDA sensor
using frequency modulation of the probe wave and (b) novel BOTDA with pulse amplification. A
pulse duration of 45 ns was deployed in both measurements.

of the two waves while performing the average of a number of acquisitions of the measurement,
so that an average η(z) = 1/2 response is obtained. However, in our setup, the interplay of the
polarization of pump and probe waves is more complex than in conventional BOTDA because the
change of the relative polarization state of the two waves also influences the gain experienced by
the pulse (Eq. 3.3) as it travels along the fiber. This gain, as it was discussed above (section 3.3.1),
ranges from 2/3 to 1/3 of the maximum ideal value obtained for a fiber with no birefringence and
identical SOP of pump and probe wave [80].

The two traces shown in Fig. 3.7 compare the measured BOTDA signal with the PS ei-
ther in the upper branch of the setup after the EDFA, or in the lower branch. Notice that the
polarization-induced noise with the PS in the upper branch is larger than when it is in the lower
branch, particularly, at the final part of the fiber where the pulse is amplified. The reason for this is
that when the scrambler is in the pump branch, the successive pump pulses arrive to a particular
position, z, of the fiber with different polarization for each measurement realization. However,
contrary to conventional BOTDA, the gain experience by successive pulses is going to also change
for each input SOP generated by the PS. Therefore, the Brillouin interaction (loss in this setup)
experienced by the probe at that particular, z, does not average in general to a η(z) = 1/2 factor as
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Figure 3.6: Mesured traces of dual-probe-sideband BOTDA (red line) and BOTDA with pulse
gain (blue line) using 45-ns pulse duration.

in a conventional BOTDA. The average η(z) depends on the particular SOP of the probe at that
location and its relative orientation to the SOP of the pump pulse with maximum and minimum
gain. In fact, it was observed that the averaged interaction at each particular location of the fiber
changed over time due to the slow drift of the relative SOP of probe and pump pulse. This latter
effect can severely degrade measurements due to amplitude drifts when the full Brillouin spectra
is scanned. The problem with polarization just described can be solved by placing the PS in the
probe branch because, in this case, during the course of averaged measurements, the successive
pump pulses arrive at each particular location with an average gain after counter-propagating with
the probe wave of aleatorized polarization. Then, as the measurement in Fig. 3.7 highlights, a
stable averaged Brillouin interaction is experienced by the probe wave at each location.

After the dependence of the Brillouin gain on the relative SOP has been addressed, the ampli-
fication that pulse suffers after their propagation through the fiber is shown.

Figure 3.8 presents the detail of the amplification of the pump pulses in extremes of the fiber.
The pulses at the input of the fiber and at the output with and without gain are compared for
pulses with 45-ns and 55-ns durations. The pulses are amplified by 19.6 dB, compensating the fiber
link attenuation. The amplification that pulses suffer is around 19.6 dB, compensating the fiber
link attenuation. Notice that the amplified pulse has its leading edge smoothed, generating an
increment in its time of rise. Nevertheless, the falling edge keeps its original fall time previous to
amplification. This behaviour is due to the fact that stimulated Brillouin scattering is a dynamic
phenomena that depends on the interaction of a pump and Stokes waves via acoustic wave. The
probe wave, which plays a role of pump in this interaction, is present at a certain location in the
fiber and then, when the pump pulse (which acts as Stokes wave) arrives, an acoustic wave is
created and the gain starts to gradually grow until it reached and steady state (if the pulse is long
enough). Finally, when the pulse leaves the gain is abruptly cut-off.

This effect leads to a distortion of the pulse shape and that can induce a BFS error by SPM, as
we previously observed [88]. SPM changes the instantaneous optical frequency of a pulse by [34]:

∆f(t) = −γLeff
2π

dP (t)

dt
(3.5)
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Figure 3.7: BOTDA trace depicting the comparison of the measured polarization noise when the
polarization scrambler is either used on the probe wave (red line) or on the pump pulse (blue line)

where Leff is the effective length and γ is the nonlinear coefficient of the fiber. P (t) is the tem-
poral shape of the pulsed wave. Previous studies have reported how this instantaneous frequency
shift influences in BOTDA sensors when using pulses that are symmetrical in the time domain
and have relatively slow transitions [89]. In that case, SPM induces a symmetrical broadening of
the pulse spectrum because ∆f in both sides of the pulse have equal amplitude and opposite sign.
Then, the broadening of the pulse spectrum results to a broadening of the measured Brillouin
spectrum linewidth. However, when an asymmetry in the time-domain shape of a pulse is intro-
duced, like the rise-time smoothing induced by the Brillouin gain in this case, SPM induces an
asymmetrical broadening of the pulse spectrum that leads to an error in the measured BFS [34].

Nevertheless, in our BOTDA with gain, the BFS measurement due to SPM can be avoided
by deploying differential pulse pair (DPP) measurements [30], which subtract the response of two
pulses with different durations, such as the ones depicted in Fig. 3.8. This eliminates the effect of
the instantaneous optical frequency shift in the smoothed leading edge of the pulses. Moreover,
the use of DPP also helps to solve another problem that is caused by the smoothing of the leading
edge of the amplified pulse. This effect generates a change in the effective spatial resolution along
the fiber as it can be observed in Fig. 3.8, in which the pulse at the output of the fiber becomes
narrower compared to the pulse at the input of the fiber. However, DPP measurement provides
a constant resolution independently of the gain of the pulse. This is due to the fact that DPP
technique involves the subtraction of the response to the common part of both pulses and the
measurement of just the response to the differential part between both pulses. In the set of pulses
shown in Fig. 3.8 a constant spatial resolution of 1 meter (55 ns-45 ns = 10ns∼ 1 m).

Figure 3.9 shows the measured BFS distribution in the fiber using DPP technique with two
pulses of 45 and 55 ns. Two measurements were sequentially performed with the fiber inputs
swapped so as to make sure that the BFS distribution is identical independently of which end is
used to inject the probe and pump wave and hence that SPM or non-local effects are not introducing
any significant errors. In order to avoid the influence of the temperature variations of the room,
where the experiment was carried out, last 140 m of the fiber link in which a different type of SMF
with a slightly different BFS was kept at constant temperature using a climate chamber. The
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Figure 3.8: Amplification of pump pulses with 45-ns (dashed line) and 55-ns (solid line) duration.
Pulses are shown at the input of the fiber (red line), output of the fiber without gain (blue line)
and amplified pulses (green line).

detail of the BFS measured at this fiber section is shown in the inset of Fig. 3.9, where an almost
identical BFS for both measurements can be observed. It van be also seen that the BFS in the rest
of the fiber outside the climate chamber in the room. Notice that, in the temperature controlled
fiber length, there is a residual BFS difference of around 0.5 MHz for the measurement in both
directions. This small difference is attributed to the effect of the EDFA amplification on the pulse
shape. As Fig. 3.8, the top of the pulses are not completely flat, but have a small slope due to the
transient effects in the EDFA. This slope, according to Eq. 3.5, leads to a small positive shift in
the instantaneous frequency of the pulse that introduces the observed small error in the BFS. In
fact, we made estimative calculations using a typical parameter of nonlinear coefficient for SMF
that agree well with the observed frequency shift in BFS. These small residual error in the BFS
can be avoided simply by making sure that we use a flat-top pulse, which can be achieved, for
instance, by using an EDFA prepared for pulsed or bust operation [90].

Finally, Fig. 3.10 displays the BFS measurement uncertainty along the fiber calculated as the
standard deviation of 5 consecutive measurements. It shows that the maximum uncertainty is
around 1 MHz. Furthermore, as it was expected, the measurement precision and the spectra
amplitude in Fig. 3.5(b) are directly related. The section with a larger uncertainty coincides with
the positions of the fiber with lower spectra amplitude. All these measures have been done applying
an average of the traces of 1500 samples.

3.6. Conclusion

During this chapter, the limitation that optical attenuation presents in long-range BOTDA has
been addressed. It allows to increase the measurement range of BOTDA sensors.

We have demonstrated a BOTDA sensor that provides gain to the pump pulses without apply
major alterations to the conventional BOTDA setup. Consequently, this new sensor faces is able
extend the measurement range up to 100 km with 1-m resolution and 1-MHz BFS precision. This
is done without the need to add any amplification scheme, such as Raman amplification, but just
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Figure 3.9: Measured BFS distribution along the fiber with the pump pulses injected by the fiber’s
end were the hotspot is located (red line) or by the opposite end (blue line) and detail of BFS
measurement in the hotspot (inset)
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Figure 3.10: Precision of the BFS measurement obtained along the fiber.
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taking advantage of the interaction of the two waves, pump pulse and probe, that are used in all
BOTDA sensors.



CHAPTER 4

Sidelodes apodization in optical pulse compression DAS

4.1. Introduction

In basic φ−OTDR, an ultra-coherent optical pulse is launched into a FUT. Different RS, random
statically placed along the fiber, generate multiples copies of the pulse that interfere generating

an amplitude and phase pattern in the backscattered signal. When an external perturbation, such
as temperature variation or mechanical perturbation is applied to the optical fiber, the relative
position between different RS are modified. As a consequence, the amplitude and phase patterns
that arise from the interference are modified. These changes in the pattern are modulated by the
perturbation, so that perturbation can be demodulated by sampling pairs of positions in RS traces
and examining the variation of their relative phase [64].

Among the principal limitations that sensors based on OTDR face, is the attenuation of the
pulse power due to optical losses of the fiber. This decreasing of the power of the pulse becomes
detrimental to the SNR of the measurement, which depends directly on the energy of the pulse.
The energy of the pulse has a dependence on both the amplitude and temporal width of the pulse.
Both parameters that characterize the optical pulse can be modified in order to increase the energy
of the pulse, hence, the SNR of the measurement. Amplification of the pulse amplitude is linked to
the onset of non-linear effects such as SPM and MI. Therefore, these effects let to the degradation
of the SNR. Another possibility to increase the energy contained in the pulse is to extend the time
duration of the pulse. However, since the spatial resolution of the sensor depends on the temporal
width of the pulse, longer pulse duration implies a degradation of the spatial resolution, which
impairs the performance of the sensors when a high spatial resolution is needed.

Therefore, the energy of the pulse, and hence the SNR of the system, is limited by the trade-off
between pulse length and spatial resolution. In order to overcome this limitation, the OFDR
technique was presented. This technique performs a scan of the fiber launching a continuous linear
frequency signal along a given bandwidth. Once the frequency scan has been performed, the inverse
FFT of the OFDR measurement response is calculated, giving the reflectometry response of the
fiber in the time-domain [91]. The spatial resolution given by the OFDR technique is linked directly
to the bandwidth of the frequency sweep scan applied. Moreover, since the scan is performed
using CW, the SNR of the measurement does not decay when the bandwidth (spatial resolution) is
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increased. However, these kinds of systems need to perform a scan with different optical frequencies
adds a temporal delay to the measurements, making them not suitable dynamical measurements.
Moreover, the measurement range is limited by the coherence length of the laser source, although
this limitation can be overcome at the cost of increasing the complexity of the system and using
an expensive optical implementation [92].

In order to overcome these limitations, that both OTDR and OFDR present, a technique called
OPCR is presented. This technique is based on the pulse compression used in radar [93, 94]. In
sensing techniques based on reflectometry, such as radar, OTDR and OFDR, it is possible to launch
into the FUT, a well-known signal that generates a backscattering pattern. This backscattering
pattern is formed by a superposition of multiple copies of the launched signal. The fact that the
signal used and, as a consequence, the reflected signal is well-known facilitates to make use of a
matched filter that permits to maximize the SNR of the measurement.

In this chapter, a technique to reduce the sidelobes that are a side effect of using square-shaped
pulses with linear frequency modulation (LFM) in pulse compression technique is developed. The
technique goes further than the electrical limitations imposed by radar techniques, exploiting the
capabilities of optical devices. Firstly, the basics of the pulse compression including its limitations
are explained. Then, techniques previously used to avoid these limitations are exposed. Finally,
the proposed solution to the sidelobes issue is fully described and experimentally demonstrated.

4.2. Basics of pulse compression

During the introduction of this chapter, the principal limitations of the φ-OTDR linked to pulse
energy, such as trade-off between SNR and spatial resolution has been discussed as well as some
solutions, previously proposed. Next, OPCR technique with its limitations, when square-shape is
used, is introduced. In this section, the basics of pulse compression and the solutions proposed in
this thesis to face its limitation will be presented.

As it is well-known, and can be found in the literature about radar technology, for a given
input signal, S(t), the temporal impulsive response of the matched filter that maximizes the SNR
of the measurement is given by X(t) = S∗(−t), being ∗ the complex conjugation operation [93].

Figure 4.1: spectrum of a complex passband signal.

The output of the filter is given by the convolution between signal and temporal impulsive
response of the filter.

S0(t) = S(t) ~X(t) = S(t) ~ S∗(−t) =

∫ ∞
−∞

S(τ)S∗(τ − t)dτ (4.1)

Where S(t) is a bandpass signal, schematically depicted in Fig.4.1. This signal in centred at
±ωc = ±2πνc with a bandwidth equal to 2W and is given by:
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S(t) =
1

2
u(t)ejωct +

1

2
u∗(t)e−jωct (4.2)

Using the narrow bandpass signal described in Eq. 4.2, where u(t) represents que complex
envelope of the modulated signal, the output of the matched filter can be described as [93]:

S0(t) =
1

4

∫ ∞
−∞

[
u(τ)ejωcτ + u∗(τ)e−jωcτ

] [
u∗(τ − t− t0)ejωc(τ−t−t0) + u(τ − t− t0)ejωc(τ−t−t0)

]
(4.3)

after the product inside the integral has been developed, Eq. 4.3 results in:

S0(t) =
1

4
ejωc(t−t0)

∫ ∞
−∞

u(τ)u∗(τ − t− t0)dτ +

1

4
e−jωc(t−t0)

∫ ∞
−∞

u∗(τ)u(τ − t− t0)dτ +

1

4
ejωc(t−t0)

∫ ∞
−∞

u∗(τ)u∗(τ − t− t0)e−2jωcτdτ +

1

4
e−jωc(t−t0)

∫ ∞
−∞

u(τ)u(τ − t− t0)e2jωcτdτ

(4.4)

As it can be seen in the last equation, line 2 and 4 are the complex conjugate of lines 1 and 3
of Eq.4.4 respectively, so using (a+ jb)(a− jb) = 2<{a+ jb}, Eq. 4.4 it can be rewritten as:

S0(t) =
1

2
R

{
ejω0(t−t0)

∫ ∞
−∞

u(τ)u∗(τ − t+ t0)dτ

}
+

1

2
R

{
ejω0(t−t0)

∫ ∞
−∞

u∗(τ)u∗(τ − t+ t0)e−j2ωcτdτ

} (4.5)

the second term of the last equation corresponds to the FFT of u∗(τ)u∗(τ − t+ t0) evaluated in
ω = 2ωc. Since the signal S(t) is a narrowband signal centred in ωc, the spectrum of the complex
envelope, u(τ) decays below ωc, therefore it is well justified that second term of Eq. 4.5 is neglected,
becoming:

S0(t) ≈ 1

2
R

{
ejωc(t−t0)

∫ ∞
−∞

u(τ)u∗(τ − t+ t0)dτ

}

=
1

2
R

{[
e−jωct0

∫ ∞
−∞

u(τ)u∗(τ − t+ t0)dτ

]
ejωct

} (4.6)

if the content inside the square bracket is defined as: u0(t), then, the output of the MF becomes:

S0(t) ≈ R
{
uo(t)e

jωct
}

(4.7)

As deducted from Eq. 4.7, the output of the MF depends on the complex envelope, u0(t), that
is obtained when the complex envelope, u(t), of the narrow passband signal is passed through its
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Figure 4.2: Frequency modulation applied to the pulse

MF. It can be concluded that, in the case of a signal formed by a narrow bandpass signal, the
output of the MF can be obtained through the complex envelope of the signal used.

The first time that the use of pulse compression was proposed in optical fiber was during the
23-th optical fiber sensor conference (OFS) in 2014 [94]. The fundamental of this technique is based
on a pulsed LFM, which is the simplest method to implement pulse compression. In essence, this
technique consists of broadening the frequency spectrum of the pulse by applying a LFM inside
the pulse. The FM is swept along the duration of the pulse with a constant frequency chirp, as
shown in Fig. 4.2. Mathematically, the complex envelope of the LFM pulse is given by:

u0(t) = A rect

(
t

T

)
ejβπt

2

(4.8)

where A is a constant related to the amplitude, considered equal to 1/
√
T in order to normalize

the energy of the pulse to 1. T is the temporal duration of the pulse, rect
(

t
T

)
is the square function

and its value is 1 where |t| ≤ T and 0 elsewhere. Finally, β is the chirp slope of the frequency
modulation which is given by β = BW/T , being BW the bandwidth of the frequency modulation.
When frequency of the pulse is centred at a frequency fc, Eq. 4.8 is transformed into:

s(t) = u0(t)ej2πfct (4.9)

The output of the MF is given, through Eq. 4.7, by:

S0(t) =

(
1− |t|

T

)
sin(πBt(1− |t|/T ))

(πBt(1− |t|/T ))
(4.10)
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Figure 4.3: Compression of a square pulse with linear frequency modulation when matched filter
is used.

when |t| ≤ T and 0 elsewhere. As it can be seen in Fig. 4.3, that represents the output of the
MF, when a constant-amplitude pulsed LFM signal displays a sinc shape.

As said before, pulse compression permits to break the trade-off between SNR and spatial
resolution imposed in conventional OTDR. As Eq. 4.10 shows, the output of MF displays a spatial
resolution (at FWHM) equal to the inverse of the bandwidth of the frequency modulation applied
to the pulse, independently of the temporal duration of the pulse. The spatial resolution reached
by this technique can be deducted from Eq. 4.10 as 1/B.

However, although OPCR technique implemented in square pulse with LFM is the easiest
method to generate pulse compression, it presents a problem that becomes from its nature. Due
to its autocorrelation, the compression of a square pulse with LFM presents sidelobes. These
sidelobes, that appear in the time-domain and are located in the laterals of the main reflection
peak (located at a position off the real reflection) act as a copy of the real reflected event. This
degrades the spatial resolution of the sensor and generates crosstalk.

Previously, in radar technology, a number of techniques have been developed in order to alleviate
the apparition of sidelobes. Sidelobes come from the autocorrelation of the complex envelope of
the used signal. Then, modifying this complex envelope, the amplitude of the sidelobes can be
reduced.

4.2.1. Techniques used to mitigate the sidelobes

As aforementioned, the main limitation of pulse compression, when squared-shape pulse LFM
is used, becomes from the sidelobes that arise from the autocorrelation of the complex envelope
of the pulse. These sidelobes mask the neighbor perturbations, making the detection of two close
perturbations impossible. The apparition of sidelobes has motivated the research of techniques to
mitigate their presence.

In this section, the main techniques used before to mitigate the apparition of sidelobes are
presented. Pulse compression is a technique that was developed in the radar environment decades
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ago, and it has been introduced in optical backscattering techniques during the last few years. That
is the reason that the major part of the techniques to mitigate sidelobes have been implemented
in radar techniques.

Some techniques previously used are based on changing the modulated frequency distribution
from linear to non-linear [95, 96]. This solution is based on applying a frequency chirp where the
ratio of frequency change vary along the pulse. As a consequence, not all the frequencies will have
the same energy, leading to a modification of the complex envelope of the pulse. However, this
leads to an increase in the complexity of the system. Another solution used to modify the density
of energy of each frequency component of the complex envelope is to modify the amplitude of the
envelope of the pulse. Nevertheless, in radar, due to the restrictions imposed by RF amplifiers,
which have to work in a saturation regime in order to work efficiently, the amplified pulses must
have constant amplitude. In radar, the simpler solution comes from filtering the received signal
with weighted windows filter as Hann or Hamming. However, this leads to a loss of SNR due to
mismatch loss [93].

In contrast, optical amplifiers (EDFA) work efficiently whatever it is the distribution of the
amplitude of the pulse. Taking advantage of the versatility of the EDFA device, it has been seen
that the simplest way to modify the density of energy for each electrical frequency of the pulse is
to modify the amplitude of the envelope of the LFM pulse.

4.3. Theoretical model of the pulse compression using dif-

ferent amplitude windowing

As mentioned, amplifiers used in the optical domain (EDFA) do not impose a limitation re-
lated to the shape of the pulse as RF electrical amplifiers do in radar. This section explains the
modification of the amplitude of the optical pulse and its effect in the MF.

The main purpose of the modification is to reduce the sidelobes at the output of the MF of
the compressed pulse. As said previously, the output of the MF can be obtained directly from the
complex envelope, uo(t) in Eq. 4.7, as the FFT of its convolution that, in turn, can be understood
as inverse FFT of the product of their spectrum.

During the course of this thesis, a study of different amplitude windowing suitable to be applied
to the pulse has been performed. As a result, it has been found that a windowing shape that offers
an autocorrelation free of sidelobes has to have a smooth profile and avoid sharped edges.

In this case, the windowing profile proposed to implement in this thesis is a Gaussian shape
with internal LFM, as indicated in Fig. 4.4. Mathematically, this FM Gaussian pulse is expressed
as:

G(t) = e
−
(

t
2Tg

)2

ejπKgt
2

(4.11)

Where the first exponent describes the amplitude of the envelope, Tg is the temporal width
between the points of the Gaussian where the amplitude decays a factor, from its maximum, 1/e.
The second exponent describes the frequency modulation applied to the pulse, being Kg is the
slope of the frequency chirp.

Once the pulsed signal described in Eq. 4.11 is filtered through a matched filter, it acquires a
compressed shape given by:
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Figure 4.4: Frequency distribution when Gaussian envelope LFM is used.

Cg(t) =

∞∫
∞

G(τ)G(τ − t)dτ =
KgTg

2
e
−
(
KgTgt

2

)2

(4.12)

where, as shown in Fig. 4.5, the compression results in a Gaussian shape with a width given
by 1/KgTg, the inverse of the bandwidth. In turn, the amplitude of the peak has been increased
a value equal to KgTg = B. From the point of view of the energy, during the compression, in the
same way that a width of the pulse is reduced, the amplitude is amplified, being the total area
(energy) of the pulse kept constant.

Once the theoretical basis of the technique has been shown, the experimental setup deployed
to perform the measurement, in order to demonstrate the behavior of the technique, is described.

4.4. Experimental setup

In this section, the experimental setup used to demonstrate the mitigation of sidelobes is
described. The main advantage of this technique is that it requires a minimum alteration of the
previous experimental setups used to apply pulse compression techniques.

In Fig. 4.6, a 1550-nm laser emits an optical signal with a linewidth narrower than 15 kHz. The
current used to feed the laser is modulated using a ramp (with an amplitude of 2 V peak-to-peak).
This modulation is applied just during a time duration equal to the pulse duration, whereas outside
this time duration, there is not current modulation applied to the laser. The current modulation
generates a variation on the optical frequency carrier of the laser along the pulse duration, applying
bandwidth of a 400 MHz. The current used to modulate the wavelength of the laser is supplied
by an AWG.

The output of the laser is split into two branches using a 70:30 PM coupler. The 30% of the
signal is launched to the lower branch, which is called the reference arm. This signal is used as a LO
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Figure 4.5: Output of the matched filter when compression technique is applied over a LFM with
Gaussian envelope pulse.

Figure 4.6: Assembled experimental setup in order to develop the optical pulse compression tech-
nique. Blue lines indicate electric cables. Red lines depict optical fibers
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in the homodyne photodetector. The other output of the coupler (70%) is sent to the MZ-EOM,
which is driven by a signal generated by the same AWG used to modulate the current of the laser.
This is due to the modulation of the amplitude of the pulse has to be perfectly synchronized with
the optical signal to modulate the wavelength. At the output of the MZ-EOM, a SOA working
as a 45-dB-extinction ratio (ER) optical switch is used to get rid of the leakage of the pulse wave
which is present in the wave due to the low ER (∼ 30 dB) of the MZ-EOM. The presence of the
CW due to the low ER of the MZ-EOM introduces additional noise, therefore the degradation of
the SNR. The electrical signal that controls SOA is emitted by the same AWG used before since
it has to be perfectly synchronized with the signals used to modulate the wavelength of the laser
and the MZ-EOM. After SOA, and EDFA boosts the modulated pulsed signal up to a peak power
of 19 dBm, which is the limit imposed by the fiber due to non-linear effects such as MI. A 1-nm
thin-film optical filter filters the ASE added to the signal by the SOA and EDFA. Finally, the
optical LFM pulse is launched into a 50-km FUT through a circulator.

The backscattered signal in the FUT is sent, through the circulator, directly to the homodyne
receiver, where it mixes with the LO signal. Before the optical receiver, a polarization controller
polarises the optical signal in order to maximize the efficiency of the mixed signals.

The temporal delay between the backscattered signal arm and the reference arm is set in order
to avoid the interference of the reflected signal with the wavelength modulation of the laser used
to generate the LFM, so the interference uses a constant frequency LO.

After the receiver, the I and Q signals are digitized in an oscilloscope with a sample frequency
of 1 GHz. After that, data is stored and post-processed in a computed with a matched filter.

4.5. Experimental results

In order to demonstrate the mitigation of the sidelobes, it has been done a serie of experimental
measurements. These measurements describe the method used to evaluate the performance of the
technique.

Figure 4.7 shows an example backscattering signal obtained with the system in Fig.4.6 before
matched filtering. The power of the back-scattering signal decays exponentially due to the attenu-
ation of the fiber. A strong reflection can be seen at the end of the FUT, which has been induced
by connecting a variable optical attenuator (VOA) followed by a short length of fiber that is pre-
cisely cleaved to induce a Fresnel reflection. This reflection is used to characterize the pulse, as it
is shown below, and its magnitude is controlled by the VOA so that the receiver is not saturated.

Figures 4.8 and 4.9 shows the time-domain amplitude and instantaneous frequency of the
pump pulses reflected from the controlled reflection at the end of the FUT for square and Gaussian
shapes. This characterization has been performed by detecting the reflected pulses in the homodyne
receiver and processing the I and Q components to obtain the complex amplitude information. The
temporal width of the pulses has been set to ensure that both pulses contain the same energy, since
the average SNR depends directly on the energy of the pulse. The square pulse has a duration
of 950 ns, while the Gaussian 1/e-intensity width is 710 ns. In both cases, the pulse leakage is
bound by a 1600 ns switching window of the SOA switch. Since both pulses do not have the same
temporal duration, the slope of the LFM is not equal in both cases. The square pulse has a slope
of 0.25MHz/ns, while the frequency slope of the Gaussian pulse is 0.35 MHz/ns. These complex
amplitude measurements have some noise, but this is due to the fact that they are originated by a
small reflection at the far end of the FUT. In addition, there is some amplitude distortion which is
attributed to the imperfections in the homodyne demodulation due to the tolerances in the optical
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Figure 4.7: measured backscattering signal generated by a pulse

hybrid and balanced receivers.
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Figure 4.8: Distribution of temporal shape of the envelope (blue line) and instantaneous frequency
(red) for square-shaped pulse.

As can be deduced from Eqs. 4.10 and 4.12, the pulse compression obtained with the OPCR
method is proportional to the peak-to-peak optical frequency deviation of the applied LFM during
the input pulse duration: the larger the total frequency deviation, the greater the pulse compres-
sion. At the same time, the frequency deviation of the LFM determines the spectrum of the pulse
and, hence, of the backscattering signal. Figure 4.10 depicts the amplitude of the complex spec-
trum of the signal backscattered from the FUT for square and Gaussian pulses. This is the Fourier
transform of the complex amplitude signal obtained from the I and Q components measured in the
homodyne receiver. Notice that, for the square pulse, the spectrum takes the approximate shape
of a uniform distribution of components over a range of frequencies equal to the peak- to-peak
frequency deviation of the LFM. On the other hand, for the Gaussian pulse, the different optical
frequencies during the pulse duration are weighted according to the amplitude of the pulse enve-
lope; hence, the pulse spectrum also follows a Gaussian distribution. In these measurements, it
can be seen that the 3 dB bandwidth of both signals is approximately equal. This is an important
parameter to consider because, as the previous discussion illustrates, the pulse compression that
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Figure 4.9: Distribution of temporal shape of the envelope (blue line) and instantaneous frequency
(red) for Gaussian-shaped pulse.

OPCR can ultimately provide is determined by the electrical bandwidth of the deployed receiver
(200 MHz in our case). Therefore, in our system, the LFM modulation of the pulses was adjusted
so that the occupied bandwidth of the measured signals was equivalent in order to have a fair
comparison between the use of square and Gaussian pulses.
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Figure 4.10: Comparative of the spectrum generated by square (red) and Gaussian(red) pulses.

The comparison of the pulse compression obtained with square and Gaussian input pump pulses
is depicted in Fig. 4.11. These measurements were obtained applying a matched filtering to the
backscattered signal and centering on the end reflection of the FUT. The matched filter for each
case used the corresponding input pulse as a template. The spatial resolution, given by the width
of the main lobe, is around 34 cm for both compressed pulses. However, as it was expected, the
compressed pulse for input square shape has large sidelobes that are 13 dB below the main lobe
amplitude. As for the Gaussian, the compressed pulse displays much smaller sidelobes that are
26 dB below the main lobe. These sidelobes actually appear due to the square pulse windowing
of the Gaussian pulse generated by the SOA. Moreover, at the location of the sidelobes of the
compressed square pulse, the amplitude of the compressed Gaussian pulse drops by 39 dB.
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Figure 4.11: Comparative of the pulse compression when square shape (red) and Gaussian shape
(green) pulses have been used.

In addition to the previous measurements where the reduction of the sidelobes has been demon-
strated, dynamic strain measurements were also carried out to test the performance of our Gaussian
OPCR setup. For this purpose, a PFS with a 10-m fiber length was added at the far end of the
FUT and was driven by electrical tones to generate a periodical perturbation with 140 nε ampli-
tude. Successive backscattering traces at 10 cm spatial sampling were captured and processed for
OPCR. Figure. 4.12 depicts example measurements of a differential phase measured within the
PFS, i.e., the subtraction of the phase measured in consecutive positions in the fiber inside the
PFS. Two measurements are shown with a GL of 10 cm and 1 m, both displaying a sinusoidal
shape according to the perturbation applied. For this measurement, the FUT was reduced to 1
km so as to have a pulse time-of-flight which allowed a 13.3 kHz time sampling that provided clear
measurements of signal where noise was also visible.
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Figure 4.12: Variation of the differential phase when a 100-Hz perturbation is applied over the
same location of the fiber using a gauge length of 1-m (red) and 10-cm (blue).

Then the 50 km FUT was used, and the time sampling was reduced to 1.4 kHz due to the pulse
time-of-flight. Figure 4.13 shows the FFT of the differential phase measured with a gauge length
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Figure 4.13: FFT of the phase difference measured in the same location of the fiber when a
perturbation, at the end of the FUT of 400 Hz (black), 500 Hz (red), 600 Hz (blue) and 700 Hz
(green).

of 10 cm for several perturbations with frequencies from 400 to 700 Hz at a location with the PFS
at the end of the 50 km FUT. The SNR of the detected signal for every frequency was measured
to be around 6 dB without any kind of signal denoising.

Finally, Fig. 4.14 displays the intensity plot of the FFT of a differential phase for the 600 Hz
perturbation case for positions around the PFS at the end of the fiber. Notice that the detection
of the perturbation is very well confined to its occurrence zone. Some amplitude variation is also
apparent within the PFS because of signal fading that is not compensated for in this particular
setup.

Figure 4.14: Intensity of the FFT of the measured differential phase in the locations around the
PFS at the extreme end of the FUT.

An alternative to reducing the compressed pulse sidelobes using our method would be to deploy
amplitude weighting of the compressed pulse after detection. This is the method that is normally
deployed in radar pulse compression, because the transmitter in those systems does not work in a
linear regime and, hence, shaping of the transmitted pulse is inefficient. However, the application
of this method to the OPCR would lead to a SNR penalty, since the total receiver filtering is no
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longer matched to transmitted pulse. This mismatch loss can be calculated as [93]:

SNRloss =

(∑N
n=1 ωn

)2

N
∑N

n=1 ω
2
n

(4.13)

where ωn represents the weight of each coefficient, and the total number of coefficients of the
windows filter is given by N . When it is applied to a Gaussian shape, the calculated SNR penalty
is 2.25 dB. Therefore, in optical systems, where linearity concerns in the receiver do not need to
be taken into account, it is more convenient to deploy our Gaussian OPCR method for sidelobe
reduction.

4.6. Conclusions

In summary, in this chapter a new a new technique for transmitter pulse shaping in OPCR DAS
has been presented. This new technique greatly reduces the sidelobes of the pulse compression
leading to a more accurate detection of dynamic events.

The experimental results demonstrate more than 13 dB of sidelobe suppression when using a
Gaussian-shaped pulse. Moreover, measurements of dynamic perturbations with a frequency close
to the Nyquist limit are performed in a 50 km FUT with 34 cm spatial resolution. This is, to
the best of our knowledge, the OPCR DAS with the longest range and largest number of spatially
resolved points (50 km/34 cm = 147058points) demonstrated to date.



CHAPTER 5

Mitigation of Rayleigh and polarization fading in DAS

5.1. Introduction

As explained during the introduction of this thesis, one of the goals of DOFS is to achieve
high sensitivities during their measurement process. There are several applications such as

intrusion detection in perimeters or pipelines, monitoring of energy cables, or seismic surveys in
oil and gas fields that demand both high sensitivity and fast measurements in order to perform
dynamic sensors.

φ-OTDR is a technique that exhibits an extremely high sensitivity to external perturbation
of the fiber. This high sensitivity is due to φ-OTDR uses a light source with a coherence length
longer than the length of the deployed pulse. It leads to coherent interference between the different
RS. As a consequence of the coherent interference, the resulting amplitude of the reflected signal
has a strong dependence on the relative phase optical between the multiple RS.

Nevertheless, this kind of sensors presents a problem related to the linearity of the measurement.
Since the resulting interference becomes from multiple RS, its amplitude varies randomly with the
amplitude of the applied perturbation, becoming in a sensor able to detect an event but no to
quantify it.

In order to prevent this limitation, differential-phase OTDR (dφ-OTDR) sensors (also known as
DVS or DAS) were deployed. This kind of sensors is based on measuring the evolution of the optical
phase, in each location of the fiber, along time. With that purpose, the phase difference between
two points of the fiber is calculated. Several techniques have been implemented to obtain the
differential phase. One of these techniques uses an unbalanced fiber Mach-Zehnder interferometer
before the photodetector [58]. The GL is given by the extra length of the unbalanced arm of
the interferometer. At the output of the interferometer, the backscattering signal has run both
arms with different length, resulting in an interference between the reflection of the signal with a
separation equal to the GL. The resultant optical signal is sent to a 3x3 coupler which its outputs,
with a phase shift of 2π/3 between them, feed three photodetectors. Finally, the differential
phase between points separated GL is given by the combination of the three electrical outputs
of the photodetectors [59, 60]. Another technique to obtain the differential phase between fiber
locations separated GL consists of injecting two pulses with different optical frequencies with a

75
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temporal separation equivalent to the GL, into the fiber [61]. The amplitude of the interference
depends on the relative optical phase between both backscattering signals, being modified when a
perturbation occurs over the fiber. This technique permits to vary the GL easily by changing the
temporal separation between both pulses, but once the measurement is done, the GL can not be
modified. A modification of this technique is based on changing the optical phase of the second
half of the pulse in consecutive pulses launched into the fiber. In this case, the GL is given by
half of the pulse. However, due to the temporal separation between two consecutive pulses is
not equal to the time-of-flight of the fiber, the phase variation, due to the perturbation, can not
be significant, limiting the performance of this technique for the measurement of high frequency
dynamical perturbations. Finally, a technique that uses the differential phase from the measured
optical phase of the backscattering signal. This technique is based on amplitude φ-OTDR setup
with optical phase measurement. With that purpose, the amplitude φ-OTDR detection scheme
is modified, adding a coherent detection scheme. In the coherent detection, the reflected signal
is beaten with a LO provided by the same light source as the sensing signal [64]. Product of the
coherent detection, two electrical signals are provided by the detector. These signals, in-phase
(I) and in-quadrature(Q) are combined to obtain the phase profile of the reflected signal[64]. By
means of the phase difference between two points of this reflected signal, the accumulated phase
can be obtained. This accumulated phase depends directly on the amplitude of the perturbation.

However, although dφ-OTDR sensors can detect and characterize the perturbation, they presents
a limitation on their performance related to fading. Fading is presented as a sudden and random
dropping of the amplitude of the reflected signal, leading to a low SNR, that can have two different
origins. The first one is the Rayleigh fading and it is caused by the own nature of the coherent
interference between the signals reflected from each scattering centers when the addition of all
the optical phasors leads to a destructive interference. As a consequence of the low amplitude
of the resultant signal, the SNR drops to low levels, impairing the quality of the measurement
in some random points of the fiber. Another source of fading becomes from the polarization
mismatch between backscattering signal and LO. The fact that both signals polarizations are
not aligned becomes in a loss of mixing efficiency, being 0 when their relative SOP is completely
orthogonal [97, 98, 75, 76].

In this chapter, a new technique to prevent the apparition of both fading issue is presented.
This technique, developed during this thesis, launches into the fiber, four independent frequency
pulses with a different SOP each one. In this way, since four optical frequencies provide four
Rayleigh independent responses of the fiber, Rayleigh fading is mitigated. Moreover, each pulse
has a different SOP, so their reflected signals will be distributed among all the possible relative SOP
with the reference signal. As a consequence, it ensures that, at least, one signal has high mixing
efficiency. The performance of the technique is theoretically and experimentally demonstrated,
and has been tested measuring a dynamic perturbation at the far end of a 50-km fiber length with
any fading [78].

5.2. The problem of Fading in OTDR systems

There are fundamentally two sources of fading of the signal in dφ-OTDR. One of them is caused
by the own nature of the coherent interference, and polarization fading originated from the loss of
the mixing efficiency with the LO used in the coherent detection due to the polarization mismatch.
In this section, the fundamental of problems related to both fading and the solutions proposed are
discussed.
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5.2.1. Rayleigh fading and techniques to avoid it

As mentioned previously, Rayleigh fading is caused by the own nature of the coherent interfer-
ence. During the φ-OTDR, an optical pulse, conformed by a high coherent light signal, is launched
into the sensing fiber. As the pulse travels through the fiber, each RS contained in the fiber length,
occupied by the optical pulse, reflects the frontwave of the pulse. The amplitude of the reflected
wave by each individual RS is entirely random, in the same way, that the optical phase, that
depends on the position of each RS, are randomly located. Therefore, the optical phase is also
random equally distributed along the range between 0 and 2π.

Due to RS are randomly distributed, the electric field that is detected in the photodetector is
a combination of multiple phasors as follows:

Es(z) = p(z)
∑
k

akee
jφk0 = p(z)Ae(z)ejΦe(z) (5.1)

where p(z) denotes the relative SOP that will be studied in the next section but, in the context of
Rayleigh signal it can be considered constant, and equal to 1, without any loss of generality. ake
and φke denote the amplitude and phase of each RS phasor, whereas A(z) and Φ(z) indicate the
random amplitude and optical phase of the set of individual RS detected by the photoreceivers in
the position z [99].

The energy from the backscattering waves that arrive to the photodetector defines the SNR
of the measurement. It is given by the probability density function of the Rayleigh distribution,
PBS, that is proportional to the backscatter optical power, |E(s)|2, and is given as follows [100]:

Pr(PBS(z)) =
1

PBS(z)
e
PBS(z)

PBS(z) (5.2)

where PBS(z) indicates the mean value of the backscattered power.
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Figure 5.1: Simulation of the backscattering trace with just one wavelength. Inset denotes a detail
of the backscattering power profile in the last meters of the fiber.

A simulation of a measured signal given by Eq. 5.1 is shown in Fig. 5.1. This simulation
is done using a 1-km fiber length, a 1-mm separation between consecutive RS, a pulse length
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of 5 meters and a coherence length longer than the optical pulse. Since the amplitude of the
backscattering depends on the addition of multiple phasors with random amplitude and phase,
there is a probability that the value of the energy in random locations of the fiber is so small that
the SNR becomes too low to provide a trustful measurement. The probability density function of
the backscattered power in the simulation is shown in Fig. 5.2. This figure shows the probability
of detecting, in some positions along the fiber, a measured value with amplitude so small that
becomes in a low SNR. As a consequence, the measurement at this point gives a non-trusty
measured value.
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Figure 5.2: Density of probability of the normalized backscattering power when one wavelength is
used.

Since each optical fiber has a unique but fixed random distribution of RS, the relative opti-
cal phase between the multiple phasors depends strongly on the optical wavelength of the used
probe wave. As a consequence, the location of constructive and destructive interference along the
backscattering profile is changed randomly when the optical wavelength is modified.

Taking advantage of this fact, a technique to avoid the Rayleigh fading is studied [43, 101].
This system deploys different optical pulses to scan the FUT. Each one of these optical pulses is
conformed with a different optical wavelength, as a consequence, the probability of getting a low
signal amplitude in the same point of the fiber decays to values close to zero. Then, when Rayleigh
backscattering signals from different wavelengths are combined, the points were the amplitude is
simultaneously low tend to disappear. More optical different frequency waves imply less probability
to get a low amplitude at the same point.

Figure 5.3 shows a simulation of a backscattering trace using the same parameters than the
previous simulation but, in this case, three different wavelengths are used. Three wavelengths
have been chosen to set a spectral separation longer than the inverse of the pulse so that they
are statistically independent. In this case, the pulse has a bandwidth of 20-MHz, so the spectral
separation between wavelengths has to be longer than 20 MHz. Since Rayleigh-based sensors are
implemented using a third window telecom wavelength, centered at 193.5 THz, when the simulation
is run, a separation of 2 GHz from the carrier frequency is applied to the different three optical
frequencies used in the simulation. In this simulation, implemented over a 1-km fiber length, the
optical fiber attenuation has been neglected.
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The results of the simulation depict the Rayleigh backscattering trace for the three optical sig-
nals used. All three signals have the same mean power value, and each one of them has statistically
the same number of locations where the amplitude of the interference decays to values close to
zero, therefore to low SNR. Inset of Fig. 5.3 shows a detail of the backscattering signals generated
by all three optical frequencies. It shows that the locations where the amplitude of the coherent
interferences drop to values close to zero are not located in the same position when different optical
frequencies are used. This means that a combination of multiple used signals in order to avoid the
Rayleigh fading.
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Figure 5.3: Simulation of the backscattering trace when three wavelength are used. Inset shows a
detail of the backscattering power profile in the last meters of the fiber.

Fig. 5.4 shows the statistics of the normalized backscattering power of the combination of all
three backscattering signals. In contrast to the statistics of a backscattering when a single optical
wave is used, in this case, the probability of finding a location with destructive interference,
which leads to a zero amplitude, is almost zero. When more that one optical wavelength is used,
the distribution of probability density power adopts a Gaussian shape which width is inversely
proportional to the number of different optical frequencies and centered at the mean power value.
Consequently, the probability of having a too small amplitude becomes almost zero.

5.2.2. Polarization fading

Signal amplitude at the output of a coherent balanced optical receivers presents a dependence
on the relative SOP between both signals, that are beaten on the receiver. Given two signals that
interfere in an homodine photodetector, it can be perfectly assumed, without loss of generality,
that both signals have a defined SOP, as given by Jones notation as follows:

~r =

(
Er

0xe
jφrx

Er
0ye

jφryejψr

)
(5.3a)

~s =

(
Es

0xe
jφsx

Es
0ye

jφsyejψs

)
(5.3b)
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Figure 5.4: Density of probability of the normalized backscattering power when the wavelengths
are used.

where ~r and ~s indicate the SOP of the reference and backscattering signal respectively. Eb
a,

φba and ψa indicate the electric field, optical phase and polarization angle between both axis re-
spectively. In this case, a indicates the x and y axis whereas b denotes the reference (r) and
backscattering(s) signals. These signals are combined in the optical detector, and the total electric

field, ~ET , is given by both reference ~Er and signal, ~Es electric fields as:

~ET =

(
Es

0xe
jφsx + Er

0xe
jφrx

Es
0ye

jφsyejψs + Er
0ye

jφryejψr

)
(5.4)

The total power at the output of the photo-detector is given by I =< ~ET ~ET
∗
>

I = (|Es
0x|2 + |Er

0x|2 + 2Es
0xE

r
0xcos(∆φx)+

|Es
0y|2 + |Er

0y|2 + 2Es
0yE

r
0ycos(∆φy + ∆ψ))

(5.5)

once the alternating current (AC) components of the signal, which contain the information, are
kept, Eq. 5.5 becomes:

I ≈ 2(Er
0xE

s
0xcos(∆φx) + Er

0yE
s
0ycos(∆φx + ∆ψ)) (5.6)

where, considering a SMF which ideally does not present a strong and constant birrefringence,
∆φx ≈ ∆φy, that indicate the relative optical phase adquired by both polarizations due to their
optical path and perturbation along the fiber. Since ∆φx and ∆φy are the cause of Rayleigh
interference, thus polarization fading is not affected by relative optical phase between phasors,
both ∆φx and ∆φy can be considered 0 without any loss of generality. In addition, to extend the
generality of this study about the effect of SOP of the optical signals in phase extraction Φ-OTDR,
the relative phase between both x and y axes also has been considered, ∆ψ. Eq. 5.6 becomes as:

I ∝ Er
0xE

s
0x + Er

0yE
s
0ycos(∆ψ) (5.7)

from Eq. 5.7 there are extracted some conditions that make the resultant output power becomes
too low:
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� Orthogonal linear relativeSOP

Er
0xE

s
0x = Er

0yE
s
0y = 0

� Both SOP are circular but in opposite directions

∆ψ = π

� Independently of values of the electric field, ∆ψ that meets the criteria

∆ψ = acos

(
Er

0xE
s
0x

Er
0yE

s
0y

)
As seen, multiple causes lead to a polarization fading when two electrical waves are combined.

Ideally, a possible solution that may mitigate a fading of the power due to polarization mismatch
is to insert a polarization controller (PC) at the signal input of the optical photodetector [64]. The
use of PC permits to turn the SOP of the signal, increasing the efficiency of the wave mixing. Nev-
ertheless, although this permits to maximize the power locally at the output of the photodetector,
SMF fiber presents a small but random birefringence along its length, which leads to a slow random
modification of SOP. As a consequence of this slow modification of SOP after propagation of a
few meters, the SOP of the signal is still defined but becomes random being totally uncorrelated
with its previous SOP. Product of this uncorrelation between SOP of positions along the reflected
signal that arrives at the balanced photodetector, the use of a PC becomes an impractical solution
when sensing fiber link exceeds a few hundred meters.

Another solution to face the issues linked to polarization fading is based on duplicate the
detection scheme, one for each polarization. This system uses a polarization diversity coherent
receiver in which each polarization from both signals is sent to a different optical photodetector
in order to maximize the efficiency of waves mix for each polarization [75, 76]. This kind of
photodetectors can have multiple different configurations: integrated if all the system is inside the
same device or non-integrated if the system is divided into multiple devices. In essence, all of them
have the same principle of work. Both signals reference (LO) and backscattering signal (s) are
split into two polarizations. Each polarization of both signals is sent to beat in the same balanced
photodetector (BPD). Once in each BPD, the signal is processed as described in Sec 1.3.4. Note
that LO signal has to be equally split in both polarizations to maximize the possible interaction
with both polarizations. With this purpose, reference light must be injected into the polarization
beam splitter (PBS) with an orientation of 45◦ using a PC if necessary [74].

After both polarizations of both signals have been beaten, AC of each output are measured and
processed. The resultant amplitude and phase are derived from Ix, Iy, Qx and Qy, that represents
I and Q signals for both x and y polarization as follows [76]:

As(t) =
√
I2
x + I2

y +Q2
x +Q2

y (5.8a)

φs(t) = atan

(
Qx +Qy

Ix + Iy

)
(5.8b)

Although the use of polarization diversity detection scheme provides a measurement with a
considerable reduction of fading of polarization, it represents an increase of the complexity of the
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system. An additional receiver module and receiver module is needed and the volume of data
to the stored and processed is doubled. All these issues present a disadvantage when the system
is implemented in a real scenario since more complexity of the system is translated into a more
expensive system.

During this thesis, a new method to mitigate both Rayleigh and Polarization fading has been
presented. In the next section, this new technique is explained, studied in detail, and experimen-
tally demonstrated.

5.3. New technique to mitigate fading in φ-OTDR systems

As said in the previous section, fading is an important issue to face in Φ-OTDR sensors. Fading
in Φ-OTDR becomes from two different sources: coherent interference and polarization mismatch.
In contrast with other problems that affect φ-OTDR such as attenuation, fading is completely
random both in position and magnitude. As a consequence of that, applied techniques to face
fading need to work in the whole fiber length.

The technique we introduce mitigates both fading simultaneously. The basic idea of the system
consists of launching sequential pulses with different optical frequencies and polarizations. In
addition, each pulse is performed using a linear FM, applying OPCR technique, and, therefore,
enhancing the SNR of the signal as it is demonstrated in chapter 4.

Fig 5.5 displays the fundamentals of the technique. Schematically, four pulses are launched
consecutively, with a time-delay much smaller than the time-of-flight of the pulse in the fiber. Each
pulse has a different optical frequency, being the spectral separation between them more than the
inverse of their time duration to ensure the statistically independent fading [43]. Besides, each
pulse has a different SOP, distributed along the Pointcaré sphere. This ensures that, at least,
three of the backscattering signals do not experience polarization fading simultaneously in the
same location of the signal. A possible distribution of the SOP would be θ1 = 3π/4 θ2 = π/2
θ3 = π/4 θ4 = 0.

Figure 5.5: Schematic representation of time, frequency and polarization of the four pulses deployed
in the technique.

The low birefringence of the fiber turns the SOP of the signals randomly. All four SOP expe-
rience the effect of the same birefringence, so their relative SOP are kept constant. In this way,
using the combination of four Rayleigh independent signals with different, but constant, relative
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SOP between them, in a given position of the fiber there will be, at least, one reflected signal that
does not suffer any kind of fading.

The four signals are distributed as four pulses that are sequentially launched. Each pulse is
linearly frequency modulated and, as explained previously, their central frequencies are separated
by more than the reciprocal of their duration to be statistically independent [43]. The expression
for the sequence of pulses sent into the fiber is as follows:

ST =
4∑
i=1

Si(t) =
4∑
i=1

Ai(t)e
j[(ω−Ωi)+ki(t−(i−1)τ))(t−(i−1)τ ] (5.9)

where i is the pulse number, Ωi represents the electrical central frequency of each pulse, ki
the slope of the frequency chirp of each pulse and the temporal delay of each pulse is denoted by
(i− 1)τ where τ is the temporal space between two consecutive pulses.

The reflected signal generated by each pulse is formed by multiple overlapped copies of the
original pulse. These copies come from the reflection of the pulse along the fiber. Once these
copies arrive to the balanced photodetector, the whole signal is beaten with the LO signal. All
four reflected signals are beaten with the four local oscillators at the same time, so the electrical
measured signal, after the frequency beaten, can be represented as:

SeT =
4∑
i=1

4∑
m=1

Aeik(t)e
j(Ωeim+ki(t)(t−(i−1)τ))(t−(i−1)τ) (5.10)

where i and m denote the pulse, and local oscillator, Ωe
ik is the electrical frequency separation

between the i-th pulse and m-the LO. Note that, due to the limited bandwidth of the balanced
photodetector, all the beaten frequencies Ωe

im that exceed the bandwidth of the photodetector are
not in practice detected, so when frequencies are adequately chosen to have a difference greater
than bandwidth, in Eq. 5.10, i = m becoming as

SeT =
4∑
i=1

Aei (t)e
j(Ωei+ki(t)(t−(i−1)τ))(t−(i−1)τ) (5.11)

Eq. 5.11 represents the measured signal for each one of the four pulses. In practice, this signal
comes from the multiples reflections suffered by all the pulses along the whole fiber, but for this
mathematical demonstration, there is not a loss of generality if it is considered as a single individual
copy of each pulse. After the measurement, a FFT is applied to the signal formed by the four
signals. It permits to separate the spectrum of the signal generated by each pulse in order to be
analyzed separately.

Finally, as explained during section 5.1, this system also combats polarization fading. To that,
each one of the pulses is launched into the fiber with a different SOP. One option to deploy the
different SOP in each pulse would be to use an electrically-programmable polarization controller.
However, they are not fast enough to change the relative polarization of pulses closely separated
in time.

Instead of using an electrical-based system to modify the SOP of each pulse, in this thesis, we
propose to use a passive all-fiber device. This device is based on the use of a differential group delay
(DGD) induced by both axis of a PM fiber between signals of different optical fequencies [102, 103].

The DGD device is based on a segment of PM fiber where the optical signal is introduced
with a relative orientation of 45◦ from the ordinary axis. Once inside the PM fiber, each optical
frequency experiences a DGD in each axis, as a consequence, the SOP of each signal is rotated a
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relative polarization angle proportional to its optical frequency. At the output of the DGD, the
relative angle of polarization, in function of the frequency, is given by:

θ(∆f) = π∆τ∆f (5.12)

where ∆τ is the differential group delay that the birefringence of the PM fiber induces between
both optical frequencies separated ∆f . From Eq. 5.12, it is extracted that when frequency separa-
tion between both waves fits ∆f = 1/2∆τ , at the output of the DGD these both frequencies will
have an orthogonal SOP. Then, choosing the precise relative frequency separation between these
four waves, the desired distribution of SOP can be obtained.

When the effect of the polarization mismatch [104] is introduced in Eq. 5.11, it becomes as
follows:

SeT (t) =
4∑
i=1

cos2(ϕ(t) + θi)A
e
i (t)e

j(Ωei+ki(t)(t−(i−1)τ))(t−(i−1)τ) (5.13)

where ϕ(t) is the relative SOP between the pulse 1-st and the LO, and θi is the relative SOP
between pulse 1-st and i-th.

If θi are correctly chosen, in order to cover uniformly all the possible polarizations such as
θ1 = 0, θ2 = π/4, θ3 = π/2, θ4 = 3π/4, then the terms that determine the efficiency of the
mix, due to the polarization mismatch, are compensated in pairs. In this case, it becomes as
cos2(ϕ(t) + θ1) + cos2(ϕ(t) + θ3) = cos2(ϕ(t) + θ2) + cos2(ϕ(t) + θ4) = 1.

In summary, scanning the FUT using four signals statistically Rayleigh independent and, also,
with four different SOP, that are complementary (orthogonal) in pair, it is ensured to avoid any
fading as it will be experimentally demonstrated in the next section.

5.4. Experimental setup

Figure 5.6: Experimental setup deployed in order to demonstrate the technique. Green and red
lines indicate PM and SMF fiber respectively. Blue lines indicate electric cables.

Fig. 5.6 displays the experimental setup used to demonstrate fading mitigation. This is dφ-
DVS that implements OPCR using LFM of the pulses and matched filtering [72]. A laser emits
a continuous wave with a narrow linewidth of less than 15 KHz. The signal is separated by a
coupler in two branches. In the upper branch, a dual parallel-electrooptic modulator (DP-EOM)
is configured as an optical single-sideband suppressed-carrier modulator using an 90-degree RF
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hybrid coupler to drive the two inputs of the modulator. In turn, the two inputs of the hybrid
coupler are driven by an AWG that sequentially generates four 6-µs pulses at 11 GHz and 8.22
GHz. The pulses are separated in time by 7-µs. The bandwidth of each pulse is broadened to
90-MHz by linear modulation of their instantaneous frequency so that after matched filtering the
equivalent pulse duration is reduced to a spatial resolution of 1.1 m. The AWG sets the signals sent
to each input of the RF hybrid coupler so that the final result is that the four pulses are modulated
onto sidebands separated by -11 GHz, -8.22 GHz, +8.22 GHz and +11 GHz, respectively, from
the laser frequency. Then, this multi-sideband signal is feed to a DGD implemented with a length
of high-birefringence fiber adjusted to obtain a relative delay of ∆τ = 26 ps between its axis.
The optical signal is introduced in the DGD with 45◦ linear polarization so that it is equally split
between its two polarization axis and the relative polarization of each sideband at its output is
rotated by an angle θ(∆τ) = π∆f∆τ [103]. This makes the pulses located at -11 GHz, -8.22 GHz,
+8.22 GHz and +11 GHz to be rotated by 51.48◦, 38.52◦, -35.25◦ and -51.48◦, respectively. This
means that the first and third pulses become orthogonal as well as the second and fourth and it
ensures that only one of the four signals can be simultaneously affected by a serious polarization
fading. Finally, an Erbium-doped fiber amplifier EDFA followed by an ASE OF boosts the power
of the pulses to 19 dBm before injection into a 50-km FUT. A PFS with 10 meters fiber length was
added at the far end of the FUT to perform dynamic measurements of vibration. The reflected
signal from the fiber is feed to a 250-MHz homodyne receiver whose LO input od the receiver is
fed by a MZ-EOM that is biased at minimum transmission and driven with two pure RF tones
to generate a double-sideband suppressed-carrier signal with 4 tones located at 8.838 GHz and
10.949 GHz. Each of this tones acts as LO for the detection of one of the pulses. Finally, the
I and Q components at the output of the receiver are digitized by an oscilloscope and processed
in a computer. First, the signal is digitally filtered to separate the spectral components of the
backscattered signals corresponding to each pulse, which are centered at -163, -51, +51 and +163
MHz, respectively. Then, they are compressed individually by matched filtering.

5.5. Experimental results

First, we checked that the polarization induced in the pulses was correct. With this aim,
a polarization controller and a polarizer was provisionally installed after the DGD to test the
suppression of the different sidebands as the polarization was changed. A polarization of more
that 20 dB was measured for all pulses.

Then, the polarization fading of the backscattered signals along the fiber was measured. For
this, we installed a PC at the signal input of the homodyne detector that was used to generate
random variations of SOP in time. Fig. 5.7 depicts the variation of the amplitude of the reflected
signal from one of the pulses coming from 3 different reflections in the fiber: input connector (red
line), connector at the PFS (green line), and at the end of fiber connector (blue line). Notice
that, as expected, each amplitude varies independently due to the polarization evolution in the
fiber. Hence, it is demonstrated that polarization fading for all positions in the fiber can not
compensated simultaneously by adjusting the output SOP. Fig. 5.8 demonstrates the compensation
of polarization fading with the four pulses for the reflected signals from the connector at the far end
of the fiber. Notice that the signals from the different pulses have different amplitude variation with
the random change of polarization in a 2-s interval. However, the amplitude obtained combining
the four pulses is almost flat, hence, the polarization fading is shown to be compensated.

Finally, dynamic measures have been performed in order to test the improvement in the phase
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Figure 5.7: Random variation of the amplitude of backscattering signal related to the SOP of the
same pulse along the length of the fiber.
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Figure 5.8: Variation of the amplitude of the backscattering signal related to the SOP of the four
pulses in the same location of the fiber.
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detection brought by fading compensation. Fig.5.9 depicts time-domain measurements of differ-
ential phase using a short fiber of 2.2 km. The frequency of the signal applied to the PFS was 25
Hz and the amplitude was 138-nε which translates to approx. 9 rad at the operating wavelength
in the 10 meters of the device. The figure depicts the phase difference measurement with a gauge
length of 12 m for the backscattered signal for each of the four pulses and their combination.
Notice that for pulse 1 and pulse 2 the measurement is rather noise whereas for pulse 3 and pulse 4
was much cleaner. This is explained by polarization fading: the backscattered signal from pulse 1
and 2 have a similar polarization (approx. 13◦ difference when they are linearly polarized) that is
experiencing polarization fading in this measurement. Nevertheless, the phase difference obtained
by combining the four pulses is cleaner because the backscattered signal from pulses 3 and 4, which
is also similar polarized (also separated by approx.13◦ for linear polarization), is orthogonal to the
fading. Therefore, this demonstrates that the system is able to compensate the polarization fading.
Moreover, the phase-difference amplitude matches the nominal vibration amplitude quite well.
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Figure 5.9: Amplitude of the phase measurement in each signal.

Finally, Fig. 5.10 depicts measurements of a 500-Hz vibration with the PFS located at the end
of the 50 km of fiber. In this case, the measurements are shown in the frequency domain (after
FFT) because the vibration frequency is closed to the Nyquist limit imposed by the time-of-flight
of this fiber length, hence few samples per cycle are obtained. The figure displays an intensity plot
of the FFT of the differential phase measured with a gauge length of 12 m for locations relative to
the location of the PFS at the end of the fiber. Notice that the perturbation is clearly discernible.

5.6. Conclusions

In conclusion, we have demonstrated a method to simultaneously compensate polarization and
signal fading in dφ-DVS sensors. This has the main advantage of reduced complexity compared
to previous systems relying just on an all-optical low cost device to achieve polarization diversity
instead of requiring the hardware duplication involved in systems that deploy polarization diversity
receivers. The system has shown good performance when implemented in long-range measurements
with an OPCR setup.
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Figure 5.10: Intensity of the FFt calculated over the combination of four measured signals.



CHAPTER 6

High Dynamic range measurement in DAS

6.1. Introduction

Among DOFS, φ-OTDR offers extremely high sensitivity. φ-OTDR is based on the mea-
surement the reflected signal, whose local variation in the time indicates the existence of a

perturbation. However, although φ-OTDR deploys a strong sensitivity to detect a dynamical
perturbation, the resultant amplitude of the reflected measured signal does not variate linearly
with the amplitude of the perturbation. Therefore, it makes a sensor not able to characterize the
amplitude and frequency of a dynamical perturbation.

To face this limitation, φ-OTDR with phase recovery was introduced [64]. The optical phase,
in contrast with amplitude, variates linearly with the amplitude of the applied perturbation over
the fiber. Among the multiple techniques used to recover the optical phase, in one of them the
reflected signal in the FUT is sent to a 90◦ hybrid homodyne detector where is beaten with
a reference signal, known as LO. The amplitude and optical phase of the reflected signal are
calculated from the electrical outputs of the balanced detector I and Q, as shown in section 1.3.4
of this thesis.

In addition to phase recovery, the balanced homodyne detector also permits to enhance the SNR
of the measurement signal due to the beat with a higher-power LO signal. Moreover, techniques
such as pulse compression have been implemented to increase the SNR of the measurement [105],
as discussed on chapter 4 of this thesis. However, phase recovery using coherent detection also
brings problems linked to polarization fading. When two signals are mixed, the efficiency of the
interference is given by the relative SOP between both signals. Also, Rayleigh fading, which
occurs in all kind of φ-OTDR sensors degrades the SNR in some locations of the signal when the
interference of the signals backscattered from the multiple scattering centers within the optical
pulse becomes destructive. Chapter 5 of this thesis describes a solution to compensate both types
of fadings [78].

Finally, another critical limitation that constrains the performance of φ-OTDR based on optical
phase extraction is related to the maximum amplitude of the perturbation that can be measured.
In φ-OTDR with phase recovery, the variation of the phase along the measurement depends directly
on the amplitude of the perturbation which is deducted from the variations of the phase between

89
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two consecutive measurements. As a consequence, the maximum slew rate is limited to π-rad value
between two consecutive samples [106], limiting the performance of the sensors in some applications
such as structural health monitoring in aircraft wings.

During this chapter, a technique that avoids the limitation imposed by the maximum amplitude
and frequency of the perturbation that can be measured is presented. First, this technique is
theoretically studied, then a set of experimental tests have been done in order to demonstrate
its potential. The technique uses the phase difference between both polarized signals of a PM
fiber in order to obtain a phase profile that follows the perturbation shape but with an amplitude
proportional to the refractive index difference between both PM axes. In addition, since both
measured polarization signals are statistically Rayleigh uncorrelated, the Rayleigh fading can be
avoided using a combination of them.

6.2. The problem of ambiguity in the phase

In the introduction of this chapter, some of the problems that constrain the performance of
φ-OTDR systems have been addressed. Enhancement such as the increment of the SNR without
harming of the spatial resolution have been discussed in chapter 4, whereas the solution of the
problem that presents both kinds of Rayleigh and polarization fading were presented in chapter
5. In this chapter, the problem related to the limitation imposed by the maximum amplitude
of the perturbation that can be measured in φ-OTDR with phase recovery is addressed. First,
the mathematical description of the problem is introduced as well as the proposed solution to
increase the maximum amplitude of the perturbation that can be measured. In addition, use of
perfect periodic autocorrelation (PPA) codes is introduced in order to get a good peak side-lobe
ratio (PSR).

In φ-OTDR, the measurement of amplitude imposes a limitation since it does not variate
linearly with the magnitude of the perturbation. As a consequence, the perturbation can be
detected; nevertheless, it can not be characterized. In order to avoid this limitation and extend
the system to DAS measurements, recovery of the phase was introduced [64]. Both electrical
output signals, I and Q, of the detector, are combined in order to obtain the backscattering optical
phase signal along the fiber in the same pulse measurement. Once the phase profile generated by
each pulse propagated into the fiber is measured, the differential phase is calculated by the phase
subtraction between two points separated a distance equal to GL. Differential phase profile in
the same point of the fiber indicates the accumulation of phase due to the perturbation over the
fiber. This differential phase follows the shape of the perturbation. Then, performing consecutive
measurements, the evolution of the differential phase in the same location of the fiber, between
consecutive measurements, gives the temporal evolution of the mechanical perturbation.

Nevertheless, a limitation on the performance arises when phase variation between two consec-
utive measurements exceeds the value of π. Since the value of the phase presents an ambiguity
when the phase value changes an amount larger of π, the unwrap function begins to experience a
malfunction [106].

Two main causes contribute to the generation of the ambiguity of the measured phase, as shown
in Fig. 6.1. On the one hand, there is the own amplitude of the perturbation, which is linked to a
bigger phase variation between two consecutive samples. When the amplitude is increased, phase
variation, in a period of time between two consecutive samples may exceed the value of π. On
the other hand, the phase variation between two consecutive samples, ∆τ is proportional to the
frequency of the perturbation. Bigger frequency of the perturbation implies a bigger slew ratio,
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which is translated to a larger amount of phase change between two consecutive samples.

Figure 6.1: Theoretical measured sinusoidal perturbation. Stars indicate the sampled points by
the sensor.

the maximum amplitude, A, that can be measured is obtained from the phase variation between
two consecutive samples equal to 2π. Given a sinusoidal signal, S(t), with a frequency of the
perturbation fp:

S(t) = Asin(2πfpt) (6.1)

the maximum slew ratio is given by the maximum value of its first derivative:

d

dt
S(t) = A2πfp (6.2)

the phase change between two consecutive samples is given by S ′(t)∆τ :

π = A2πfp∆τ = A2πfp
1

fs
(6.3)

then the maximum amplitude of the perturbation before system begins to fail becomes as:

A =
fs
2fp

rad (6.4)

Fig. 6.2 displays a simulation of the measured phase when a sinusoidal perturbation with an
amplitude A = fs/fp, being fs = 100 Hz and fp = 1 Hz, has been applied over the fiber. The
red line indicates the simulated measurement of the perturbation when the amplitude is equal to
the maximum amplitude before the system begins to fail, as described in Eq. 6.4. Green and blue
lines show when unwrap algorithm begins to fail because the amplitude of both signals exceeds the
maximum amplitude, having the green and blue signals an amplitude 1.01 and 10 times bigger than
the maximum amplitude that sensor admits. As expected when the amplitude of the perturbation
begins to be bigger than the maximum allowed amplitude, the reconstruction of the perturbation
by the system begins to fail in the maximum slope point. As a consequence of these mismatch
between real and measured perturbation, the measured perturbation displays a smaller amplitude
than the real one. Moreover, when the amplitude exceeds the maximum amplitude significantly,
the measured perturbation can not be recovered, losing its shape completely.
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Figure 6.2: Simulation of the measurements of different amplitudes of the perturbations.

In order to prevent this limitation of the maximum amplitude that the system can measure,
different techniques can be applied. The first and more obvious solution to this issue is to increase
the sampling frequency of the sensor since it is translated to a reduction in the phase variation
between two consecutive measurements. However, this solution is limited by the characteristics
of the acquisition equipment and, ultimately, by the length of the fiber, which determines the
maximum usable sample frequency as the inverse of the time-of-flight of the pulse. Due to the
dependence of the sampling frequency with the length of the fiber, Eq. 6.4 can be expressed in
terms of the length of the fiber, L in meters, becoming as:

A =
1

2fpL10−8
rad (6.5)

Another solution proposed in this thesis is based on the measurement of the phase difference
between two phase profiles with two optical signals with slightly different propagation constants.
This reduces the sensitivity of the sensor to the perturbation in the fiber, and as a consequence, the
amplitude of the measured phase. Therefore the amount of phase between two consecutive points
can be increased. In the technique that we have devised, both phase profiles are obtained from the
backscattering signal simultaneously generated in both axes of PM fiber. As Fig. 6.3, the probe
signal is introduced at an angle of 45◦ from its principal axis, being equally split between each
polarized axis. Finally, the two polarised backscattered signals are separated using a polarization
diversity photodetector. Since each signal is forced to be transmitted through one of the axes of a
PM fiber, the accumulated optical phase by each signal is proportional to the index of refraction
of the axis. As a consequence, the differential phase between both signals is proportional to the
difference of the index of refraction between ordinary and extraordinary axes of the PM fiber.

As in a direct phase analysis, phase difference between points distanced the GL, ∆φdiff , is
calculated for both polarised signals (x and y ). In addition to this direct phase analysis, the
difference of both differential phases is calculated as follows:

∆φdiff (z) =
(
φxz+GL − φxz

)
−
(
φyz+GL − φ

y
z

)
(6.6)

where φxz+GL− φxz and φyz+GL− φyz are the phase difference in the GL for both principal axes, x
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Figure 6.3: Schematic representation of signal propagation through both axis of a PM fiber.

and y, respectively, of the PM fiber. Notice that both phase differences have to be performed before
apply unwrapping algorithms. This permits to overcome the failure of the unwrapping algorithm.

Besides, the polarization maintaining configuration of the setup prevents of the presence of
polarization fading, as well as Rayleigh fading.

On the one hand, the use of PM fiber with a diversity polarization detection scheme guarantees
that both orthogonal polarizations are measured at the same time. On the other hand, the use
of both the principal axis of the PM fiber provides two Rayleigh independent signals. Due to the
difference in the index of refraction between both axis, light signals experience a different optical
path, which is equivalent to the use of different optical frequencies in each optical signal used in
each principal axis of the PM fiber.

When small perturbations are applied to the fiber, the difference of the differential phase
between both signals is proportional to ∆β∆l where ∆β = β2 − β1, which is the difference on the
propagation coefficients of the principal axis of the fiber and ∆l the elongation that a resolution
cell suffers due to the perturbation. This system takes advantage of both polarized signals that,
in turn, are Rayleigh independent of mitigating fading of the signals through the combination of
the signals with inverse-variance weighting as follows [107]:

∆φ = Ax∆φx + Ay∆φy (6.7)

where Ax and Ay denote the weight of each inverse-variance and are given by:

Ax,y =
σ2
y,x

σ2
x + σ2

y

(6.8)

where σx,y denote the variance of the signal differential phase for each polarised measured
signal. Moreover, it has to satisfy Ax + Ay = 1.

Finally, in contrast to conventional φ-OTDR, where a single optical pulse is launched into
the FUT to perform the scan, in this chapter, a novel optical codification technique is employed.
As discussed in chapter 4, single-pulse φ-OTDR sensors, presents an important trade-off between
spatial resolution and SNR of the measurement. In order to break this limitation, this system
employs a pulse compression technique, based on the use of binary antipodal phase shift keying
(PSK) codes, that provides good SNR. This codification was previously studied in the context of
radar signals [93], and it has also recently been demonstrated in the optical context. [108]. This
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kind of codification is a pseudorandom sequence whose elements jump between both values +1
and -1. Code sequences such as m-sequences and Lagrange-sequences, among others, are a good
example of this kind of code, which increases their PSR as the length of the code, N, in increased.
Moreover, they can be converted in PPA codes when the values of the settings are changed by
{exp(jΦ),+1} where Φ is provided by [109]:

Φ = acos

(
−N − 1

N + 1

)
(6.9)

From Eq. 6.9, it is extracted that, as N is increased, Φ becomes closer to π, becoming in an
antipodal set of values, which are simple to implement optically. In addition, when the Legendre
code case is analyzed, if N is a prime number that obeys N = 4k − 1 being k an integer, the
compression of the sequence does not display significant sidelobes, being almost perfect.

As PPA provides an enhancement of the SNR at the same time as good PSR, they are chosen
to be used to perform the scan of the FUT in this technique. The interrogation is done launching
a sequence of pulses with identical electric envelope, and pseudo-randomly sign (phase), given by:

Ein(t) =
N∑
k=1

CkE0a(t− kTbit) (6.10)

Where E0 symbolizes the amplitude of the electric field, a(t) gives the envelope of the pulse
and the code element at a position k is denoted by Ck. The envelope of the pulse takes positive
values where is contained in the interval [−Tbit/2, Tbit/2] and drops to 0 elsewhere. Due to the
properties of the PPA that Ein(t) in Eq. 6.10 exhibits, the compression of the code after matched
filtering acquires a form:

R(τ) ≈ E2
0NRa(τ) (6.11)

where Ra(τ) is the autocorrelation of a elementary single pulse. When these PPA codes are
used to interrogate FUT in DAS, whose optical field reflected along the whole fiber, is described
as follows:

EFUT (t) =

∫ L

0

ρ(z′)Ein(t− 2z′

vg
)dz′ (6.12)

where vg denotes the group velocity of the light and L the total length of the fiber. ρ(z′)
represents the complex backscattering coefficient of the fiber, given by ρ(x) ≈ r(z)exp(−j2βz). It
represents both complex backscattering amplitude (r(z)) and optical phase that signal acquires
due to the round-trip between input and z-position of the fiber. The complex amplitude of the
local backscattering is considered randomly distributed. It can be treated as a white random
distribution, so it accomplishes < r(z′)r∗(z′′) >∝ δ(z′ − z′′). Finally, the optical signals that is
reflected along the FUT is measured using an I/Q photodetector and cross-correlated with the
signal used to perform the scan (Eq. 6.10), giving:

RFUT (t) = A

∫ L

0

ρ(z′)Ra(t−
2z′

vg
)dz′ (6.13)

Eq. 6.13 can be understood as a convolution of the autocorrelation for the elementary pulse
and the complex profile of the FUT. A is a constant that holds parameters such as gain of the
detector and length of the code.
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In this section, a mathematical description of the main limitation linked to the detection of
high amplitude of the perturbation in phase-recovery φ-OTDR has been addressed. Moreover, the
mitigation of Rayleigh and polarization fading using the combination of both signals generated
from both polarisations. Finally, the fundamental of PPA codes used to enhance the SNR without
hurting the spatial resolution at the same time that backscattering is compressed without the
apparition of sidelobes.

In the next section, the experimental setup deployed to evaluate the performance of the tech-
nique is described.

6.3. Experimental setup

Figure 6.4: the experimental setup. Green lines indicate PM fiber and blue lines denote electrical
lines.

Fig. 6.4 depicts schematically the optical setup used in this work. An ultra-coherent laser
emitted CW light with linewidth of sym 0.1 kHz and power of 21 dBm. Then, a 90:10 PM coupler
(R/S) split the optical signal into two branches. One of these, which was used as a reference,
was sent directly to a dual polarisation optical hybrid (DPOH). The other output of the coupler
was used as a sensing arm. A PM MZ-EOM, that was biased for carrier suppression (minimum
transmission) was used to generate the interrogation waveform. The MZ-EOM was driven by a
binary antipodal phase shift keying (PSK) sequence of return-to-zero (RZ) pulses. The envelope
of the basic pulse (bit) was raised-cosine and its FWHM was 1.5 ns. As usual, the MZ-EOM was
driven in push-pull configuration. With these settings the light at the MZ-EOM output comprised
RZ pulses which jumped between two opposite phases (0 and π). The modulated optical signal
was sent to a PM circulator with linear polarization at an angle of 45◦ with respect to the principal
axes of the device in order to split the power equally between the principal axes of the sensing
fiber. It is assumed that cross-coupling between polarizations is negligible. The circulator diverted
the signal to a 144-m PM fiber spool that had a PFS attached at its far end. An AWG controlled
the frequency and amplitude of the signal that fed the PFS. The reflected light of the optical fiber
was directed by the circulator, to the DPOH. Quadrature components of the optical signal (I and
Q) for both polarizations were detected using four balanced photodetectors with bandwidths of
800 MHz. The electrical signals were digitized and stored by an oscilloscope at a sampling rate of
2.5 GSamples/s. In this work, the sequence length was chosen to be 6211 leading to a scan period
of 9.3165 µs.

Once the experimental setup deployed has been shown, a set of experiments was carried out to
demonstrate the performance of the technique.
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6.4. Experimental results

A set of experimental verifications have been done in order to demonstrate the potential of the
technique presented in this chapter of this thesis.
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Figure 6.5: Profiles of the absolute value of the reflected signal for each polarisation. The inset
shows a detail of both peaks at the far end of the fiber.

Fig. 6.5 shows the Rayleigh profiles of the two principal polarizations in the PM fiber. As
mentioned above, since the two polarizations had different refractive indices they traveled different
optical paths in the fiber and their Rayleigh profiles were different. This is similar to the case
were the measurement is performed with two different frequencies. In the case of a PM fiber
with a ∆n ≈ 0.001, the equivalent frequency shift is approximately 200 GHz. The peaks of
the decoded signals (normalized by their maximum value), at the fiber end, can be seen in the
inset of Fig. 6.5. The two peaks appear shifted by 5 cm. The apparent spatial shift is due to
the difference in refractive indices and mismatch in the lengths of pigtails and RF cables leading
to the detectors. During post processing of the signal, this offset was compensated in order to
align the spatial responses of the two polarizations. The FWHM of each of the peaks is seen
to be 10 cm. The relatively high noise level which can be seen in Fig. 6.5 in the section right
after the fibers end reflection, is attributed to two main factors. The first factor is related to the
imperfect implementation of the interrogating pulse sequence and the resulting autocorrelation
sidelobes [108]. Another important factor is the relatively large bandwidth (800 MHz) with which
the backscattered signal was measured.

To demonstrate measurement of dynamic strain, 62 cm of the PM fiber were wrapped around
a piezoelectric cylinder. The cylinder was fed with a sinusoidal signal of 130 Hz and with different
amplitudes.

Fig. 6.6 shows the spectrum of the differential phase in the last 4 m of the sensing fiber for
both polarizations and for their combination. The spatial separation used for calculating the phase
difference was chosen bigger than the length of the wrapped fiber segment to ensure the linearity
of the measurement [43]. Spectra were filtered using a bandpass filter between the frequencies of
80 and 2000 Hz. The perturbation at 130 Hz can be observed at the upper right corner of each
spectrum. Subplot (c) displays how signal fading induced noise was significantly reduced due to
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the combination of the signals in the manner described in Equ. 6.7 and 6.8.
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Figure 6.6: Map of the amplitude of the frequency spectrum for (a) horizontal polarization, (b)
vertical polarization and (c) combination of them both. Amplitude are in dB and red line indicates
the extreme end of the fiber

Spectra of the differential phase power averaged over the location of the excitations are shown
in Fig. 6.7. the improvement in SNR in the case of the combined response with respect to the
response of each polarization alone is evident. This is primarily due to the great improvement in
signal fading in the combined response case. The peak powers of these harmonics are more than
40 dB smaller that the peak at the fundamental frequency and the SNR of the perturbation is
∼ 50 dB higher than the noise floor representing sensitivity of∼ 1.1mrad/

√
Hz. Note the presence

of harmonics of the fundamental frequency of the excitation. The harmonics are attributed to
mechanical resonances in the fiber stretching setup.

Fig. 6.8 shows examples of phase difference signals for both polarizations. The examples cor-
respond to a location where one of the polarizations (vertical) had low SNR while the other
polarization (horizontal) showed good SNR. Also shown is the weighted sum of the signals accord-
ing to the inverse variance weighting approach (Eq. 6.7 and 6.8). It can be seen that the combined
signal retains the good SNR of the horizontal polarization and is not affected by the fading of the
signal of the vertical polarization.

As previously described, when the phase difference, at a given fiber position, between two
consecutive scans, exceeds π, unwrapping becomes ambiguous and errors occur. In order to
demonstrate this limitation, the amplitude of the excitation applied to the fiber was significantly
increased. Figure 6.9 shows the phase differences, ∆φx,y, as measured for each polarization, as
a function of the excitation amplitude. Red squares and green circles indicate the phase signal
measured for the vertical and horizontal polarization components respectively. Note how when
the voltage applied to the PFS varied between 0 and 5 Vpp the phase signal increased linearly as
expected whereas when the voltage exceeded 10 Vpp unwrapping ceased to function properly. In
the same figure, blue markers refer to ∆φdiff . It can be seen that the differential phase between
the polarization components varies linearly with the amplitude of the excitation. The solid lines
in Figure 6.9 are linear fits to the measured values.
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Figure 6.7: Amplitude of the FFT calculated from the differential phase for horizontal polarization
(red), vertical polarization (green) and the combination of both measurements (blue).
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Figure 6.8: Differential phase, in time-domain, in a fiber location inside the perturbation for
horizontal polarization (red), vertical polarization (green) and the combination of them both (blue).
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Figure 6.9: Amplitude of the detected perturbation using both polarizations (red and green markers
are refered to left axis) for different applied votlages. Blue line indicates the measured amplitude
using the differecte between both polarizations.

6.5. conclusions

In this chater, a new system for distributed dynamic strain sensing with high resolution, fast
update rate and high sensitivity was presented and tested. The system uses PPA code, a PM
sensing fiber and a polarization diversity receiver to achieve zero polarization fading, low proba-
bility of signal fading and polarization-differential-phase mode for very large signals. The system
operated at a scan rate of ∼107 kHz and achieved spatial resolution of ∼ 10cm, sensitivity of
∼ 1.1mrad/

√
Hz and ratio between the powers of the maximum and minimum excitations of

136 dB.
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CHAPTER 7

Conclusions and open lines

Throughout this thesis, several solutions aimed to enhance the performance of DOFS based on
Brillouin and Rayleigh scattering have been presented. Two contributions have been proposed to
enhance the performance of BOTDA sensors and three works have been developed to improve the
features of DOFS based on Rayleigh scattering.

The conclusions are grouped according to the specific research topic in each kind of sensor.

7.1. Contributions to BOTDA sensors

The contributions to BOTDA sensors have been focused on increasing the power of the probe
wave without incurring in NLE and also on generating a distributed amplification over the pump
pulsed signal in order to compensate for the effects of the optical attenuation.

7.1.1. Contribution to increase the power of the probe wave

In chapter 2, a system to mitigate second-order NLE is presented. This technique is based
on introducing a frequency offset to the FM probe waves that counterpropagate the pump wave
in order to follow the distribution of BFS of the fiber. This system has mitigated the apparition
of second-order NLE when the power of the probe wave is increased. It has been found that
second-order NLE arises when both Brillouin interactions between both prove waves and pump
wave do not overlap completely, resulting in a distortion of the spectrum, therefore the shape of
the pump wave. A previous technique that develops a frequency modulation of the probe waves
partially mitigates second-order NLE [3]. Nevertheless, it fails when BFS is not constant along
the fiber since both interactions do not overlap. The frequency offset added to the FM probe
wave generates that the central frequency of the probe wave follows the profile of the BFS. As
a consequence, the Brillouin interaction of both interactions overlaps completely along the whole
fiber, generating a flat zero net interaction that does not generate distortion. To do that, the BFS
profile used to modify the FM of the probe wave is firstly measured with low spatial resolution.
Then a measurement with the modified FM is done, generating a virtual BFS that is compensated
after the measurement. In order to test this technique, the distortion that pulse, due to the

101
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second-order NLE, has been compared when the technique is applied and is not applied, showing
a considerable reduction of the distortion when applied. Finally, the largest probe wave power to
our acknowledgment, of 15 dBm, which is limited by SpBS, has been used. A spatial resolution
of 3 meters with an accuracy of 2 MHz with an average of 1024 samples when a measurement of
120-km fiber link is done..

7.1.2. Contribution to mitigate the attenuation of the pump wave

In chapter 3 We demonstrate a simple technique to provide conventional Brillouin optical time-
domain analysis sensors with mitigation for pump pulse attenuation. The technique is based on
operating the sensor in loss configuration so that energy is transferred from the probe wave to
the pump pulse that becomes amplified as it counter-propagates with the probe wave. Further-
more, the optical frequency of the probe wave is modulated along the fiber so that the pump pulse
experiences a flat total gain spectrum that equally amplifies all the spectral components of the
pulse, hence, preventing distortion. This frequency modulation of the probe brings additional ad-
vantages because it provides increased tolerance to non-local effects and to spontaneous Brillouin
scattering noise, so that a probe power above the Brillouin threshold of the fiber can be safely
deployed, hence, increasing the signal-to-noise ratio of the measurement. The method is experi-
mentally demonstrated in a 100-km fiber link, obtaining a measurement uncertainty of 1 MHz at
the worst-contrast position.

In contrast with chapters 2 and 3, chapters 4, 5 and 6 are based on Rayleigh scattering.

7.2. Contribution to Rayleigh sensors

7.2.1. Contribution to mitigate sidelobes in OPCR technique

In chapter4, a Rayleigh sensor that uses OPCR, avoiding the apparition of sidelobes, is pre-
sented. This technique is based on modulating the amplitude of the pulse-envelope. It has been
shown that sensors that use OPCR presents the apparition of sidelobes when compression is ap-
plied to a squared shape pulse, leading to a degradation of performance of the sensors such as
SNR, spatial resolution and interference with close perturbations. It has been demonstrated that
the shape of the compression arises from the cross-correlation of the optical FM pulse. As a con-
sequence, a modification of the optical pulse results in a change of the shape of the compression
pulse. Unlike radar, optical sensors do not present limitations on the used amplifiers. It permits
to apply a pulse modulation that smoothes the output of the MF, avoiding sidelobes. In this work,
the desired shape modulation of a Gaussian is applied to the pulse, becoming in a sidelobes free
OPCR sensor. With this sensor, a measurement able to detect a phase profile of a perturbation
at the extreme end of the 50-km fiber has been demonstrated with a spatial resolution of 0.34 cm.

7.2.2. Contribution to mitigate polarisation and Rayleigh fading in
OTDR

In chapter 5, a Rayleigh DOFS that mitigates simultaneously signals and polarization fading
is presented. This technique is based on launching consecutively into the fiber, optical pulses
with different optical frequencies and SOP. As demonstrated, signal fading appears when the
combination of multiple reflected waves becomes destructive interference. Moreover, when two
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signals interfere, the efficiency of the mix is modulated by the relative SOP between them, becoming
low when the relative SOP is orthogonal. Both effects lead to a low amplitude of the measured
signal, resulting in a low SNR that degrades the measurement. It has been found that when
the optical frequency is modified, the relative phase between multiple reflected waves changes,
consequently the amplitude of the resultant interference, avoiding the signal fading. Moreover, in
order to avoid polarization fading, schemes detection that measures both orthogonal polarizations
simultaneously have demonstrated to avoid the fading of polarization. However, it presents a
penalty of increasing the complexity of the system and duplicate the volume of data to be measured
and processed. Our technique launches consecutively four pulses with different optical carried in
order to mitigate signal fading. Besides, a DGD inserted in the setup induces a variation of the
SOP of each pulse proportional to its optical frequency. When optical frequencies are properly
chosen, all the possible SOP are covered by a combination of the four pulses. IT permits to avoid
polarization diversity detection scheme and, therefore, to simplify the data processing. Using that,
four signals are measured, ensuring, at least one of them is free of both kinds of fading. This
sensor has demonstrated to measure a perturbation at the extreme end of a 50-km fiber link with
a spatial resolution of 1 meter.

7.2.3. Contribution to extend the dynamic range in φ-OTDR

Finally, chapter 6 presents a sensor that extends the dynamic range measurement in DAS. The
technique is based on measuring a phase profile of the perturbation that variates slower than the
real phase variation. It has been demonstrated theoretically and experimentally that when the
amplitude of the perturbation turns to a large value, unwrap algorithm can not reconstruct the
measured phase profile since phase jumps bigger that 2π occurs between two consecutive samples.
As a consequence, the amplitude of the perturbation able to be measured is limited. In this work,
the phase profiles measured consecutively in both axes of PM fiber are combined in order to obtain
their difference. This phase difference follows the profile of the perturbation, but its amplitude is
drastically reduced proportionally to the difference of refractive index between both axis. To do
that, an all PM fiber setup is used to introduce a sequence of pulses, which permits to generate
perfect auto-correltaion (PAC), into a PM fiber link with an angle of 45◦, generating both phase
profile in both axes. Using this technique, a measurement larger than 1000 radpp has been done.

7.3. Open lines

Finally, to finish this thesis, some open lines are proposed in order to follow the course of this
thesis.

In the field of DOFS based on Brillouin scattering, this thesis has been addressed to extend the
measurement distance of the sensor. A proposal future research consists on combine techniques
deployed in chapter 2 and 3 in order to generate a Brillouin amplification at the same time that
second-order NLE are voided. It would permit to increase the power of the probe wave, therefore,
the maximum distance of the measurement.

On the other hand, DOFS based on Rayleigh scattering have demonstrated to be able to perform
a long-range measurement. Possible future researches to continue on Rayleigh sensor would be to
avoid the limitation presented by the technique developed in chapter 6. This technique deploys
a PM fiber link in order to combine both measured phase profiles. However, PM fiber presents
a high economical cost, which limits the maximum distance that can be measured. The possible
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evolution of this work is to employ two different optical wavelengths in standard fiber. Using that,
the maximum amplitude able to be measured can be modulated as a function of the frequency
separation between both wavelengths.
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verification of the critical power for modulation instability in optical fibers. Opt. Express,
23(23):29514–29532, Nov 2015.

[22] G. P. Agrawal. Fiber-Optic Communication Systems. John W iley and Sons, 2002.
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the sensing range of brillouin optical time-domain analysis up to 325 km combining four
optical repeaters. Proc. SPIE, 9157:91576Q, 2014.

[87] M. Fernandez-Vallejo, D. Olier, A. Zornoza, R. A. Pérez-Herrera, S. Diaz, C. Elosua,
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