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Abstract
Abstract

Distributed fiber optic sensors (DFOS) are becoming an increasingly used technology
to monitor the integrity of structures. This is due to the fact that this technology can
be embedded within the structure and provide distributed information of several relevant
parameters for the structure, such as stress, temperature or strain. In DFOS the fiber itself
is the transducer, and the measurement of a given parameter is provided continuously along
the fiber at a particular spatial resolution, without blind spots. This is the main advantage
of DFOS compared to other sensing technologies, the fact that DFOS provide information
of a given parameter over thousands or hundreds of thousands of positions along the
optical fiber. Conversely, other sensing technologies only give information over the specific
points where they are installed, that is to say, they are point sensors. This characteristic
of distributed fiber sensors makes them enormously interesting when many points of a
structure need to be monitored. In this case, a single distributed fiber sensor can replace
many point sensors, which considerably reduces the cost per sensing point when monitoring
large structures. In addition, due to the properties of the optical fiber, these sensors have
a better performance compared to other kind of sensors. Among other important features,
DFOS present a low signal loss, electromagnetic interference immunity, remote sensing and
multiplexing capabilities, light weight, and are chemically passive, which make them a very
attractive technology for field measurements. Therefore, DFOS have the added advantage
of being electrically, magnetically, and chemically passive, so that can be placed in harsh
environments, such as nuclear plants or areas with gas concentration, where, due to the
possibility of a short circuit, electronic sensors cannot be placed. Al these characteristics
make this technology unique.

Among the different types of DFOS, those based on stimulated Brillouin scattering,
and more specifically, those that build upon the Brillouin optical time-domain analysis
(BOTDA) technique, are one of the most promising. The main characteristic that makes
BOTDA sensors as promising, is the ability to perform distributed strain and temperature
measurements over long distances at high spatial resolution. For the functioning of the
sensor, the general interaction that takes place in the BOTDA technique involves two
optical waves: a continuous wave probe and a counter-propagating pump pulse. The
performance of the sensor response is limited, among others, by the maximum optical
power of both waves that can be injected into the fiber. In this way, the main research
line in BOTDA sensors is focused on the study of the physical limitations of the technique
as well as the development of solutions to these constraints. Another important line relies
on the simplification of the sensor setup so as to reduce the complexity and the cost of
the sensor. This thesis dissertation contributes to the development of BOTDA sensors by
means of different contributions in these two research lines.

Several theoretical and experimental studies have been conducted to accurately deter-
mine the main limits to the sensor performance in terms of the maximum optical power
of the pump and probe waves that can be used. One of the most important limitation
in BOTDA sensors is the onset of non-local effects, which limits the maximum pump and
probe waves power that can be injected in the fiber, and hence, the signal-to-noise ra-
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tio (SNR) at the receiver is worsen. The so-called non-local effects generate measurement
errors, because the Brillouin spectra measured at distant locations depend on the interac-
tion at previous positions in the fiber. In this research line, we have examined the effects
caused by the limited extinction ratio (ER) of the pump pulse, finding that, among other
impairments, it leads to the onset of a new non-local effect originated in the depletion of
the pedestal of the pump wave. In addition, it has been found that the pedestal deforma-
tion caused by the transient response of erbium-doped fiber amplifiers, which are typically
deployed to amplify the pump pulse, also constrains the performance of the sensor. An-
other contribution is the study of the techniques presented in the literature to mitigate the
impairments caused by second-order non-local effects, which cause a frequency-dependent
spectral deformation of the pulse. The findings of this study show that these techniques
are only applicable when the Brillouin frequency shift (BFS) of the fiber is uniform, which
is hard to find in real applications. Lastly, another subject of study is the limitations of
the pump and probe optical power in coded-pump wave BOTDA configurations. We have
observed that, in addition to some known limitations, there are two important restrictions
that have to be taken into account: the onset of non-local effects and the non-linear ampli-
fication of the probe wave, both generated by the successive gain induced by the multiple
pulses of the coded-pump wave.

As a consequence of the findings of these studies, BOTDA configurations intended to
solve these limitations have also been proposed during the thesis work. A technique to
mitigate the constraints induced by the limited ER of the pump pulse has been presented.
This method is based on adding a dithering to the optical source used to generate the
two waves involved in the BOTDA sensor, so that the optical wavelength of both signals
is modulated. In this way, the Brillouin interaction between the pedestal and the probe
wavefronts become uncorrelated, and hence, the influence of the pedestal is greatly re-
duced. Another contribution is a technique focused on completely overcome the onset of
second-order non-local effects. This method is based on continuously tracking the BFS
distribution of the fiber, which combined with the probe-dithering method, has allowed,
to the best of our knowledge, to inject the highest demonstrated probe wave power in a
BOTDA sensor to date. In addition, in order to improve the SNR of the sensor, a novel
BOTDA sensor has been proposed. This analyzer combines mono-color cyclic coding and
probe-dithering techniques, so that the impairments caused by a coded pump wave are
reduced, and hence, it is possible to increase the optical power and consequently enhance
the sensing distance range.

Finally, a novel simplified BOTDA sensor has been presented, which relies on passive
optical filtering of the spectral components generated in a single optical source. In this
way, the sensor setup is simplified reducing the number of optical devices, and therefore,
the cost of the sensor is also reduced. This BOTDA configuration has been shown to have
a performance comparable to more complex setups.
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Motivation

The development of optical fiber communications has revolutionized the telecommuni-
cations industry, making distance no longer a barrier to broadband communication.

The use of optical fiber cables has allowed the optical communications to achieve telecom-
munication links over much larger distances due to a significant reduction of the attenuation
of the signal level in the transmission medium, and, probably the more important, it has
enabled the use of higher data rates due to the large bandwidth of the fiber. This, in turn,
has led to an important deployment of optical fiber cables around the world.

Throughout the last decades, the development of fiber optic sensors (FOS) has benefited
from the deployment of optical fiber cables and the growth of fiber optic communications.
Among other applications, FOS have been used to monitor parameters such as temper-
ature, pressure, vibration, gas concentration or fluid levels. Compared to other sensing
technologies, as for instance electric sensors, FOS offer some advantages, such as a small
size, a very wide operating range or immunity to electromagnetic and radio-frequency in-
terference. In addition, FOS can be placed in passive networks, so that they do not need
external power supplies, opening the field to remote sensing. Due to all these reasons,
FOS are an attractive and competitive solution for different applications in which other
technologies could not be placed.

There are different FOS technologies available at the market, which can be grouped
into two types of sensors: the point sensors, like for instance fiber Bragg grating sensors or
interferometric sensors, and the so-called distributed sensors. The main difference between
both types of sensors lies in the way they monitor the structure. The point sensors only
analyze the particular point where they are placed, whereas the distributed sensors uses
the optical fiber as the sensing element, i.e., the optical fiber is the transducer, and hence,
distributed sensor allow measuring every few meters over all along the conventional optical
fiber. In this way, with distributed sensors there are not blind spots that cannot be sensed,
unlike using point sensors that can only measure in the specific locations where the sensors
have been placed. This is the main advantage of distributed sensors when compared to
point sensors.

This characteristic of distributed fiber sensors makes them enormously interesting when
many points of a structure need to be monitored. In this case, a single distributed fiber
sensor can replace many point sensors, which considerably reduces the cost per sensing
point when monitoring large structures. This is the reason for the success of distributed
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fiber sensors. In addition, a further reduction in costs comes from the fact that standard
telecommunication optical fibers without any modification can be deployed as transducers.
For all these reasons, distributed fiber sensors have become an important technology in
the field of structural health monitoring. Therefore, these kind of sensors are increasingly
being used. As a consequence of the proliferation of distributed FOS, their global market
size was valued at USD 708.6 million in 2016, and is expected to reach USD 2.39 billion
by 2025, according to a new report by Grand View Research, Inc [1].

Distributed fiber sensors are based on different kinds of scattering phenomena such as
Raman, Rayleigh or Brillouin scattering. Among the different scattering phenomena used
in distributed fiber sensors, the ones based on stimulated Brillouin scattering are of great
interest. This is due to the ability to monitor strain and temperature changes in long
distances with high spatial resolution. With this technology, resolutions in the millimeter
range can be achieved in short fibers. However, it is in long range measurements where
Brillouin sensors stand out, since measurements over more than 100 km have been achieved
with 1-m spatial resolution.

When the fiber is embedded within materials and structures, distributed Brillouin sen-
sors provide information of changes that the structure is suffering in the form of strain,
cracks, temperature variations, and others like for instance nuclear radiation. Due to the
capability to measure these changes, Brillouin based sensors can be deployed in many prac-
tical fields, such as in civil and structural engineering to monitor bridges, tunnels, dams,
in nuclear power plants, assessment of high voltage cables, railway inspection, or monitor-
ing of oil and gas pipelines, among many other structural health monitoring applications.
In addition to the long range applications, distributed Brillouin sensors also provide the
ability to dynamically assess the state of short structures, such as the monitoring of wind
turbine blades. The numerous applications described above and the interest of other in-
dustries make Brillouin distributed sensors a very interesting tool. However, there are still
some impairments that constrain the performance of these sensors. Therefore, especial
effort must be made in order to improve the performance of Brillouin distributed sensors
and also to increase the applications in which these kind of sensors can be used.

Objectives of the thesis

The main objective of this thesis dissertation is to contribute to improve the perfor-
mance of Brillouin optical time-domain analysis (BOTDA) sensors, which is one of the
most studied and developed type of Brillouin distributed sensor. In order to achieve this
general goal, we have focused our research work into two different lines. On the one hand,
the thesis introduces the study of some limitations of BOTDA sensors that constrain its
performance. As will be presented in this thesis, one of the major constraints faced by
BOTDA sensors is the maximum optical power of the two optical waves involved in the
technique, the continuous probe wave and the pulsed pump wave, that can be injected
into the fiber before the onset of several detrimental effects. On the other hand, solu-
tions to these and other impairments and limitations of BOTDA sensors are presented and
analyzed. The following lines represent the different research field addressed during this
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thesis:

• Study of the impairments caused by non-local effects in BOTDA sensors, which are
amongst the main obstacles on the performance of BOTDA sensors. First-order
and second-order non-local effects, which are due to the depletion and the spectral
deformation of the pump pulse, respectively, introduce measurement errors, because
the Brillouin spectra measured at distant locations depend on the interaction at
previous positions in the fiber. In addition, we have analyzed the limitations imposed
by the low extinction ratio (ER) of the pump pulses in a BOTDA sensor, studying
the negative impact that the low ER has on non-local effects.

• Study and analyze the multiple advantages of the probe-dithering technique. This
technique, which was devised in our research group, is based on adding a frequency
modulation to the probe wave, so that the wavelength of both the pump and probe
waves is uncorrelated. This leads to a significant reduction of several limitations of
BOTDA sensors.

• The signal-to-noise ratio (SNR) is the parameter that ultimately defines the perfor-
mance of the sensor. Therefore, it is of paramount importance the enhancement of
the SNR. In this way, we investigated techniques to improve the SNR of the sensor.

• One of the main limitations of BOTDA sensors is their cost, which makes them out
of reach from industries where the final cost is a major restriction. This is due to
the fact that most BOTDA setups, in order to generate the optical waves involved
in the technique, use expensive components. Therefore, we investigate methods that
are focused on simplifying the existing BOTDA setups, so as to reduce the final cost
of the sensor.

Structure of the thesis

The content of this thesis dissertation is divided in seven chapters.
The first chapter is an introduction to BOTDA sensors. To that end, first of all it is

essential to understand the physical underpinnings of the Brillouin scattering phenomena.
Then, the different types of Brillouin distributed optical fiber sensors are introduced, with
particular emphasis describing BOTDA sensors, considering that these kind of sensors are
the ones studied in this thesis. After that, the different factors that limit the performance
of BOTDA sensors are discussed together with the proposed solutions at the current state
of the art.

In chapter 2, the origins of non-local effects in BOTDA sensors are introduced, as well as
their detrimental consequences. Specifically, first-order and second-order non-local effects
are presented, together with the main proposals made to overcome, or at least mitigate,
the constraints that these effects bring on.

In chapter 3 the effects caused by the limited ER of the pump pulse are studied. First,
the increment of first-order non-local effects is analyzed, and then two previously unknown
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non-local effects are described. To do this, we conduct a theoretical investigation together
with experimental measurements, which clarify and properly explain the details of these
effects.

In chapter 4, we theoretically and experimentally proved how all the techniques pre-
sented to date to reduce second-order non-local effects are only valid if the fiber has a
uniform Brillouin frequency shift (BFS). In addition, a new technique to completely over-
come second-order non-local effects is presented, which is based on continuously tracking
the BFS of the fiber. Finally, we show how the technique based on dithering of the optical
source used to generate the pump and probe waves mitigate the constraints induced by
the limited ER of the pump pulses.

In chapter 5, the different coding techniques used to enhance the SNR in BOTDA sen-
sors are presented, focusing on the mono-color cyclic coding technique. Next, two impor-
tant limitations in a coded pump pulse BOTDA sensor are introduced. These limitations
are due to the onset of first-order non-local effects and because of the non-linear amplifica-
tion of the probe that the successive pulses of the coded pump wave involves. Afterward,
a new BOTDA sensor based on combining mono-color cyclic coding and probe-dithering
techniques is presented, which improves the SNR of the sensor.

In chapter 6, another research line is introduced: the simplification of the setup in order
to reduce the cost of the sensor. The chapter begins by providing details of some of the
most important contributions to simplify the configuration of BOTDA sensor presented to
date, and then, a novel approach to simplify the sensor setup is introduced.

Finally, chapter 7 summarizes the conclusions obtained from the work carried out
during this thesis, and also presents the open lines of this thesis.
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Chapter 1: Introduction to distributed optical fiber sensors
based on Brillouin scattering
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1.5 State of the art and main limitations in BOTDA sensors . . . 23
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1.5.2 Modulation instability, self-phase modulation and spontaneous
Raman scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.5.3 Extinction ratio of the pump pulse induce impairments . . . . . 25

1.5.4 Signal-to-noise ratio of BOTDA sensors . . . . . . . . . . . . . . 26

1.5.5 Number of resolved points: the spatial resolution . . . . . . . . . 27

1.5.6 Measurement time and dynamic sensing . . . . . . . . . . . . . . 28

1.5.7 Techniques to simplify the configuration of BOTDA sensors . . . 29

1.1 Introduction

In recent years, fiber-optics communication has been used as one of the main information
channels, by sending pulses of light through the optical fiber. That is why there is

currently a large deployment of fiber optics around the world, which will increase in the
coming years. However, apart from communication purposes, fibers optics can be used to
detect, to monitor, and even to measure external perturbations.

Traditionally, the different sensing methods have been relied on measuring at prede-
termined points, nevertheless, in recent years the demand for distributed measurements
has been grown. This, in turn, has led to a proliferation of distributed fiber sensors. This
technology uses the optical fiber as the sensing element, without any additional transduc-
ers in the optical path. Distributed fiber sensing is a technology that enables continuous,
real-time measurements along the entire length of a fiber optic cable. In this manner,
distributed optical fiber sensing is the only physical-contact sensor technology capable of
accurately estimating physical fields with spatial continuity along the fiber. In addition,
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as the fiber is the sensor, it is also a cost-effective method. Therefore, distributed optical
fiber sensors can play an essential role in many monitoring applications [2, 3].

Distribute fiber sensors are based on scattering phenomena, employing either Rayleigh,
Raman, or Brillouin scattering (see Fig. 1.1). The components of the scattered light can be
down-shifted in frequency (Stokes component), or shifted to higher frequencies (anti-Stokes
components). In particular, the principle of operation of Rayleigh and Brillouin scattering
based sensors relies on the scattering phenomena induced by fluctuations in the optical
properties of the fiber, which may be associated with local or temporary changes of the re-
fractive index. Depending on the scattering process, the sensor allows to measure different
physical quantities. The contributions of this thesis dissertation are focused on improving
distributed measurements of temperature and strain using the Brillouin scattering effect.
Accordingly, this chapter will describe the working principles of Brillouin based distributed
fiber sensors, so as to gain a better understanding of this technique.

Figure 1.1: Schematic spectrum of scattered light resulting from three scattering processes
in inhomogeneous medium.

The chapter begins with a detailed explanation of the spontaneous and stimulated
Brillouin scattering effects in optical fibers. Afterward, different types of Brillouin based
distributed sensors are described, before focusing on the Brillouin optical time-domain
analysis (BOTDA) sensors, which is the primary aim of the research developed in this
thesis dissertation. Hence, a detailed study of BOTDA sensors is performed, by developing
the classical theoretical model for the Brillouin interaction of the optical waves involved
in the technique and, also, by discussing the factors that limit such sensors. Finally, the
current state of the art is reviewed, which is defined to a great extent by the several limiting
factors of the BOTDA technique.

1.2 Brillouin scattering

Brillouin scattering is an effect caused by the non-linearity of a medium, specifically
by that part of the non-linearity which is related to acoustic phonons [4]. In other words,
is an effect caused by acoustic vibrations in the medium, as for instance an optical fiber,
when a laser light travels through it. Depending on the intensity of the incident light
beam, one can distinguish between spontaneous and stimulated scattering effects. When
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the intensity of the injected light into the medium is low, the effect occurs spontaneously,
and hence, the fluctuations that cause the light scattering are excited by thermal or by
quantum-mechanical zero-point effects [5]. On the other hand, once the intensity of the
incident light exceeds a certain threshold, the scattering effect becomes stimulated, since
the fluctuations are induced by the presence of the light beam itself [5]. In the following,
both scattering processes will be described in detail.

1.2.1 Spontaneous Brillouin scattering in optical fibers

Spontaneous Brillouin scattering (SpBS) can be described by the analysis of the pres-
sure waves that induce fluctuations in the dielectric permittivity. In order to describe the
SpBS effect, the equation of motion for a pressure wave (∆p) should be used. Which is a
well-known equation from the field of acoustics and is given by [5]:

∂2∆p

∂t2
− Γ∇2∂∆p

∂t
− υa∇2∆p = 0 1.1

where Γ is a damping parameter and υa is the velocity of the acoustic wave in the
medium, which can be expressed in terms of thermodynamic variables as [5]:

υa =

√
Ks

ρ
=

√
1

Csρ
1.2

where Ks is the bulk modulus, ρ is the density of the medium and Cs is the con-
stant entropy of the compressibility. For instance, in fused silica the acoustic velocity is
υa = 5.97x103 m/s.

As an illustration of the nature of the acoustic wave equation (Eq. (1.1)), the propa-
gation wave can be considered as follows [5]:

∆p = ∆p0 exp [i (q · r− Ωt)] + c. c. 1.3

where Ω is the frequency of the acoustic wave and satisfies the dispersion relation
Ω = υa|q|, and q is its wave vector. In order to study the interaction between the incident
beam light and the acoustic wave, the incident optical field is given by [5]:

E = E0 exp [i (k · r− ωt)] + c. c. 1.4

where ω is the optical frequency of the incident field and k is the wave vector. The
scattered field obeys the driven wave equation [5]:

∇2E− n2

c2

∂2E

∂t2
=

1

ε0c2

∂2P

∂t2
1.5

where n is the refractive index of the medium, c is the speed of light in vacuum, E is
the electric field of the wave, ε0 is the permittivity of free space, and P is the polarization
field induced by electric dipoles.

Let’s us consider the case in which the scattering of the light occurs as the result of
fluctuations in the dielectric constant and in which these fluctuations are themselves the
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result of fluctuations in thermodynamic variables. In this case, the polarization depends
linearly on the electric field as follows [5]:

P = ∆χE = ∆εE 1.6

where ∆χ is the fluctuation of the dielectric susceptibility and ∆ε is the fluctuation
of the dielectric constant averaged over the scattering volume. Assuming the dynamical
behavior of the density fluctuations that give rise to light scattering, Eq. (1.6) leads to [5]:

P = ε0

(
∂ε

∂ρ

)(
∂ρ

∂p

)
∆pE = ε0γeCs∆pE 1.7

where γe is the electrostrictive constant given by [5]:

γe =

(
ρ
∂ε

∂ρ

)
ρ=ρ0

1.8

Finally, by combining Eq. (1.5) through Eq. (1.3), it is found that the scattered field
must obey the following wave equation [5]:

∇2E− n2

c2

∂2E

∂t2
=− γeCs

c2

[
(ω − Ω)2E0∆p∗0 exp [i (k− q) · r− i (ω − Ω) t]

+ (ω + Ω)2E0∆p0 exp [i (k + q) · r− i (ω + Ω) t] + c. c.

] 1.9

Note that the first term in this expression leads to the Brillouin Stokes scattering
component with frequency ω′ = ω−Ω and wave vector k′ = k−q [5]. Whereas the second
term results in the Brillouin anti-Stokes scattering component with frequency ω′ = ω + Ω

and wave vector k′ = k + q [5]. In both cases, the frequency and the wave vector of the
incident optical field are related according to [5]:

ω = |k| c
n

1.10

In addition, the frequency (Ω) and the wave vector of the acoustic wave (q) satisfy the
following relationship [5]:

Ω = |q|υa 1.11

This component of the polarization can efficiently couple energy to the scattered Bril-
louin optical wave only if ω′ and k′ are related by the dispersion relation for optical waves,
namely [5]:

ω′ = |k′| c
n

1.12

In order to satisfy the requirements of Eqs. (1.10) through (1.12) simultaneously, the
sound-wave frequency and wave vector must each have a particular value for any scattering
direction [5]. Figure 1.2 and 1.3 show the relation that acoustic, incident and scattered
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waves must satisfy in the case of Stokes and anti-Stokes for the case of scattering at the
angle θ, respectively.

Figure 1.2: Illustration of Stokes Brillouin scattering.

Figure 1.3: Illustration of anti-Stokes Brillouin scattering.

Part (a) of Figs. 1.2 and 1.3 shows the relative orientations of the wave vectors of the
incident and scattered fields. Figure 1.2(b) and 1.3(b) depicts how the wave vector of
the acoustic disturbance is related to those of the incident and scattered optical radiation
for both Brillouin components, Stokes and anti-Stokes, respectively. Finally, as shown in
Fig. 1.2(c), Stokes scattering can be visualized as the scattering of light from a retreating
acoustic wave propagating in the same direction of the incident light, whereas as illustrated
in Fig. 1.3(c), the anti-Stokes component can be considered as scattering resulting from an
oncoming acoustic wave with respect to the direction of the incident light.

Conservation of momentum and energy

The momentum of the acoustic phonons of Brillouin scattering grows proportionally
to the phonon frequency, by a proportional factor given by the acoustic velocity of the
medium. Any scattering process must accomplish the conservation of both momentum
and energy [6]. Therefore, the energy and the momentum must be conserved during the
interaction, and hence, by applying this energy and momentum conservation to the 3 inter-
acting waves in the Stokes case, defined in Table 1.1, the following relation is obtained [7]:

Energy conservation:
h

2π
ω =

h

2π

(
ω′ + Ω

)
1.13

Momentum conservation: hk = h
(
k′ + q

)
1.14

where h is the Planck constant. As Ω is much smaller than the optical frequencies, it
can be assumed that k has a close value to k′, which is valid for both Stokes and anti-Stokes
components. Therefore, the wave vector of the acoustic wave can be expressed as [5]:

|q| = 2|k|sin
(
θ

2

)
1.15
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Chapter 1. Introduction to distributed optical fiber sensors based on Brillouin scattering

Now, considering that the acoustic velocity is much smaller than the light velocity, the
dispersion relation given by Eq. (1.11) shows that the acoustic frequency is [5]:

Ω =
2nωυa
c

sin

(
θ

2

)
1.16

From this expression it follows that the acoustic frequency depends on the angle of
the scattered light. In this way, Ω is equal to zero for forward scattering (θ = 0), and
maximum for backward scattering (θ = π). Hence, the maximum frequency shift, known
as the Brillouin frequency shift (BFS), occurs for backward scattering and is given by [8, 5]:

ΩB =
2nωυa
c

=
2nω

c

√
(1−Θ)E1

(1− 2Θ)(1 + Θ)ρ
1.17

where Θ is Poisson’s ratio and E1 is the Young’s modulus.
Note that in a single-mode fiber (SMF), the scattered light can only propagate in

two possible directions, forward or backward. Therefore, Brillouin scattering signal is a
backscattered light, which for the 3-th optical transmission window (∼ 1550 nm) exhibits
its maximum frequency shift (νB = ΩB/2π) close to 10.8 GHz.

Frequency Wave vector Relation

Incident wave ω k ω = |k| (c/n)

Scattered Stokes wave ω′ = ω − Ω k′ = k− q ω′ = |k′| (c/n)

Acoustic wave Ω q Ω = |q|υa

Table 1.1: Frequencies and wave vectors of the 3 waves involved in Brillouin scattering
process and the relation between the frequency and the wave vector.

Brillouin spectrum and linewidth

So far, the attenuation of the acoustic wave has been ignored in the analysis. However,
the Brillouin scattered light of a monochromatic incident light has a certain linewidth due
to the attenuation of the acoustic wave presented in Eq. (1.3). Substituting the acoustic
wave propagation introduced in Eq. (1.3) into the acoustic wave equation, Eq. (1.1), it
follows that q and Ω must be related by the following dispersion relation [5]:

Ω2 = q2
(
υ2
a − iΩΓ

)
1.18

This expression can be rewritten as follows [5]:

q2 =
Ω2

υa − iΩΓ
=

Ω2/υ2
a

1− iΩΓ/υ2
a

' Ω2

υ2
a

(
1 +

iΩΓ

υ2
a

)
1.19

From this equation it is found that [5]:

q ' Ω

υa
+
iΓB
2υa

1.20
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1.2 Brillouin scattering

where ΓB = Γq2 is the phonon decay rate (also called acoustic damping coefficient).
Substituting the latter expression into Eq. (1.3), it is observed that the acoustic wave
intensity varies spatially as [5]:

|∆p (z) |2= |∆p0|2exp (−αsndz) 1.21

where αsnd is the acoustic absorption coefficient given by [5]:

αsnd =
ΓB
υa

1.22

so that the average lifetime of the acoustic phonon in the medium can be defined as [5]:

τp =
1

ΓB
1.23

As a consequence of the acoustic-wave absorption presented in Eq. (1.21), it emerges
that, in the frequency domain, the Brillouin components are not monochromatic and ex-
hibit a Lorentzian spectral profile given by [5]:

gB (ν) = g0
(∆νB/2)2

(ν − νB)2 + (∆νB/2)2 1.24

where ∆νB = ΓB/2π is the full-width at half-maximum Brillouin linewidth and g0 is
the peak value of the Brillouin gain coefficient occurring at resonance ν = νB.

1.2.2 Stimulated Brillouin scattering in optical fibers

As mentioned above, SpBS is an effect that can be observed under low intensity con-
ditions, whereas stimulated Brillouin scattering (SBS) occurs when higher intensities are
injected in the medium. This high optical intensity alters the optical properties of the
medium and, hence, the scattering turns into a stimulated process, which is typically more
efficient than the previously presented spontaneous scattering effect. In this section the
details of the stimulated process are introduced.

As a result of the high intensities used to stimulate the process, the total polarization,
P, induced by the electric dipoles is a non-linear function of the electric field, E, given
by [9]:

P = ε0

(
χ(1)E + χ(2)E + χ(3)E + . . .

)
1.25

where χ(j) (j = 1, 2, 3, . . . ) is the j-th order susceptibility. χ(1) is the linear suscepti-
bility and, under normal conditions, optical fibers do not exhibit second-order non-linear
effects. Actually, non-linear effects in optical fibers are mainly dominated and originated
from the χ(3), leading to phenomenas such as the Kerr effect and stimulated scattering.
Thus, the polarization field induced by the electric dipoles is now a non-linear function of
the electrical field given by [9]:

PNL = ε0χ
(3)...EEE 1.26
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Chapter 1. Introduction to distributed optical fiber sensors based on Brillouin scattering

Taking into account the attenuation coefficient of the medium, α, and the non-linear
induced polarization field, PNL, the perturbed wave equation shown in Eq. (1.5) can be
defined as [10]:

∇2E− n2

c2

∂2E

∂t2
− αn

c

∂E

∂t
= µ0

∂2PNL

∂t2
1.27

where µ0 is the magnetic permittivity in vacuum. SBS is a non-linear process generated
due to the interaction between a laser beam, a Stokes wave and an acoustic wave [9].
Specifically, the beating of the laser and the acoustic wave tends to boost the Stokes wave,
while the interference of the laser wave and Stokes waves tends to reinforce the acoustic
wave. Under appropriate conditions, the positive feedback created by both interactions
entails an exponential growth of the amplitude of the Stokes wave. There are two different
physical mechanisms by which the interference of the laser wave and the Stokes wave
can drive the acoustic wave: electrostriction and optical absorption [5]. Absorptive SBS
can occur only in lossy optical media, so that is less commonly used than electrostrictive
SBS [5]. For this reason, only the electrostrictive case will be studied in this chapter.

Electrostriction

Electrostriction is a property of all electrical non-conductors, or dielectrics, that causes
a compression of the material under the application of an electric field [5]. The great
interest in the electrostriction effect is due to two reasons: because it is a mechanism that
leads to a third-order non-linear optical response and, also, as a coupling mechanism that
leads to SBS [5].

In this sense, SBS process is a consequence of an electrostriction effect that occurs in
an optical fiber due to the interference generated between two counter-propagated signals:
a pump wave and a probe wave. When the frequency detuning between both waves is
around the BFS of the fiber, an acoustic wave is generated through electrostriction. The
generated acoustic wave modulates the refractive index of the fiber and, hence, generates
a moving Bragg grating that scatters the pump wave.

Due to the Doppler effect [11], when the acoustic wave propagates in the same direction
than the pump wave the scattered light is down-shifted in frequency, whereas it is up-shifted
otherwise. In the first case, the Stokes wave is added constructively to the probe wave,
reinforcing the acoustic wave. And, in the second case, the anti-Stokes wave is depleted
due to the energy transferred to the pump wave.

From a global point of view, the origin of the electrostrictive force can be understood as
a consequence of the maximization of stored energy [5]. Therefore, the potential energy per
unit volume of a material located in an electric field of field strength, E, can be obtained
by [5]:

u =
1

2
εε0E

2 1.28

where ε is the relative dielectric constant. Consequently, the total amount of energy
of the system,

∫
u dV , is maximized by allowing the slab to move into a region with a
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1.2 Brillouin scattering

strongest field.

On the other hand, from a microscopic point of view, this effect can be considered as
an acting force on each individual molecule placed in the electric field, developing a dipole
moment [5]. Molecules are extracted from the surrounding medium into the region between
the capacitor plates, increasing the density in this region. As a consequence of the increase
in density, the dielectric constant changes from ε to the value ε+ ∆ε, where ∆ε is defined
as follows [5]:

∆ε =

(
∂ε

∂ρ

)
∆ρ 1.29

As a result, the field energy density changes following the expression [5]:

∆u =
1

2
ε0E

2∆ε =
1

2
ε0E

2

(
∂ε

∂ρ

)
∆ρ 1.30

Nevertheless, in accordance with the first law of thermodynamics, this change in energy,
∆u, must be equal to the work made in compressing the material; where the work done
per unit volume is given by [5]:

∆w = pst
∆V

V
= −pst

∆ρ

ρ
1.31

where pst is the strictive pressure, defined as the contribution to the pressure of the
material that is due to the presence of the electric field. Now, considering that ∆u = ∆w,
the strictive pressure is obtained by [5]:

pst = −1

2
ε0ρ

(
∂ε

∂ρ

)
E2 = −1

2
ε0γeE

2 1.32

Note that since pst is negative, the total pressure is reduced in regions of high field
strength. In addition, the fluid tends to be drawn into these regions and the density
increases. This change in density can be written considering Eq. (1.32) as [5]:

∆ρ = −ρ
(

1

ρ

∂ρ

∂p

)
pst = −ρCpst 1.33

where C = ρ−1 (∂ρ/∂p) is the compressibility of the medium. By combining Eq. (1.32)
with Eq. (1.33), the change in density can be obtained by [5]:

∆ρ =
1

2
ε0ρCγe〈E ·E〉 1.34

where the angular brackets denote a time average over an optical period. The changes
in the susceptibility in the presence of an optical field are represented as ∆χ = ∆ε,
where ∆ε is calculated as (∂ε/∂ρ) ∆ρ, and ∆ρ is given by Eq. (1.34). In addition, if
two monochromatic waves that differ by approximately the BFS of the fiber are assumed,
so that 〈E ·E〉 = 2E ·E∗, then it leads to [5]:

∆χ = ε0CTγ
2
eE ·E∗ 1.35
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Chapter 1. Introduction to distributed optical fiber sensors based on Brillouin scattering

Consequently, the complex amplitude of the non-linear polarization fields can be rep-
resented as [5]:

PNL = ε0CTγ
2
e |E|2E 1.36

By combining this equation with the perturbed wave equation presented in Eq. (1.27)
for the two optical waves involved in the SBS effect, and considering the acoustic wave,
the coupled-wave equations for SBS can be calculated, which are introduced below.

Theoretical model of SBS (steady-state solution)

The complete interaction process described above between the probe wave, the pump
signal and the acoustic wave, generates SBS in optical fibers. This process can be modeled
(in time and space, under the assumption of plane-wave interaction) by the following system
of three coupled equations [5]:

[
∂

∂z
+
n

c

∂

∂t
+ αP

]
EP (z, t) =

iωPγe
2ncρ0

QES (z, t) 1.37a[
− ∂

∂z
+
n

c

∂

∂t
+ αS

]
ES (z, t) =

iωSγe
2ncρ0

Q∗EP (z, t) 1.37b[
−2iqυ2

a

∂

∂z
− 2iΩ

∂

∂t
+
(
Ω2
B − Ω− iΩΓB

)]
Q (z, t) = ε0γeq

2EP (z, t)E∗S (z, t) 1.37c

where ES (z, t), EP (z, t) and Q (z, t) are the slowly-varying envelopes of the pump,
Stokes and acoustic waves, respectively; ωP and ωS are the pump and Stokes frequencies,
respectively; αP and αP are the attenuation coefficients for the pump and the Stokes wave,
respectively; and ρ0 is the density of silica fiber.

Unfortunately, this system of equations does not have an analytical solution. So, in
order to obtain a solution, the previous system of equations can be solved either directly,
through numerical integration, or analytically but with some preliminary simplifications. In
this sense, the three wave equations system can be solved using the steady-state approach,
provided that the interaction of the waves is longer than the acoustic lifetime (τp). In such a
situation, all time derivatives can be neglected [7]. Moreover, the acoustic velocity is much
smaller than the light velocity, so that the acoustic wave can be considered as static and, in
addition, it vanishes after propagation over a few optical wavelengths (distance over which
any change of the optical field is negligible [7]). Consequently, the spatial derivative of
Eq. (1.37c) is set equal to zero. After considering all these approximations, Eq. (1.37c) can
be simplified, and the amplitude of the acoustic wave can be directly solved following [7]:

Q (z) = ε0γeq
2 EP (z)E∗S (z)

Ω2
B − Ω2 − iΩΓB

1.38

Considering that the frequencies of pump and probe waves are close in the optical
range (ω = ωS ≈ ωP ), the attenuation experienced by both optical waves can be considered
approximately equal (α = αS ≈ αP ). Using this assumption and substituting Eq. (1.38)
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1.2 Brillouin scattering

into Eqs. (1.37a) and (1.37b), the coupled-wave equations of pump and Stokes fields are
found to be [5]:

d

dz
EP (z) =

iε0ωγ
2
eq

2

2ncρ0

|ES (z)|2EP (z)

Ω2
B − Ω2 − iΩΓB

− αEP (z) 1.39a

d

dz
ES (z) = − iε0ωγ

2
eq

2

2ncρ0

|EP (z)|2ES (z)

Ω2
B − Ω2 + iΩΓB

+ αES (z) 1.39b

From Eq. (1.39b) it follows that SBS is a pure gain process, whose gain depends on
the optical intensity. Defining the intensity as I (z) = 2nε0c|E (z)|2, the coupled intensity
equations can be found as [5, 9]:

d

dz
IP (z) = −gB (ν) IP (z) IS (z)− αIP (z) 1.40a

d

dz
IS (z) = −gB (ν) IP (z) IS (z) + αIS (z) 1.40b

where IP and IS are the intensities of pump and Stokes waves, respectively, and gB

is the Brillouin gain transfer defined by Eq. (1.24), where the peak value of the Brillouin
gain coefficient is given by [5]:

g0 =
γ2
eω

2

nvac3ρ0ΓB
1.41

In order to solve the system of equations in (1.40), the depletion of the pump wave
must be neglected, so that the pump intensity exponentially decays along the fiber due to
the attenuation of the fiber (IP (z) = IP (0) exp(−αz), where IP (0) is the pump intensity
at the input of the fiber in z = 0). On this basis, using Eq. 1.40a and integrating it over
the fiber length, L, the following analytical solution for the Stokes wave is found [9]:

IS (z) = IS (L) exp [−α (L− z)] ·

· exp

[
gB (ν) IP (0) exp (−αz) 1− exp [−α (L− z)]

α

] 1.42

where IS (L) is the injected optical intensity of the Stokes wave at z = L, i.e., in
the opposite extreme of the fiber from where the pump wave is introduced. Note that
the expression in brackets of the second exponential term represents the whole interaction
length of IS from z = L to z = 0. From this expression the well-known parameter of the
effective length of the fiber can be obtained, which is conventionally defined from z = 0,
obtaining [9]:

Leff ≡
1− exp (−αL)

α
1.43

Eq. (1.42) shows that the Stokes wave intensity grows exponentially due to SBS along
its propagation through the fiber and, at the same time, the intensity is attenuated due to
the attenuation coefficient of the optical fiber.
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Chapter 1. Introduction to distributed optical fiber sensors based on Brillouin scattering

SBS threshold

As shown in Eq. (1.42), the injected Brillouin Stokes intensity grows exponentially as it
propagates through the fiber due to Brillouin amplification occurring as a result of SBS [9].
However, in absence of this initially injected signal, the Stokes wave grows from noise or
SpBS that is initiated by phonons resulting from thermal agitation in the fiber when a
high pump power is used. The pump power at which the Stokes component at z = 0 is
equal to the pump power at the fiber output, z = L, is defined as the Brillouin threshold.
The critical pump power defined as the SBS threshold can be obtained following [9]:

PSBSth ≈ 21
Aeff
g0Leff

1.44

where Aeff is the effective area. Using the typical parameters for SMFs in the 3-th
window of optical communication systems (1550 nm), i.e., Aeff =80 µm2, Leff ≈ 22 km
(α = 0.2 dB/km) and g0 =1.5·10−11 m/W, the critical power is approximately 5.6 mW,
which makes SBS a dominant non-linear process in optical fibers.

1.3 Distributed fiber sensors based on Brillouin scattering

The SBS effect can be used to detect temperature or strain changes of the optical fiber
in a distributed manner. This is because there is a linear dependence of the BFS with the
refractive index and the acoustic velocity of the optical fiber, as it can be deduced from
Eq. (1.17). In addition, note that, from this expression, it follows that the acoustic velocity
depends on the density and Young’s modulus of the fiber. Therefore, as the BFS depends
on the effective refractive index and the acoustic velocity of the fiber, and these, in turn,
vary whenever the local environmental temperature and strain conditions change, the BFS
value is modified. In this way, by monitoring changes in the BFS along the fiber length,
it is possible to map out the distribution of temperature or strain over long distances [9].
Furthermore, it has been proved that BFS variations show an excellent linearity for both
physical phenomenons, temperature and strain, over a wide range [8, 12]. This relationship
can be described with the following expression [13]:

νB (T, δε)− νB0 = A · δε+B · (T − T0) 1.45

where νB0 is the BFS measured at reference temperature, T0, and in loose state of
the fiber, δε is the strain difference, T is the temperature, A is the strain coefficient in
units of MHz/δε and B is the temperature coefficient in units of MHz/◦C. The strain and
temperature normalized coefficients, A′ and B′, are given by [13]:

A′ =
A

νB0
=

∂n

n∂ε
− ∂ρ

2ρ∂ε
+

∂E1

2E1∂ε
1.46a

B′ =
B

νB0
=

∂n

n∂T
− ∂ρ

2ρ∂T
+

∂E1

2E1∂T
1.46b

where E1 is the second-order non-linear coefficient of Young’s modulus of the fiber. In
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1.3 Distributed fiber sensors based on Brillouin scattering

addition to the dependence of the BFS, there exist another reliance between the Brillouin
gain and linewidth with the temperature or strain [14]. However, the BFS is the parameter
measured with highest resolution and, hence, the most interesting for distributed Brillouin
fiber sensors. On the other hand, Brillouin gain and linewidth measurements are usually
neglected since they are more sensible to noise.

There exist different types of Brillouin distributed sensors, and they are classified de-
pending on the principle used to scan the Brillouin spectrum along the fiber:

• The techniques that measure in the correlation domain, denominated Brillouin opti-
cal correlation-domain analysis (BOCDA) sensors.

• The techniques that measure in the frequency domain, denominated Brillouin optical
frequency-domain analysis (BOFDA) sensors.

• The techniques that measure in the time domain, depending if they are based on spon-
taneous or stimulated Brillouin scattering, are called Brillouin optical time-domain
reflectometry (BOTDR) sensors or Brillouin optical time-domain analysis (BOTDA)
sensors, respectively.

During the following subsections, the BOCDA, BOFDA and BOTDR techniques will
be described, to finally focus in the most interesting among them, the BOTDA sensor.
The latter will be explored in detail, since the aim of this thesis is to contribute to the
development of this particular type of Brillouin distributed sensor.

1.3.1 Brillouin optical correlation-domain analysis sensors

The method based on the correlation domain, the BOCDA technique, was proposed
for the first time in 2000 [15]. The BOCDA system is a very attractive solution to achieve
high spatial resolution measurements, in the millimeter range, over short distances [15].
From its beginnings, this technique has been enhanced substantially [16]. Among other
important achievements, we could highlight the detection of variations of temperature or
strain with a length of a few millimeters [17], or the reduction of the measurement time [18].

The BOCDA technique is based on the counter-propagation of two frequency modu-
lated signals with a frequency difference near the BFS of the fiber: a continuous wave (CW)
pump and a probe wave. In addition, both waves are identically frequency-modulated by
a sinusoidal function. Thus, when both waves counter-propagate through the fiber, their
frequency difference is kept constant for some points of the fiber (called correlation peaks),
whereas the frequency difference continuously varies in the rest of the fiber. Considering
that both waves are frequency-shifted by the BFS of the fiber, the maximum energy ex-
change due to SBS occurs at these correlation peak positions. On the contrary, in the rest
of the fiber, as the frequency difference is further away from the BFS, the Brillouin transfer
is significantly smaller.

By sweeping the frequency difference between pump and probe, the whole Brillouin
spectrum is scanned. In order to scan different sections of the fiber, the correlation peak
must appear in different positions of the fiber. This can be easily performed by simply
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Chapter 1. Introduction to distributed optical fiber sensors based on Brillouin scattering

varying the modulation frequency applied to the signals and repeating again the frequency
swept, so that the whole length of the fiber is scanned. It must be remarked that the
frequency of the sinusoidal function and the delay induced by one of the branches must be
carefully selected to have just one correlation peak in the fiber, and hence, scan only one
point of the fiber.

The spatial resolution is defined by the modulation depth and the Brillouin intrinsic
linewidth, and consequently, it can reach high spatial resolution measurements. However,
there are three main drawbacks of this technique. The first one is that the length of
the fiber that can be monitored is related to the spatial resolution, considering that both
depends on the modulation frequency, in such a way that by increasing the fiber length,
the spatial resolution worsens. The second is the complexity of the setup. Finally, the
third one is that the measurement time increases with the resolution, since each point of
the sensing fiber must be individually scanned before continuing with the next point.

1.3.2 Brillouin optical frequency-domain analysis sensors

BOFDA sensors are based on the frequency domain and were firstly presented in
1996 [19]. As with the BOCDA technique, BOFDA sensors deploy two counter-propagating
signals: a probe wave and a CW pump. The technique is based on the measurement of the
distributed transfer function of the fiber given by the relation between the amplitudes of
the pump and probe waves. For that purpose, the probe wave is frequency-shifted by the
BFS and its amplitude is modulated by a sine function. After SBS interaction with the
counter-propagating pump signal, the probe is detected and demodulated using the same
frequency varying signal by two separate photoreceivers that fed a network analyzer. The
procedure is repeated by changing the frequency modulation of the sinusoidal function.
Afterward, the network analyzer provides the transfer function of the fiber by performing
the Inverse Fourier Transform of the acquired data, so that the Brillouin response for each
section of the fiber is retrieved.

This technique can provide measurements with high spatial resolution, which depends
on the modulating frequency variation range. However, in contrast to the previously pre-
sented BOCDA technique, the spatial resolution is limited by the lifetime of the acous-
tic phonons and, consequently, by the Brillouin gain spectrum (BGS) linewidth. This
makes the interaction for high spatial resolution to become very weak, leading to a low
signal-to-noise ratio (SNR). Therefore, the performance of this sensor is worse than other
Brillouin distributed fiber sensors. Nevertheless, recently, its ability to carry out high per-
formance measurements has been demonstrated, by use of a post-processing method that
allows to monitor 5.5 km with 3 cm of spatial resolution, proving this kind of sensor as a
valid solution for distributed sensing [20].

1.3.3 Brillouin optical time-domain reflectometry sensors

BOTDR sensors are based in SpBS in the fiber, and were firstly presented in 1995 [21].
This technique is named after OTDR techniques, because the measuring technique and
setup, although more complicated, is really similar to that of an OTDR. In this method
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1.3 Distributed fiber sensors based on Brillouin scattering

there is not an externally injected Stokes wave, so, just a pulsed pump wave is launched into
the fiber. Therefore, as the pulsed pump wave propagates through the fiber and interacts
with thermally excited phonons, a Stokes wave is generated in the opposite direction.
Finally, the Stokes wave is monitored at the start of the fiber.

The signal arriving at the photoreceiver at each moment has been generated at a
particular position of the fiber by the pulsed pump wave, so that its frequency difference
with the pump wave gives the BFS, and consequently, the characteristics of the fiber at
that point. Note that the only difference with OTDR sensors is that the monitored signal
is the Stokes wave instead of the Rayleigh backscattered signal. For this reason, a filtering
process is required to avoid any crosstalk between the two signals. In BOTDR sensors, the
spatial resolution is given by the length of the pump pulse, and hence, there is a limit in
spatial resolution due to the phonon lifetime, which is near 1-m.

BOTDR sensors have some advantages compared to other Brillouin distributed sensors.
Firstly, the sensor configuration needed to perform such measurements is simpler compared
to the other Brillouin distributed sensing setups. In addition, only access at one end of the
fiber is needed, which is a characteristic that is well suited for some applications. However,
since the Stokes wave is generated from the interaction with noise, the generated signal
is weak and noisy. Therefore, the performance of the sensor is worse than other types
of distributed Brillouin sensors. In any case, recent enhancements of the setup have led
to long range measurements [22, 23], or measurements with a spatial resolutions below
1-m [24, 25].

1.3.4 Brillouin optical time-domain analysis sensors

The most widely used Brillouin distributed sensors are based on the BOTDA technique,
and were first demonstrated in 1990 for temperature and strain monitoring [26, 27]. From
then on, BOTDA technology has been extensively researched due to its potential applica-
bility in numerous fields [2, 28, 29]. The operating principle of the technique is depicted in
Fig. 1.4. As shown in Fig. 1.4(a), the sensor relies on the Brillouin interaction between two
counter-propagating signals in the fiber: a pulsed pump wave and a CW probe. Therefore,
the principles of BOTDA sensors are very similar to those of the BOTDR technique, but
in this case the measurements are based on SBS.

During the propagation of the two waves along the fiber, an acoustic wave is locally
generated at each position where the pulse and the probe wave meet, whose characteristics
depend on the fiber section where both signals are located. In this way, an exchange
of energy between both optical waves is generated. Depending on the relative optical
frequency of the probe and pump waves, the probe wave experiences amplification or
depletion at each location of the fiber. Specifically, if the probe wave frequency (νS)
is smaller than the pump wave frequency (νP ) and the frequency difference is close to
the BFS, the probe wave is amplified, otherwise the probe wave is depleted. Therefore,
two different measurement configurations for BOTDA sensors can be implemented: the
so-called Brillouin gain (νP−νS ≈ νB) and Brillouin loss (νS−νP ≈ νB) configurations [30],
which are highlighted in Figs. 1.4(b) and 1.4(c), respectively. It should be pointed out that
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Figure 1.4: Operation principle of BOTDA: (a) pulsed pump wave and a CW signal counter-
propagates through an optical fiber. (b) Energy transfer from pump to probe signal in a
Brillouin gain configuration. (b) Energy transfer from pump to probe signal in a Brillouin
loss configuration.

in normal conditions both configurations are equivalent in terms of performance [31].

By monitoring the probe wave at the output of the fiber, the gain/loss generated for a
certain frequency shift between pump and probe is measured. That is, the time-dependent
information of the probe wave serves as reference to measure the Brillouin gain/loss for a
given frequency detuning. Figure 1.5 depicts the detected probe wave power as a function
of time or distance in a gain configuration at the output of the fiber (BOTDA trace). As it
can be observed, the probe wave arriving at each moment to the end of the fiber has been
amplified at a given localization in the fiber by the pump pulse. This temporal evolution
of the probe wave can be directly translated to a position-dependent information using the
following round-trip time relation:

z =
c

2n
t 1.47

where t is the time since the pump pulse signal enters the fiber and z the particular
location where the pulse and the probe wave meet.

In addition, the amplitude of the detected probe wave at each moment depends on the
frequency shift between pump and probe waves and the BFS of the given fiber section.
Therefore, in order to measure the BFS of the fiber, it is necessary to determine the
frequency difference at which the gain/loss is maximum for each location of the fiber. For
that purpose, a frequency sweep of the frequency difference between pump and probe waves
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Figure 1.5: Evolution of the probe wave power in BOTDA sensors along the fiber for a
given frequency difference between probe and pump waves.

must be performed, and store each time-domain BOTDA trace that has been obtained.
Ordering the measured traces, the Brillouin gain/loss spectrum for each point of the fiber is
reconstructed, which can be seen in Fig. 1.6 for a gain configuration. Finally, the accurate
BFS of the fiber is obtained by fitting the measured spectra to the theoretical model for
the Brillouin gain presented in Eq. (1.24).

Figure 1.6: Reconstructed Brillouin gain distribution spectra along the fiber.

1.4 Theoretical modeling of BOTDA sensors

As previously mentioned, BOTDA sensors can operate in gain or loss configuration.
In this section a Brillouin gain configuration (νS < νP ) will be assume for theoretical
explanation. However, this model can be directly extrapolated to a loss configuration by
simply changing the sign for the Brillouin interaction term in the equations.

With this in mind, it is worth remembering that, in a gain configuration, as the pulsed
signal propagates along the fiber, it transfers energy to the probe wave. If we consider
optical pulses longer than the phonon lifetime (∼ 10 ns), the steady-state equation system
introduced in (1.39) can be used to model the SBS pump-probe interaction. In order to
facilitate the understanding of the explanation, the system of equations is repeated here
and is also simplified by the use of Eq. 1.41, giving rise to:
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where EP and ES are the optical field of pump and probe waves, respectively, and
∆ν = νS − νP + νB is the detuning of the probe wave frequency from the Brillouin peak
frequency. Note that the pump pulse is injected from z = 0 location of the fiber, whereas
the probe wave is introduced from z = L. Assuming that the pulsed signal is only affected
by the fiber attenuation through its propagation, i.e., the Brillouin interaction is negligible,
then Eq. (1.48a) can be directly solved, obtaining:

EP (z) = EPi exp
[
−α

2
z
]

1.49

where EPi is the pump wave optical field at the input of the fiber. Then, the probe
optical field can be calculated substituting the latest equation into Eq. (1.48b), so that
the Brillouin interaction experienced by the probe wave at a particular location, z, is
calculated as:

ES (z −∆z) = ES (z) exp

[
g0

2

(∆νB/2)2 − i (∆ν∆νB/2)

(∆νB/2)2 + ∆ν2
|EP (z)|2∆z

]
1.50

where ∆z = TP · c/ (2n) is the spatial resolution of the system and TP is the temporal
pulse duration. Note that in Eq. (1.50), due to the short interaction length between both
optical waves, a constant pump pulse power has been considered during the Brillouin
interaction, i.e., the pulse attenuation has been ignored. In addition, from Eq. (1.50) it
can be deduced that the probe field changes in amplitude and phase due to the SBS process
just at the particular z location where it meets the pulse. However, at all other locations
along the fiber, the probe wavefronts are only attenuated, so that at the receiver the optical
field can be calculated as:
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∣∣∣∣
rx
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2
L
)

exp

(
g0

2
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|EP (z)|2∆z
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1.51

where ESi is the input probe optical field at the beginning of the fiber in z = L.
By replacing Eq. (1.49) into Eq. (1.51) and calculating the detected optical power, the
following expression is obtained:

PS (z)

∣∣∣∣
rx

= PSi exp (−αL) exp

(
g0

Aeff

(∆νB/2)2

(∆νB/2)2 + ∆ν2
PPi exp (−αz) ∆z

)
1.52

where PPi and PSi are the injected optical powers of the pump and probe waves,
respectively. Assuming that the Brillouin gain is very small, and hence, considering that
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BOTDA sensors operate in a small signal regime, Eq. (1.52) can be further simplified,
giving rise to:

PS (z)

∣∣∣∣
rx

≈ PSi exp (−αL)

[
1 +

g0

Aeff

(∆νB/2)2

(∆νB/2)2 + ∆ν2
PPi exp (−αz) ∆z

]
1.53

where the second term in the bracket represents the Brillouin gain. Note that the
Brillouin gain is proportional to the gain coefficient, the local pump power and the pulse
duration [32]. In addition, the Brillouin gain at a distant L must propagate back to the
receiver and, therefore, the fiber attenuation turns to be doubled (exp (−2αL)). This fact is
essential to understand how the sensing distance affects on the detected signal of BOTDA
traces at the far end of the fiber [32]. Therefore, under standard BOTDA conditions, the
worst-case sensor precision is at the far end of the fiber, where the detected optical power
of the probe wave is given by [32]:

PS (L)

∣∣∣∣
rx

≈ PSi exp (−αL) +
g0

Aeff

(∆νB/2)2

(∆νB/2)2 + ∆ν2
PPiPSi exp (−2αL) ∆z 1.54

1.5 State of the art and main limitations in BOTDA sensors

The research of BOTDA sensors is mainly focused on analyzing the fundamental factors
that determine their ultimate performance, which are defined by the needs of the potential
application fields of this sensing technology. In addition, great efforts are made to enhance
the performance of the sensor by overcoming the constraints of the technique.

The objective of BOTDA sensors is to characterize the temperature and strain profile
of the fiber by obtaining the BFS of the latter, with the highest precision and as many
sensing points along the fiber as possible. Note that the precision of the measurements
is related to the uncertainty of BOTDA sensors when calculating the BFS, which can be
defined by the standard deviation of the BFS. In a recent work, the relation between the
standard deviation of the BFS and the parameters of the measured Brillouin spectrum
has been established [32]. This is done by calculating the propagation of errors on the
parameters obtained from a least-square parabolic fit, giving rise to the propagated error
on the estimated resonance central frequency, expressed as [32]:

σBFS (z) =
1

SNR (z)

√
3 · δ ·∆νB

8
√

2 (1− ζ)3/2
1.55

where δ is the frequency sampling step and ζ is the fraction of the peak level over which
the quadratic least-square fitting is carried out. Note that the SNR compares the power
level of the BOTDA signal to the power level of the background noise (total noise power
of the system).

As observed in Eq. (1.55), the accuracy of the sensor depends on the SNR parameter,
the Brillouin linewidth and the data used for the parabolic fit. Thus, the standard deviation
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of the BFS can be enhanced by increasing the probe power, increasing the pump power or
by enlarging the number of points scanned within the Brillouin spectrum. Nevertheless,
all these improvement mechanisms are limited by different phenomenons. In addition, it
is worth mentioning that Eq. (1.55) does not take into consideration the complexity and
cost of the sensor, which are of paramount importance in many application fields.

During the following subsections, the main limitations on BOTDA sensors will be
explained, as well as the principal proposed solutions to solve or alleviate them.

1.5.1 Non-local effects and spontaneous Brillouin scattering

As it has been explained, the accuracy of the sensor can be improved by increasing
the probe wave power, because this results in an enhancement of the SNR. However, the
maximum probe power that can be injected in the fiber is firstly limited by the onset of the
so-called non-local effects [31, 33], and secondly by the onset of intense amplified SpBS [34].

In a BOTDA sensor, as mentioned above, two counter-propagating optical waves inter-
act exchanging energy via SBS process: a CW probe and a pump pulse [35]. Due to this
interaction, the pump pulse wave is exposed to frequency dependent distortions, which, in
turn, lead to measurement errors [31, 33]. This results in the need to reduce the probe
wave power at the beginning of the fiber, which directly implies a worsening of the SNR.
To date, two non-local effects have been studied, the so-called first-order non-local effects,
which are due to the depletion of the pump pulse [35, 31], and second-order non-local
effects, that are related to the onset of linear distortion of the pump pulse spectrum [33].
The study of non-local effects is an important contribution of this thesis dissertation, and
hence, the physical origins of these effects will be fully explained in chapter 2. In addition,
in chapters 3, 4 and 5 we introduce important contributions in relation to non-local effects
that have been studied throughout this thesis dissertation.

On the other hand, another important limitation comes from the injection of high power
components into the optical fiber, which can lead to SBS amplification of thermally-induced
SpBS waves. This effect limits the maximum probe wave power that can be injected in
the fiber by the so-called Brillouin threshold of the fiber [36]. This threshold establishes
the maximum probe wave power that can be injected in a fiber before a significant power
begins to reflect back and, consequently, the launched signal is depleted. Moreover, it has
been found that when injecting a probe wave power above the Brillouin threshold, there
is an important noise addition to the detected probe wave [36, 34]. The theoretical limit
imposed by the Brillouin threshold of the fiber is around 6 dBm for a typical SMF [34].

1.5.2 Modulation instability, self-phase modulation and spontaneous Ra-
man scattering

Another alternative to enhance the performance of BOTDA sensors is to increase the
pump pulse power. However, the maximum pump pulse power is limited by the onset of
non-linear effects such as modulation instability (MI) or self-phase modulation(SPM).

MI appears in optical fibers when the optical power of the pump pulses is very large.
This effect is the consequence of the interplay between anomalous dispersion and the
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Kerr effect in the fiber [37]. The onset of this effect causes depletion on the pump pulse
power [38, 39] and it can also distorts the sensor performance [40]. As a consequence, two
symmetric sidebands are generated around the frequency of the pump pulse [37], and during
the propagation of the pump wave through the fiber, there is a power exchange between
these sidebands and the pump pulse. This leads to power fluctuations of the pump pulse,
which are directly translated into the BOTDA trace. Consequently, some sections of the
fiber are not correctly monitored due to the low SNR. Moreover, in some sections of the
fiber, the pump pulse spectrum suffers such a broadening that can completely suppress the
Brillouin gain.

In addition, in BOTDA sensors the pump pulse wave is typically amplified by an
erbium-doped fiber amplifier (EDFA), increasing the amplified spontaneous emission (ASE).
It has been observed that this background noise increases the effects of MI [37]. In order to
reduce this impairment a filter can be used before launching the pump pulse into the fiber,
so that the ASE is reduced [41]. The power limitation of the pump pulse power imposed
by MI is around 20 dBm (for lengths longer than 22 km) [37]. Recently, a technique to
mitigate the constraints of MI in Brillouin distributed fiber sensors has been presented [42].
This technique relies on the use of orthogonal polarization pulses to decrease the pump
depletion due to MI.

The power limitation imposed by MI can also be mitigated by using dispersion shifted
fibers (DSF) with normal dispersion [43]. This is due to the fact that DSFs have a normal
dispersion at 1550 nm and, hence, the MI effect is eliminated. However, this kind of fiber
presents a reduced effective area and a lower dispersion, so that favors the apparition of
other non-linear effect, such as Raman scattering [39]. In this case, when Raman scattering
occurs, a rapid pump depletion is observed, which severely limits the sensing distance range.
In any case, the threshold limit is higher than for other non-linear effects, inasmuch as, for
very long fibers, the maximum value of the pump pulse before the onset of spontaneous
Raman scattering is around 30 dBm [39].

Another limitation related, in this case, to the power and the temporal shape of the
pump pulse, is the onset of SPM. In long sensing fibers, when the temporal shape of
the pulse is not completely rectangular, i.e., the rising and falling times of the pulse are
not negligible, SPM can appear [44]. As a consequence, the pump pulses suffer a spectral
broadening that can have significant effects on the measured Brillouin spectrum, and hence,
cause a reduction of the measurement precision. However, this effect can be easily avoided
by using perfectly shaped rectangular pump pulses with sharp rising and falling edges.

1.5.3 Extinction ratio of the pump pulse induce impairments

In the theoretical explanation of BOTDA sensors given in section 1.4, a pump pulse
with an infinite extinction ratio (ER) has been assumed. Nevertheless, any practical device
that is used to generate the pump pulses has a limited ER. Therefore, as highlighted in
Fig. 3.1, there are various interactions that take place in the sensing fiber between the
pump pulse wave with limited ER and the probe wave. On the one hand, there is the
interaction between the pump pedestal with the probe wave, and on the other hand, the
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previously studied interaction between the pulse and the probe wave. The net effect of the
presence of the pulse pedestal is that the probe wave experiences more gain than just that
due to the pulse itself [45].

z = 0 z = L z z+u 

t 

pedestal 

t 

Pulse 

probe 

probe-pedestal 
probe-pulse probe-pedestal 

Figure 1.7: Schematic depiction of probe and pump pulse wave interaction along the fiber.

This extra gain experienced by the probe wave is not useful for sensing, quite the
contrary, it leads to detrimental effects. The study of the constraints imposed by a limited
ER pump pulse wave in a BOTDA sensor is one of the main contributions of this thesis
dissertation, and will be explained in detail in chapter 3.

1.5.4 Signal-to-noise ratio of BOTDA sensors

During the last years, a great effort has been made to increase the sensing range of
BOTDA sensors. This effort to enlarge the measurement range is mainly driven by appli-
cations where there is a need to monitor large structures, such as gas and oil pipelines,
railways or power lines. In recent years, sensing distances up to 120 km in a normal
configuration or 200 km in a fiber loop configuration have been achieved [46, 47].

As explained in section 1.4, specifically in Eq. (1.54), the attenuation of the probe and
pump waves when crossing the fiber affects twice the measured Brillouin response at the
far end of the fiber. Hence, the Brillouin signal is usually very weak, and consequently
the detected SNR at the end of the fiber is reduced, leading to a poor performance of the
sensor, as shown in Eq (1.55). The larger the fiber, the greater the signal attenuation and,
therefore, the SNR worsens. Accordingly, the sensing range of BOTDA sensors is limited
by the maximum pump and probe powers that can be injected in the fiber. A simple
solution to enhance the SNR is to increase the number of averages, however, this solution
also increases the measurement time.

As it has been discussed in previous subsections, the pump and probe power signals
in BOTDA sensors need to be kept below the thresholds given by MI, Raman Scattering,
SPM, non-local effects and noise induced by SpBS. An initial approach to improve the SNR
consists in exceeding the different power threshold limits. This has been accomplished by
different techniques, such as the frequency modulation of the probe waves [48, 49] or the
use of orthogonal polarization pulses [42], which enable to increase the probe and pump
pulse power, respectively.

Another alternative to enhance the SNR is to amplify the probe and/or the pump
pulse waves. This has been demonstrated by the use of in-line EDFAs as pump pulse wave
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repeaters along the sensing fiber [50]. However, this technique needs a power supply for the
in-line EDFAs, which is inconvenient for its real applicability. Another solution is to use
first-order or second-order distributed Raman amplification by injecting a Raman pump in
the sensing fiber, so as to amplify the probe and/or pump powers along the fiber [51, 52, 53].
Nevertheless, this requires the use of a very high optical power in the fiber, so that the
relative intensity noise (RIN) of the Raman pump laser can be translated to the detected
probe wave, degrading the measurement performance [53]. The use of distributed Brillouin
pump amplification to increase the pulse power is another effective solution to improve the
SNR of the sensor [54, 55, 56].

In addition, it has been extensively studied the self-heterodyne detection technique
for SNR improvement [57]. Another alternative to enhance the SNR of BOTDA sensors
is the use of different coding techniques, such as Simplex coding [58], cyclic coding [59],
bipolar coding [60] and color coding [61, 47], which have proved to be useful for long
sensing range analyzers. In this thesis dissertation, we have contributed to the analysis of
coding techniques in BOTDA sensors. In chapter 5, the different contributions made will
be described, which consist in the analysis of several constraints in coded BOTDA sensors,
as well as a novel technique that combines mono-color cyclic coding and probe-dithering
techniques. In addition, in chapter 5, in order to have a better understanding of the
contributions, a detailed analysis of coding techniques will be made. On the other hand,
in recent years, a solution focused on intensifying the response of distributed optical fiber
sensors using 2D and 3D image restoration methods has been presented [62, 63].

Finally, another point of view to improve the SNR is to reduce the noise level of
the system [64]. In this way, some numerical solutions suggest that the performance of
BOTDA sensors is limited by RIN, so that reducing this noise the sensing distance could be
considerably increased [65]. Recently, it has been identified that Raman-assisted BOTDA
sensors are limited by RIN transfer of the Raman laser [66]. Two different solutions have
been proposed to reduce this noise [67, 68].

1.5.5 Number of resolved points: the spatial resolution

The spatial resolution (∆z) of the sensor is determined by the temporal pulse duration
(TP ), which are related by:

∆z = TP · c/ (2n) 1.56

The previous expression shows that the shorter the pulse duration, the better the spatial
resolution of the sensor. For instance, for a given pulse duration of 10 ns, the spatial
resolution of the analyzer is around 1-m. However, the use of short pulses introduces two
important limitations. The first one is that as the Brillouin interaction is shorter, the
obtained Brillouin gain is reduced (see Eq. (1.53)) and, hence, the SNR is worsen. On the
other hand, when the duration of the pulse is shorter than the phonon lifetime (∼10 ns),
the linewidth of the Brillouin spectrum considerably broadens from 30 MHz to more than
100 MHz, so that the accuracy of the sensor is worsen [69, 70]. Therefore, the spatial
resolution of conventional BOTDA sensors is typically limited to 1-m.
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During the last years, the improvement of the spatial resolution has been an area of
intensive research that has concentrated great efforts. This is due to the fact that many
potential applications of Brillouin distributed sensors require the highest possible spatial
resolution. The vast majority of proposed techniques are based on a pre-excitation of
the acoustic wave, so that it is possible to reach an steady-state response and a reduced
linewidth of the Brillouin spectrum.

The first of the methods taking advantage of the pre-excitation of the acoustic wave
is the so-called bright pulse technique, which uses pulses with a significant level of leak-
age [71]. That is, this technique is based on counter-propagating a CW probe with a pulse
combined with a small CW component, so that the latter excites the acoustic wave before
the pulse enters the fiber. Based on the previous technique, we can found the so-called
Pulse Pre-pumping of BOTDA method [72]. However, instead of using a CW, it uses a
pulse of low intensity to pre-activate the acoustic wave. Another way to pre-excite the
acoustic wave, is by taking advantage of the so-called dark-pulse BOTDA technique [73].
This technique relies on the immediate interruption of the Brillouin scattering when one
of the waves, either the probe or the pump wave, is switched off. In this way, the temporal
suppression, or the length of the dark pulse, gives the spatial resolution of the sensor.

More recently, an enhanced physical explanation for the acoustic wave pre-excitation
has been developed, leading to an optimized setup based on using optical phase-shift
instead of optical intensity pulses [74]. The operating principle is similar to the one of
dark-pulses technique, but the main advantage is that the response is twice larger for an
identical pump power. Finally, for the application of high resolution measurements the
so-called differential pulse-width pair technique was presented [70]. This technique relies
on the subtraction of two different Brillouin measurements, which are made using pulses
with a slightly different time duration, both larger than the phonon lifetime.

1.5.6 Measurement time and dynamic sensing

As explained in section 1.3.4, in BOTDA sensors the process to measure the Brillouin
spectra distribution is carried out by sweeping the frequency difference between probe and
pump waves. As a result of this frequency sweep, the measurement takes several seconds
and even minutes. Therefore, due to this time consuming procedure, the use of BOTDA
sensors is typically restricted to static measurements, since the detection of real time or
dynamic events is not possible. However, in recent years, due to the growing interest
of some applications to monitor vibrations in different structures, a new research trend
consisting in reducing the BOTDA measuring time has been thoroughly studied.

The so-called slope-assisted (SA) BOTDA uses just one pump pulse and one probe
wave at a fixed frequency shift, so that the probe wave lies in the slope of the BGS. Any
strain/temperature change causes a variation in the frequency shift, and hence, it translates
to amplitude variations of the BOTDA interaction, which are interpreted as a change of
the BFS [75]. The relation between both parameters is given by the shape of the Brillouin
gain spectrum. However, since the frequency of the probe and pump waves is fixed, initially
this technique is valid just when the BFS of the fiber is uniform. This is because for a
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fiber section with a BFS out of the measurement frequency range, given by the Brillouin
spectrum, the section will not be monitored. To solve this and other constraints, over
the years this technique has undergone different improvements and modifications, such as
the use of SA BOTDA with tailored probe wave [76], the double SA BOTDA [77] or the
multi-SA BOTDA sensor technique [78].

Another approach to reduce the measurement time and provide dynamic measurements
is the so-called Sweep-free BOTDA [79, 80]. This method is based on counter-propagating a
comb of probe and pump waves. That is, multiple probe waves simultaneously propagate in
the fiber against an equal number of sequentially-launched short pump pulses of matching
frequencies. In this way, each pair of probe and pump waves scan a different point of the
Brillouin spectrum, and hence, the acquisition of the Brillouin spectrum is solely limited
by the round-trip time of the measurement.

The so-called Fast BOTDA sensor is another dynamic analyzer [81]. The technique
relies on the fast switching of the optical frequency that provides an electronic arbitrary
waveform generator. Thus, the frequency difference between probe and pump is rapidly
achieved, so that each frequency of the probe wave is launched one after the other with
a period given by the round-trip time. Consequently, the speed of the sensor is basically
limited by the fiber length and the number of required averages.

Finally, another solution has also been presented in recent years, the so-called Single-shot
distributed BOTDA sensor for fast measurements [82]. In this analyzer, the distributed
fiber can be monitored with only one-shot measurement. For that purpose, this method
uses a dual-polarization probe with orthogonal frequency-division multiplexing modula-
tion. In this way, in this scheme neither frequency scanning, nor polarization scrambling,
nor averaging are required.

1.5.7 Techniques to simplify the configuration of BOTDA sensors

As it has been discussed in previous subsections, a significant number of research groups
have focused their work on extending and improving the performance of BOTDA sen-
sors. Nevertheless, in many potential applications, the most important limitation for the
widespread practical use of BOTDA sensors is their cost rather than their current perfor-
mance.

In Brillouin distributed sensors, the transducer itself, i.e., the standard SMF, is cheap.
However, when compared to other sensing technologies, most BOTDA implementations
are usually complex and expensive. This is because in order to generate the two optical
waves involved in the technique use expensive components such as lasers, synthesized mi-
crowave generators, multiple electro-optic modulators, wide-band detectors, acousto-optic
modulators or semiconductor optical amplifier switches. As a consequence, the final cost of
the sensor is high, and hence, its real-world applicability is limited, being usually bounded
to industrial sectors where the cost of the sensor is not the main concern, such as in the
field of oil and gas.

For that reason, a great effort has been recently devoted to simplify the experimental
setup of the sensor in order to achieve cost-effective commercial systems that can compete,
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for instance, with simpler and less-costly distributed sensing techniques, such as Raman
sensors for temperature measurements. Recent examples of simplified BOTDA schemes
intended to reduce the cost of the sensor include the use of Brillouin generators or Brillouin
fiber lasers to obtain the probe wave from the pump [83], the deployment of injection locking
to generate the pump and probe waves using distributed feedback lasers [84] or the use of
offset-locking [85], time-division pump-probe generation using direct modulation of a laser
source [86, 87], or a BOTDA sensor with a pump-probe source based on Brillouin ring laser
technology [88].

In chapter 6, a cost-effective BOTDA solution designed in this thesis will be presented,
which is based on obtaining all the optical waves involved in the technique by passive
optical filtering of the spectral components generated in a single optical source.
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Chapter 2: Non-local effects in Brillouin optical time-domain
analysis sensors
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2.1 Introduction

During the last few decades, distributed fiber optic sensors based on the Brillouin
scattering non-linear effect have been thoroughly researched, mainly due to their

ability to provide high precision distributed temperature and strain measurements over
extremely large structures. The most successful Brillouin distributed sensors to date are
based on the Brillouin optical time-domain analysis (BOTDA) technique, where a pump
pulse and a counter-propagating continuous wave (CW) probe interact in the sensing fiber
under test (FUT). BOTDA technique can be highly useful for a number of structural health
monitoring applications in several industrial sectors, for instance, ensuring the integrity
of oil and gas pipelines, the structural health of bridges, tunnels and dams, the detection
of fire in tunnels and industrial facilities, or assessing the temperature of sub-sea and
underground electric power cables.

As mentioned in chapter 1, in recent years the research in BOTDA sensors has been
focused on developing methods to improve their performance in terms of spatial resolu-
tion, sensing range and measurement time, as well as simplifying the deployed setups to
reduce the cost of the sensor. However, in order to achieve these objectives, latest re-
search on BOTDA sensors is increasingly focused on analyzing the fundamental factors
that determine their ultimate performance.

One of the most fundamental limitations in BOTDA sensors comes from the maximum
optical power of the pump and probe waves that can be injected into the sensing fiber,
because this defines the signal-to-noise ratio (SNR) of the detected sensor response, which is
the quantity that ultimately constrains the performance of the sensor [89]. In this context,
as explained in chapter 1, the maximum pump pulse power that can be introduced in the
fiber is fundamentally limited by the onset of modulation instability (MI) [37] or self-phase
modulation [44]. Whereas the maximum probe power that can be deployed in the sensing
fiber link is first limited by the so-called non-local effects [31, 33], and secondly by the
Brillouin threshold of the fiber, over which significant noise is added to the detected probe
signal due to spontaneous Brillouin scattering [34].
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In this chapter, we review the physical origins of non-local effects [31, 33] and their
consequences in BOTDA measurements. In addition, the different techniques that have
been presented in recent years to mitigate the onset of non-local effects are introduced.

2.2 Fundamentals of first-order non-local effects

As previously introduced in chapter 1, two optical waves are used in a BOTDA sensor:
a CW probe and a counter-propagating pump pulse. When these two waves have an optical
frequency detuning close to the Brillouin frequency shift (BFS) of the fiber, they interact
exchanging energy via stimulated Brillouin scattering (SBS) [35]. In a gain-based BOTDA,
a pump pulse of higher optical frequency transfers energy to the probe wave that undergoes
amplification at the cost of the pump pulse being depleted. On the contrary, in a loss-based
BOTDA, the pump pulse has lower frequency and induces an attenuation of the probe by
depleting its energy, whereas the pump pulse is amplified.

The probe wave only interacts with the pump pulse over a small length of the fiber,
delimited by the pulse duration, which in turn provides the spatial resolution of the sensor,
e.g., a 10-ns pump pulse duration corresponds to approximately 1-m spatial resolution.
Therefore, the probe gain/loss, which is used for sensing, is rather small. On the other
hand, the pump pulse is subjected to a continuous interaction with the probe wave as it
crosses the fiber, losing/gaining a small percentage of energy at every step, so that the
total accumulated depletion/amplification can be significant [35]. And, since the exchange
of energy in the case of the pump pulse is cumulative all along the fiber, the effect reaches
its highest level at the far end of the fiber. In this way, the longer the fiber, the higher the
pulse depletion.

In the following, the theoretical fundamentals of non-local effects will be derived as-
suming a gain configuration of the sensor, which can be extrapolated to a loss configura-
tion BOTDA by simply changing the signs of the SBS interaction equations. It must be
mentioned that both configurations (gain and loss) show an equal performance regarding
non-local effects, which leads to identical measurement errors [31].

In order to estimate the amount of depletion of the pump pulse resulting from the
Brillouin interaction with the probe wave, it is mandatory to calculate the pump pulse
optical power at the far end of the fiber. As explained above, the probe wave only interacts
with the pump pulse over a restricted length of the fiber determined by the pulse duration,
therefore, in a first approximation we can assume that the probe signal is only attenuated
by the propagation through the optical fiber. Thus, to calculate the pump power, we
neglect the probe amplification due to the interaction with the pulse. Consequently, the
effect of the Brillouin interaction over the pulsed signal can be calculated directly solving
Eq. (1.48a), which gives the pump field, induced by the Brillouin interaction, at the output
of a fiber of length L:

EP (L) = EPi exp
(
−α

2
L
)

exp

[
−g0

2

(∆νB/2)2 − i (∆ν∆νB/2)

(∆νB/2)2 + ∆ν2
|ESi|2Leff

]
2.1
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where EPi is the injected pump optical field at the input of the fiber (z = 0), α is the
attenuation of the fiber, g0 is the peak value of the Brillouin gain coefficient, ∆νB is is the
full-width at half-maximum (FWHM) Brillouin linewidth, ∆ν is the frequency detuning
between pump and probe waves, ESi is the injected pump optical field at the input of the
fiber (z = L) and Leff = (1− exp(−αL))/α. From this expression it can be deduced that,
despite the fact that the pump pulse depletion increases with the length of the fiber, the
amount of depletion stabilizes for fibers longer than the asymptotic non-linear effective
length of the fiber, Leff ≈ 22km (assuming an attenuation of the fiber of 0.2 dB/km).

The pump power at the output of the fiber can be calculated from Eq. (2.1) as follows:

PP (L,∆ν) = PPi exp(−αL)exp

(
−gB(∆ν)

Aeff
PSiLeff

)
2.2

where PPi is the optical power of the pump pulse at the beginning of the fiber, Aeff
is the effective area of the fiber, gB is the Brillouin gain coefficient defined in Eq. (1.24),
which depends on ∆ν, and PSi is the probe wave power at the input of the fiber. Note
that, from this equation, it can be concluded that the depletion of the pump pulse shows a
frequency dependence given by the natural Lorentzian response of the Brillouin interaction.
In particular, the depletion of the pulse reaches its peak level when the frequency detuning
between pump and probe waves is equal to the BFS of the fiber.

In a fiber with a constant BFS, the depletion of the pump pulse at the far end of the
fiber for a particular frequency detuning can be characterized by a dimensionless depletion
factor, which is given by [31]:

d(L,∆ν) =
PP0(L,∆ν)− PP (L,∆ν)

PP0(L,∆ν)
2.3

where, PP0 is the pump pulse power in absence of Brillouin interaction, so that it is
only depleted by the fiber attenuation (PP0 = PPiexp(−αL)). Replacing Eq. (2.2) into
Eq. (2.3), the following expression is obtained:

d(L,∆ν) = 1− exp
(
−gB(∆ν)

Aeff
PSiLeff

)
2.4

This expression conveys the fact that the pulse depletion depends on the probe power
injected into the fiber: the larger the probe power, the higher the energy transferred to it to
attain a given amplification and, hence, the larger the pump pulse depletion. On the other
hand, the depletion is shown not to depend neither on the power nor on the duration of
the pump pulse itself. The maximum tolerable probe wave power for a particular depletion
factor can be calculated following:

PSi = −ln(1− d(L,∆ν))
Aeff

gB(∆ν)Leff
2.5

Figure 2.1 schematically depicts the impairment brought by the pump pulse depletion
to the measurement. A worst-case scenario is assumed in which a uniform BFS fiber is
followed by a small section with a slightly different BFS, δν, where the gain spectrum is
measured [31]. The depletion factor of the pump wave depends on the frequency detuning

33



Chapter 2. Non-local effects in Brillouin optical time-domain analysis sensors

between pump and probe optical waves along the fiber. This frequency dependence, in
turn, induces an additional transfer function that is superimposed on the measured gain
spectrum. This is due to the fact that, as presented in section 1.4, the Brillouin gain
experienced by the probe wave due to its interaction with the pulse follows a profile given
by:

Gi(∆ν) = exp

[∫ zi+u

zi

gB(∆ν)

Aeff
PPi exp(−αzi) dz

]
2.6

where u is the interaction length of the probe wave with the pump pulse, which cor-
responds to the spatial resolution of the sensor (half the temporal distance of the pump
pulse).

This frequency dependence distorts the measured spectrum and introduces a bias in
the measured BFS that entails a systematic error in the measurement performed [31]. Note
that, as highlighted in Fig. 2.1, in a gain configuration BOTDA the peak of the Brillouin
spectrum is shifted to higher frequencies, while in a loss configuration it would be displaced
to lower frequency values [31]. It is worth mentioning that, this measurement impairment
is a non-local effect in the sense that the BFS measurement at a particular location in the
fiber is affected by the Brillouin interaction between pump and probe at other locations. In
fact, the shape of the transfer function associated with pump pulse depletion at a particular
location in the fiber depends on the BFS distribution along all previous locations, as can
be seen in Eq. (2.2).

Figure 2.1: Effect of pump pulse depletion frequency dependence on a Brillouin gain spec-
trum, when scanning a fiber section displaced δν MHz from the Brillouin frequency shift
(BFS) of the fiber.

Therefore, it has been found that the measurement error (νe) due to the depletion of the
pump pulse depends on both, δν and the depletion factor d. Assuming a small depletion
factor, d < 0.2, and an error much smaller than the FWHM of the gain spectrum, the
measurement error for a given depletion factor of the pulse can be calculated following the
expression [31]:

νe ∼=
dδν(

1 + 4
(
δν

∆νb

)2
)2

− 2d

(
1 + 2

(
δν

∆νb

)2
) 2.7

For a fixed d, the frequency shift at which the error is maximum is calculated [31]:
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δν =

√
2− d

28
∆νB ≈ 0.26∆νB 2.8

From this equation, it follows that the measurement error is maximum when the BFS
difference between the long uniform BFS section and the short final section is around a
quarter of the FWHM of the gain spectrum, δν ≈ ∆νB/4 [31]. Moreover, the measurement
error raises as the depletion factor increases, as shown in Fig. 2.2, where the relationship be-
tween the depletion factor of the pump pulse and the error on the determination of the BFS
is depicted. As can be observed, in a long-length sensing fiber considering the worst-case
scenario, i.e, with a constant BFS and a final section shifted in frequency δν = ∆νB/4,
for a maximum 1-MHz error in the BFS measurement, the maximum tolerable depletion
factor is d ≈ 0.2 [31]. This, for typical standard single-mode fiber (SMF) parameters
(gB = 2 × 10−11m/W , Aeff = 80 × 10−12m2, α = 0.2dB/km), translates to an upper
limit on the maximum probe power that can be injected into a long-range BOTDA sensing
link of around −11 dBm. This result has been obtained using Eq. (2.5). In addition,
in order to obtain this result, the relative polarization changes between the probe and
the pump waves as the latter travels through the fiber have been considered, so that the
Brillouin gain is reduced by a factor of 1/2 [90].
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Figure 2.2: Relation between the depletion factor of the pump pulse and the error that
entails on the determination of the BFS for the worst-case scenario.

2.3 Techniques to mitigate the impairments due to pump
pulse depletion

As already explained, the depletion of the pump pulse is one of the main constraints
in BOTDA sensors. Since its onset limits the power level of the probe wave that can be
injected into the sensing fiber. As a result of this power limitation, the SNR is worsen,
which constrains the measurements in both sensing distance and measurement time. For
this reason, in the last years many research works have been carried out focused on solving
this effect. The main proposals that have been presented to mitigate the impairment of
the pump pulse depletion are described below.
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Chapter 2. Non-local effects in Brillouin optical time-domain analysis sensors

One early proposal was the use of a numerical technique for temperature/strain pro-
file reconstruction [91]. This technique was based on searching the BFS distribution that
matched a given measurement data by using a multidimensional minimization algorithm to
determine the coefficients of the parametrized unknown profile. The method was demon-
strated with experimental measurements over a 7 km fiber, proving the capability of the
sensor to compensate non-local effects. However, in order to implement the method, it is
mandatory to have previous knowledge of some characteristic of the sensing fiber. In addi-
tion, the post-processing time of the technique was of the order of 10 minutes for a number
of harmonics below 20. So that the applicability of this method to realistic measurement
scenarios is rather limited.

Another alternative is the simultaneous use of two probe waves of equal optical power
symmetrically separated in optical frequency from the pump [92]. This solution takes
advantage of the presence of two sidebands in the probe wave so as to generate a comple-
mentary gain and loss Brillouin interaction upon the pump pulse; hence the onset of pulse
depletion is mitigated. Figure 2.3 shows the fundamentals of the technique by depicting the
spectra of the various optical waves involved in the method. As explained in section 2.2,
the lower-frequency probe sideband generates a loss spectrum upon the pulse due to the
continuous interaction between both waves along the fiber. Nevertheless, as seen in the
figure, a complementary Brillouin gain spectrum is also induced by the upper-frequency
probe sideband. Therefore, both spectra compensate each other, so that the depletion
of the pulse is completely or at least greatly diminished. Note that, with this method,
one probe wave experiences Brillouin gain process while the other probe wave experiences
the loss process. And, as both processes occur at the same time, in order to retrieve the
information, it is mandatory to filter out one of the probe waves in the receiver.

Another proposal is the use of a time-multiplexing method, which is based on pulsing
the probe wave so as to limit the interaction length with the pump pulse [93, 94]. Hence,
both waves just interact at a certain section of the fiber and, according to Eq. (2.4), as
the pump pulse depletion is cumulative along the interaction section, the total pump pulse
depletion is reduced by reducing the interaction segment. The drawback of this method is
that the measurement time is greatly increased as the length of the interaction lengths is
reduced, because, to retrieve the BFS of the whole sensing fiber, an individual measurement
for each section is required. In other words, if the fiber is divided in three sections, you

Figure 2.3: Operation principle of a dual-probe BOTDA by portraying the generated Bril-
louin spectrum upon the probes signals and the complementary gain-loss Brillouin interac-
tion upon the pump pulse.
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2.4 Pump pulse depletion in a dual-probe BOTDA

need to perform three separate measurements, one for each section of the fiber. Therefore,
in this particular example the total measurement time would be multiplied by three.

A technique tolerant to non-local effects that is based on a phase-modulated probe wave
and radio-frequency (RF) demodulation was also presented by our research group [95].
The tolerance to pulse depletion-induced impairments of this method is based on the
characteristics of the detection process, which generates a RF phase-shift signal that has
been shown to be largely independent of the Brillouin gain magnitude.

Finally, one of the latest techniques to compensate non-local effects involves the use of
a modulation or “dithering” of the optical frequency of the probe waves in a conventional
dual-probe BOTDA sensor [48, 49]. This technique was devised by our research group, and
as it is a subject of study and enhancement during this thesis dissertation, the fundamentals
will be explained in detail in chapter 4.

2.4 Pump pulse depletion in a dual-probe BOTDA

Probably the simplest and the most successful alternative to mitigate non-local effects
due to pump pulse depletion is the use of the dual-probe setup [92]. As has already been
mentioned, the dual-probe BOTDA configuration uses two probe waves of equal power
that are symmetrically separated in optical frequency from the pump wave [92]. This leads
to two simultaneous Brillouin interactions (gain and loss) upon the pulse that compensate
each other; hence, the pulsed wave theoretically is not affected by the Brillouin interaction,
so that pulse depletion is suppressed.

However, this is only true for first order approximation if the amplification and depletion
experienced by the lower and higher frequency probes, respectively, during their interaction
with the pump pulse are neglected. When the detailed interaction is taken into account,
it is found that in a dual-probe BOTDA there is still pump pulse depletion, although it
is greatly diminished. This is due to the fact that the pulse is interacting with two probe
waves with a power slightly unbalanced by the interaction itself [31]. Taken into account
this appreciation, and considering two probe waves of equal optical power (PSL = PSU ),
the pump power at the output of the fiber in Eq. (2.2) can be found as follows [31]:

PP (L,∆ν) =
PPi exp(−αL)

1 + gB(∆ν)2

A2
eff

PPi [PSLi + PSUi ] exp(−αL)uL
2.9

where PSLi and PSUi are the respective input powers of the two probe waves at position
z = L. As before, in a fiber with a constant BFS, the depletion factor of the pulse for a
particular frequency detuning can be characterized by [31]:

d(L,∆ν) = 1− 1

1 + gB(∆ν)2

A2
eff

PPi [PSLi + PSUi ] exp(−αL)uL
2.10

It is worth mentioning that, from this expression it follows that in a dual-probe BOTDA,
unlike for a single-probe BOTDA, the depletion factor d reaches its maximum when the
fiber length is equal to L = 1/α. Another important conclusion to be drawn from these
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Chapter 2. Non-local effects in Brillouin optical time-domain analysis sensors

equations is that in a conventional dual-probe wave BOTDA configuration the pulse de-
pletion is dependent on the pulse parameters themselves. Specifically, it is found that the
pump pulse depletion is no longer independent neither of the pulse peak power nor of its
temporal duration. In this way, the greater the power and/or the longer the duration, the
higher the depletion factor of the pulse. From Eq. (2.10), the maximum tolerable probe
wave power for a particular depletion factor can be obtained [31]:

PSLi + PSUi =
d(L,∆ν)A2

eff

gB(∆ν)2PPi (1− d(L,∆ν)) exp(−αL)uL
2.11

Using Eq. (2.11), it is found that in a long-range dual-probe BOTDA sensor (L = 1/α)
using a conventional SMF characteristics, and deploying a 10-ns pump pulse with a peak
power set just below the typical MI threshold of 20 dBm [37], pump pulse depletion imposes
a theoretical upper limit for the probe wave power injected in the fiber of approx. 10 dBm
per sideband in order to have a BFS systematic measurement error of less than 1 MHz.
Note that for a longer pulse duration, the limit of probe power is more stringent. For
instance, for a pulse of 50-ns and a power of 20-dBm the maximum power is set at 3 dBm
per sideband.

Therefore, the dual-probe BOTDA sensor configuration could be seen as greatly ame-
liorating non-local effects due to pump pulse depletion. However, later work showed that
the probe power limitation in this setup was actually more restrictive due to the onset of
the so-called second-order non-local effects [33] and also due to another non-local effects
that have been found in this thesis, which are explained in detail in section 2.5 and in
chapter 3 respectively.

2.5 Second-order non-local effects in dual-probe BOTDA sen-
sors

As mentioned, the use of two probe waves to mitigate non-local effects makes this
technique a BOTDA configuration that would only be largely limited in probe wave power
by the Brillouin threshold limit of the fiber [34]. However, later work showed that the
power constraint was actually more restrictive. This is due to the onset of other non-local
effects. These second-order non-local effects are associated to the onset of linear distortion
of the pump pulse spectrum due to its interaction with the two probe waves [33].

The physical origin of this effect is highlighted in Fig. 2.4. Where the Brillouin interac-
tion on the pump pulse of both probe waves is depicted. As shown in Fig. 2.4(a), when the
frequency detuning between pump and probe waves equals the BFS of the fiber, the loss
and gain spectra generated upon the pulse perfectly compensate each other and non-local
effects are largely avoided. However, in order to retrieve the full Brillouin gain spectrum
(BGS), it is mandatory to scan the frequency detuning between pump and probe. In this
way, as portrayed in Fig. 2.4(b) and 2.4(c), when the frequency difference does not match
the BFS of the fiber, the Brillouin gain and loss spectra generated by both probe waves
over the pump pulse do not longer overlap perfectly, leading to linear distortion of the
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2.5 Second-order non-local effects in dual-probe BOTDA sensors

pump pulse spectrum.

Figure 2.4: Stimulated Brillouin scattering (SBS) interaction process over the pump pulse
in dual-probe wave Brillouin optical time-domain analysis (BOTDA) configurations and its
consequences on the pulsed wave for different frequency spacing of the conventional scan
process (a) when the frequency detuning equals the BFS of the fiber (b) when it is higher
than the BFS and (c) for a smaller frequency shift.

Specifically, as shown in Fig. 2.4(b), when the frequency detuning is higher than
the BFS of the fiber, the amplification process of the pump pulse generated by the
upper-frequency probe wave occurs at a higher frequency than the pump pulse frequency,
whereas the attenuation generated by the other probe wave happens at a lower frequency.
This, leads to a distorted pump pulse spectrum with an up-shifted frequency. On the
contrary, as highlighted in Fig. 2.4(c), when the frequency difference between both probe
waves and the pump pulse is lower than the BFS, the distortion process occurs in the
opposite direction. Hence, the resultant pump pulse spectrum presents a distortion with
a down-shifted frequency.

As depicted in Fig. 2.5, the distortion of the pulse spectrum leads to a distortion of
the measured gain spectra, which leads to BFS measurement errors [49]. Note that, for a
low probe wave power, the pulses at the output of the FUT are not affected by non-local
effects, as shown in Fig. 2.5(a), whereas for a high probe power (5 dBm), Fig. 2.5(c),
non-local effects can be clearly observed. Thus, the shape of the pulses is clearly affected,
except for the pulse that is centered on the BFS of the fiber, around 10.8 MHz, where
the gain and loss processes induced by both probe waves upon the pulse compensate each
other, as explained in Fig. 2.4(a). The distortion of these pulses, as expected, has a strong
impact on the retrieved BGS, as shown in Fig. 2.5(d). Specifically, the BGS at the far
end of the fiber presents two lobes around the mean BFS of the fiber, that correspond to
the frequency detuning between pump and probe at which the pulse is shown to be highly
amplified.

It was found that in order not to exceed an error threshold of 1 MHz, this effect limits
the maximum probe wave power to around −3 dBm per sideband for typical standard
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Figure 2.5: Pulses at the output of the fiber and measured Brillouin spectra for a con-
ventional dual-probe BOTDA in two cases for probe wave powers of −6 dBm (a,b) and
5 dBm (c,d). (From R. Ruiz-Lombera, J. Urricelqui, M. Sagues, J. Mirapeix, J. M. López-
Higuera and A. Loayssa, “Overcoming Nonlocal Effects and Brillouin Threshold Limitations
in Brillouin Optical Time-Domain Sensors,” in IEEE Photonics J. 2015, 7, 1–9. With
permission. Copyright 2015 IEEE.)

SMF parameters [33]. This is well below the theoretical limit imposed by the Brillouin
threshold of the fiber, which is around 7 dBm for typical SMF [34]. Therefore, at least
10 dB of SNR is being wasted in long-range dual-probe BOTDA sensors. Consequently, the
development of techniques to overcome this limit is of paramount importance to enhance
the performance of the sensor.

One approach to overcome the distortion of the pump pulse spectrum is the use of an
alternative scanning method in the dual-probe BOTDA configuration [96]. The method
is based on changing the conventional scanning method to retrieve the Brillouin spectra
in order to ensure the continuous overlapping of the gain and loss spectra induced by
both probe waves on the pump pulse. This is achieved by maintaining fixed the frequency
difference between both probe waves; equal to twice the BFS of the fiber. In this way, the
gain and loss spectra generated upon the pump pulse perfectly compensate each other, and
hence, second-order non-local effects are prevented. Recently, a more elaborate solution
making use of this technique but with four probe waves was also presented [97]. These
methods enable an increase of the probe power over the second-order non-local effects limit,
at the cost of a somewhat increased complexity of the setup. Nevertheless, the maximum
probe wave power injected into the fiber is still limited by the Brillouin threshold of the
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fiber.
Another alternative to compensate second-order non-local effects that also enables

dual-probe BOTDA setups to overcome the Brillouin threshold of the fiber [48, 49], was
devised by our research group. The basis of this technique is to introduce a modulation
or "dithering" to the optical frequency of the probe waves. This technique is a subject
of study and enhancement during this thesis dissertation, so that the fundamentals of the
technique are explained in detail in chapter 4.

2.6 Conclusions

In this chapter, the physical origins of the various non-local effects that constrain the
performance of the BOTDA sensor have been introduced. These non-local effects impair
the pump pulse wave in such a way that the measurement performed introduce errors. In
addition, the most prominent solutions to overcome these effects have been presented.

Non-local effects are amongst the main constraints on the performance of BOTDA sen-
sors since their onset entails limits to the maximum probe wave power that can be injected
into the fiber. Consequently, the SNR of the detected probe wave is worsen. As has been
addressed in section 1.5, the accuracy of the sensor depends on the SNR, therefore, the lower
the probe wave power, the worse the precision of the sensor. Conventional single-probe
BOTDA sensors have their probe power severely contained by first-order non-local effects.
The maximum probe power that can be introduced in a long-range single-probe BOTDA
system is approximately −11 dBm. Dual-probe setups significantly alleviate the issue,
enabling the use of higher probe power. However, they are still prone to second-order
non-local effects that distort the pulse spectrum and constrain the probe power to around
−3 dBm. This level is well below the theoretical limit set by the Brillouin threshold of the
fiber.

In summary, non-local effects have been shown to seriously impact BOTDA sensors
performance. Therefore, in order to improve the efficiency of long-range BOTDA sensors,
it is of paramount importance to overcome the impairments imposed by non-local effects.
Chapters 3, 4 and 5 contain extensive studies concerning non-local effects in BOTDA
sensors that were performed during this thesis. Furthermore, chapters 4 and 5 introduce
some new BOTDA configurations to overcome or mitigate these effects.
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Chapter 3: Non-local effects due to the limited extinction
ratio of the pump pulses
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3.1 Introduction

In the previous chapter, first-order and second-order non-local effects have been pre-
sented. It has been explained that the constraints imposed by the onset of these

effects are one of the main constraints of Brillouin optical time-domain analysis (BOTDA)
sensors. The reason is the fact that non-local effects limit the maximum probe wave power
that can be injected into the fiber, and consequently, the signal-to-noise ratio (SNR) of the
sensor performance is worsen. The description of non-local effects in the previous chapter
assumes a perfect pump pulse wave, i.e., a signal with optical power only during the pulse
duration. However, in real applications every device used to generate the pulse has a lim-
ited extinction ratio (ER), so that the pulse is on top of a continuous wave (CW), called
the pedestal of the pump wave.

This chapter presents the studies carried out during the work of this thesis focused on
analyzing the impairments caused by the limited ER of the pump pulse. First of all, the
increase of the pulse depletion originated by the pedestal of the pump wave is analyzed.
In addition, as a result of this study, two previously unknown detrimental effects imposed
by low ER pump pulses on BOTDA systems are presented. The first one arises from the
increased depletion of the pedestal that follows the pump pulse when interacting with a
probe wave that has been previously amplified by the pulse. It was found that this pedestal
depletion introduces a non-local effect which has analogous impact on the measurement
results to that of the well-known non-local effects originated by the depletion of the pulse.
The other closely-related effect that was found is due to the transient response of the
erbium-doped fiber amplifiers (EDFA) that are usually deployed to amplify the pump pulse
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prior to injecting it into the sensing fiber. The EDFA distorts the pedestal that follows
the pulse and this, again, induces a non-local effect that impairs the measurements.

The constraints imposed by the ER of the pump pulses are studied with the help
of a theoretical model that was devised in this thesis work, which is used for numerical
calculations of the interactions between the various waves involved in the BOTDA sensor.
Furthermore, the theoretical analysis of non-local effects is verified by experimental results.

3.2 Theoretical model for pump and probe waves interaction

We are concern here with a scenario in which the pump pulse that is launched into the
fiber has a limited ER and, hence, it is on top of a CW pedestal. In this way, as highlighted
in Fig. 3.1, there are various interactions between the pump pulse wave with limited ER
and the probe wave that take place in the sensing fiber. On the one hand, there is the
interaction between the pump pedestal and the probe wave, and, on the other hand, the
previously studied interaction between the pulse and the probe wave.

Figure 3.1: Schematic depiction of probe and pump pulse wave interaction along the fiber.

The interaction between pump and probe waves can always be solved by using the full
time-depend coupled equations for the amplitudes of the pump and probe optical fields
and the acoustic wave that were introduced in chapter 1 (Eq. (1.39)). However, this would
be computationally intensive, particularly for long-range BOTDA sensors. Therefore, a
new simplified model that has been devised during the conduct of this thesis is introduced
here. This model will be validated by the experiments in section 3.4.

The model assumes that the pulses are longer than the acoustic phonon lifetime, so that
a perturbation method can be used to solve the steady-state coupled power equations for
the Brillouin interaction between pump and probe waves along the fiber. These equations
were introduced in chapter 1, see Eq. (1.40), and are repeated here for clarity:

d

dz
PS(z) = −gB(∆ν, z)

Aeff
PS(z)PP (z) + αPS(z) 3.1a

d

dz
PP (z) = −gB(∆ν, z)

Aeff
PS(z)PP (z)− αPP (z) 3.1b

where PS and PP are the optical powers of probe and pump waves respectively, at
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3.2 Theoretical model for pump and probe waves interaction

each position z of the fiber, gB is the Brillouin gain coefficient of the fiber introduced in
Eq. (1.24), which depends on the frequency shift between pump and probe waves, ∆ν, at
each position z of the fiber, α is the attenuation coefficient of the fiber and Aeff is the
effective area of the fiber.

Figure 3.2: Fundamentals of the theoretical model. The fiber is divided into segments equal
to the spatial resolution and the interaction between pump and probe waves is solved for
each segment i. The waves are then counter-propagated in successive iterations.

As it is highlighted in Fig. 3.2, the fiber is first divided into segments of length u equal
to the spatial resolution of the sensor, i.e., half the spatial width of the pump pulse in the
fiber. Then, in order to calculate the evolving powers of the counter-propagation of pump
and probe signals, successive iterations are carried out. At each iteration k, the interaction
between pump and probe waves is calculated in all the N = L/u segments in which the
fiber has been divided, with L the total fiber length. This is done by solving Eq. (3.1) for
each segment, i, from i = 1 to i = N , using the boundary values of the pump and probe
wave powers, which leads to the following expression:

PS ((i− 1)u) = PS (iu) exp

(
gB (∆ν, z)

Aeff
PP ((i− 1)u)u

)
exp(−αu) 3.2a

PP (iu) = PP ((i− 1)u) exp

(
−gB (∆ν, z)

Aeff
PS ((i− 1)u)u

)
exp (−αu) 3.2b

where Eq. (3.2a) gives the amplified probe wave by approximating the pump power as
constant along the i-th segment, from z = (i−1)u to z = iu, and equal to the power at the
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Chapter 3. Non-local effects due to the limited extinction ratio of the pump pulses

input of the segment, PP ((i− 1)u); in other words, neglecting the pulse depletion induced
by the probe wave for this calculation. This also assumes that the interaction segment is
so small that the attenuation of the fiber can be neglected. Similarly, Eq. (3.2b) is solved
by approximating the probe wave to be constant in the segment. Note that the pump and
probe interaction is calculated identically in every segment, regardless of whether it is a
pulse-probe or a pedestal-probe interaction.

Then, for the next iteration, k+1, all the probe and pump waves segments calculated in
the previous iteration are advanced one step of length u in opposite directions, and again,
the interactions are recalculated in all i = 1 to i = N segments. The process continues
until the pulse has left the fiber and the probe wave from the farthest location of the fiber
has had time to traverse the fiber and leave. Note that the iterations can continue even
longer in order to see effects that are due to the propagation of the pedestal that follows
the pulse, the trailing pedestal, which will be studied in section 3.4. It is worth mentioning
that, before beginning the interaction between pump and probe waves, all the segments of
the fiber are filled with the corresponding pump and probe waves values taking only into
consideration the attenuation of the fiber. Moreover, it is necessary to start the iterations
before the arrival of the pulse to the input of the fiber, so that the initial interaction
between the probe wave and the pedestal of the pump that precedes the pulse, the leading
pedestal, has time to converge. For this reason, the total number of iterations is typically
an order of magnitude larger than l = 2L/u, which are the minimum iterations to fully
propagate the pump pulse and the amplified probe waves.

This model can be regarded as an enhancement of previous perturbation methods for
solving the waves interaction in BOTDA sensors [98, 99]. Note that the model can be
applied to BOTDA sensors in either gain or loss configuration. Furthermore, it can also
be applied to dual-probe setups simply by adding in Eq. (3.1) the terms corresponding to
the additional probe wave component [92].

3.3 Pump pulse depletion increase induced by the pedestal
of the pump wave

As explained above, and highlighted in Fig. 3.1, there are three regions of interaction
with the pump wave that a probe wavefront finds as it travels along the fiber. The first
region extends from the probe wavefront entrance in the fiber at z = L to the location of
the pulse at a particular z = z0 + u. In this region, just the leading pedestal of the pump
pulse and the probe wave interact, leading to Brillouin amplification of the probe wave.
Then, the probe wavefront meets the pulse and is amplified over a length u of fiber equal
to half the spatial width of the pulse in the fiber (spatial resolution). Finally, after leaving
the pulse location, there is another interaction region, from z = z0 to z = 0, where the
probe wave is again amplified by the pump wave trailing pedestal.

Therefore, the net effect of the presence of the pump wave pedestal is that the probe
wave experiences more gain than just that due to the pulse itself [45]. Indeed, a gain that
is useless for sensing [100]. In particular, as shown in Fig. 3.3, the result of the interaction
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3.3 Pump pulse depletion increase induced by the pedestal of the pump wave

Figure 3.3: Brillouin gain spectrum due to the interaction between pump and probe waves.

between the probe and the pedestal of the pump manifests as a Lorentzian gain spectrum,
in addition to the gain spectrum induced by the pulse itself. In principle, the latter can
be recovered by normalizing the measurements by the spectrum measured with no pulse
in the fiber, i.e., subtracting the gain experienced by the probe due to interaction with
just the pedestal before the pulse enters the fiber from the total measured gain. However,
the additional gain in the probe wave has been shown to degrade the precision of the BFS
measurement [45]. Moreover, the presence of this additional gain, apart from the useful
signal, can lead to an effective reduction of the SNR because the full-scale dynamic range
of the analog-to-digital converter within the signal acquisition device is largely wasted
with a detected signal larger than the signal of interest; hence, increasing the quantization
noise. In addition, the extra power amplification of the probe wave by the pedestal of the
pulse aggravates the onset of the depletion of the pump pulse. This is because the pump
pulse meets a higher power probe wave along the entire sensing fiber, and, as explained
in section 2.2, the higher the probe wave power, the larger the depletion of the pulse.
Therefore, the presence of the pulse pedestal leads to a worsening of first-oder non-local
effects in a single-probe gain configuration BOTDA sensor [45].

Furthermore, as has been concluded from the research work made during this thesis, the
worsening of the pump pulse depletion takes place even in BOTDA setups deploying two
probe waves. In section 2.4, we have assumed that in a dual-probe BOTDA configuration
the pump wave interacts with two probe waves of equal optical power. However, this is
not the case in BOTDA sensors with a limited ER. In this case, the power of the probe
waves becomes unbalanced owing to their interaction with the leading pedestal of the pulse
from z = L to z = z0 + u: the upper optical frequency probe is attenuated and the lower
frequency probe is amplified. In order to examine the impact that this power difference has
on non-local effects, we focus on the pump wave power. Adding the term corresponding to
the higher frequency probe wave to the system of equations in (3.1), the variation in the
pump wave power in a small length of the fiber, ∆z, due to Brillouin interaction (without
considering the attenuation of the fiber in ∆z) can be calculated as follows:

∆PP (∆ν) = PP (z0)exp

(∫ z0+∆z

z0

gB(∆ν)

Aeff
[PSU (z0)− PSL(z0)]dz

)
− PP (z0) 3.3
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Chapter 3. Non-local effects due to the limited extinction ratio of the pump pulses

where PSL and PSU are the probe wave power of the lower and higher frequency probe
waves, respectively.

From Eq. (3.3) it follows that the pump pulse power variation is larger as the power
difference between both probe waves increases. It has been explained that the optical
power of both probe waves becomes unbalanced due to the interaction with the pedestal
of the pump wave. Moreover, the higher the power of the pump pedestal, the larger the
amplification/attenuation of the probe waves, and hence, the optical power difference be-
tween the two probe waves becomes greater. Therefore, the pump pulse depletion increases
with decreasing the ER of the pump pulses. In addition, Eq. (3.3) shows that the amount
of depletion depends on the frequency detuning between pump and probe waves. In sum-
mary, the pump pedestal unbalances the optical power of both probe waves, and this, in
turn, makes the gain and loss Brillouin spectra that both waves induce upon the pulse
to be unequal: the gain induced by the higher frequency probe is reduced and the loss
induced by the lower frequency probe is increased. Hence, they no longer compensate each
other, leading to pulse depletion, which, in turn, introduces a more stringent limitation
of the total probe wave power that can be deployed in the sensor. Note that this deple-
tion is, at equal probe power levels, smaller than in a conventional single-probe BOTDA
configuration.

In order to assess the influence of the ER of the pump pulse on the depletion factor
d, which has been introduced in chapter 2, the Brillouin interaction model presented in
section 3.2 is used. In this manner, the amount of pump pulse depletion in a dual-probe
BOTDA configuration for different ER of the pulse is numerically calculated. Figure 3.4
shows the calculated depletion spectrum experienced by the pump pulse in an uniform
BFS fiber link for different ER values, by depicting the depletion factor as a function of
the frequency detuning of the pump and probe waves. The probe wave power was set
to −3 dBm per sideband, which, as explained in section 2.5, is the maximum power that
can be deployed in a long-range dual-probe sideband BOTDA sensor before the onset
of second-order non-local effects [33]. A 10-ns pump pulse was assumed with a peak
power of 20 dBm, which is typically the largest pulse power that can be injected in a
long-range fiber link before the onset of modulation instability (MI) [37]. Finally, a 25-km
length of fiber was chosen as a representative long-range link close to the fiber length
for which the pulse depletion in dual-probe BOTDA configurations reaches its maximum
value, L = 1/α ≈ 22 km in a standard single-mode fiber (SMF) [31].

Figure 3.4 highlights the fact that the depletion factor increases considerably for de-
creasing ER of the pump pulse. Therefore, the tolerable maximum depletion factor for a
given error is reached at lower probe wave power. For instance, the approx. 20%-depletion
that can be tolerated for around 1-MHz BFS measurement error [31]. It can be observed
that the use of a 25 to 30 dB ER of the pump pulses, which is typical of pulses shaped using
electro-optic modulators, seriously increases the depletion factor and, hence, the error in
the measurement of the BFS. Thus, the maximum probe power that can be injected into
the sensing fiber decreases with the pump wave ER, which leads to a worse SNR and,
consequently, to a reduction of the accuracy of the sensor.

Note that the presented calculations assume typical standard SMF parameters for the
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Figure 3.4: Resultant depletion factor, d, of the pump pulses as a function of their ER in
a long-range BOTDA sensor.

Brillouin interaction: gB = 2 × 10−11 m/W, Aeff = 80 × 10−12m2, α = 0.2 dB/km and
Brillouin linewidth of 30 MHz. Besides, the relative polarization changes between pump
and probe waves while the first one crosses the fiber have been considered, so that the
Brillouin gain is reduced by a factor of 1/2 [90].

The worsening of the pulse depletion with decreasing ER is not going to be further
analyzed since this effect does not take place in isolation. As will be extensively analyzed
in section 3.4, it is accompanied by another non-local effect that has been found during
the conduct of this thesis, which is due to the depletion of the pulse pedestal.

3.4 Non-local effects due to the pump wave pedestal deple-
tion

In this section, additional non-local effects originated by the limited ER of the pump
pulse are introduced, as well as the impairments that these effects entail for BOTDA
measurements, which have been discovered during the course of this thesis. First, the
measurement distortion caused by the extra depletion of the trailing pedestal is studied,
and afterward, the constraints caused by the deformation of the trailing pedestal due to
the transient response of EDFAs are analyzed.

In order to carry out the study, the theoretical model presented in section 3.2 is deployed
in this section to perform an analysis of the impairments brought by the limited ER of the
pump wave in BOTDA sensors. A study that will be supported by experiments performed
in the laboratory. Note that all the calculations of this section were performed assuming
typical standard SMF parameters for the Brillouin interaction, i.e., same parameters than
for the calculations in Fig. 3.4.

3.4.1 Theoretical fundamentals of the impairments induced by the pump
wave pedestal depletion

In the previous section, we have described the influence of the limited ER of the pump
pulses in the onset of first-order non-local effects. However, apart from the increased
pump pulse depletion, there is another effect, which has been found during the course
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Chapter 3. Non-local effects due to the limited extinction ratio of the pump pulses

of this thesis, that also distorts the measurements in BOTDA sensors with limited ER
of the pump pulses. In this section, the study of these new effects will be conducted by
calculations performed with the model presented in section 3.2. A calculations that will
be endorsed by the experiments of sections 3.4.4 and 3.4.5.

Figure 3.5(a) depicts several calculated BOTDA traces, i.e., the gain provided by the
pulse to the probe wave as a function of position along the fiber, for different ER of the
pump pulse. This BOTDA traces are calculated in the same conditions than the system
considered in section 3.3 (Fig. 3.4), that is, the probe wave power was set to -3 dBm per
sideband, the 10-ns pump pulse peak power was set to 20 dBm and a 25-km fiber length
was defined. In addition, these traces are for a frequency detuning between pump and
probe waves equal to the BFS of the fiber, i.e., peak Brillouin interaction. As can be
observed, there is a distortion of the shape of the calculated Brillouin gain of the probe
wave signal for decreasing the ER of the pump pulse.

Figure 3.5: (a) Brillouin gain of the probe wave. The traces are depicted in terms of time-
of-flight of the pump pulse with an added axis (top) with the translation to location along
the fiber. (b) Values of pulse depletion factor, d, pedestal depletion factor, dP and total
depletion factor, dT .

In order to explain the origin of the distortion observed in Fig. 3.5(a), it is mandatory to
complete the explanation of the scenario discussed in section 3.2, and outlined in Fig. 3.1.
Let’s consider first the conventional single-probe BOTDA gain configuration. As has been
described above, the pump pulse meets a probe wavefront at a particular z = z0 + u

that had been amplified by interaction with the leading pedestal of the pump pulse in the
z = L to z = z0 + u region, and how it makes the pump pulse to experience an increased
depletion. Now, the study will focus on the trailing pedestal of the pulse, which interacts
with a probe wavefront that has been amplified by the pulse. Therefore, the trailing
pedestal interacts with a higher power probe wave than the one met by the leading pedestal.
Hence, in the interaction region from z = z0 to z = L, the trailing pedestal experiences an
increased depletion compared to the depletion of the leading pedestal, because more energy
is transfered from the pedestal of the pump wave to the higher power probe. Moreover, the
increased depletion of the trailing pedestal leads to a reduced amplification of the probe
wave in its final journey to the exit of the fiber. In other words, the probe wave power is
less amplified by the trailing pedestal than by the leading pedestal.
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3.4 Non-local effects due to the pump wave pedestal depletion

With the purpose of understanding the consequences of this reduced amplification of
the probe wavefront by the trailing pedestal, it is necessary to remember that, as explained
in section 3.3, the normalized BOTDA trace is obtained by subtracting the gain measured
when there is no pulse in the fiber, i.e., before the input of the pulse, from the total
measured gain. Note that the total Brillouin gain of the probe wave, as it has been
explained, includes contributions from the pump pulse and its pedestal. If there were
not increased depletion of the trailing pedestal of the pulse, the gain measured without
pulse would be just the part of the measured gain due to the pedestal, and, hence, this
normalization operation would give the correct probe gain due to just the interaction with
the pulse. However, that is not the case: due to the reduced amplification of the probe in
its interaction with the trailing pedestal, the gain measured without pulse is actually larger
than the portion of probe gain due to the pedestal. Furthermore, the difference becomes
larger as we consider locations z = z0 in the fiber that are closer to the entrance of the
probe at z = L, since the interaction region between the probe wavefront and the trailing
pedestal of the pulse is larger.

In the case of a dual-probe BOTDA sensor the explanation of the effect is similar. As
explained before, the optical power of both probe waves gets unbalanced as they interact
with the leading pedestal of the pulse from z = L to z = z0 + u. The interaction with
the pulse further unbalances the powers of the two-probe wavefronts; hence, the trailing
pedestal of the pulse is further depleted (in comparison with the leading pedestal) and the
gain of the lower-frequency probe in its journey to the exit of the fiber is reduced. As
for pump pulse depletion, this effect of reduced amplification of the probe, at equal power
levels, is smaller in a dual-probe BOTDA than in a single-probe setup. If instead of the
lower-frequency probe, we keep the loss of the upper-frequency probe for sensing, the effect
is identical, but this time it translates into a reduced loss of the upper-frequency probe in
its interaction with the trailing pedestal of the pulse.

The explanations above justify the shape of the BOTDA traces in Fig. 3.5(a). Note
that, for locations close to the pulse entrance at z = 0, the measured gain is largely
independent of the ER of the pulse. For these locations, the length of the interaction region
between the probe wavefront and the trailing pedestal of the pump pulse is nonexistent or
at least very small; hence, the gain without pulse in the fiber is similar to the gain provided
by the pedestal, and consequently the normalization process works well. However, as the
pulse advances along the sensing fiber, the interaction region between probe and trailing
pedestal becomes larger, and hence, the use of the gain without pulse for normalization of
the trace overestimates the pedestal contribution, which leads to a progressive reduction
of the trace amplitude. As depicts Fig. 3.5(a), the effect is more pronounced for decreasing
the ER of the pump pulse.

Furthermore, it can be seen that even after the pulse has left the fiber (at L = 25 km),
there is still a signal feature which depicts an abrupt fall to negative normalized gains
followed by a slow recovery. The existence of this feature is due to the fact that the probe
wavefronts that enter the fiber after the pulse has exited still interact with a depleted
trailing pedestal. Note that the trailing pedestal of the pulse has been depleted by all
the previous probe wavefronts with which it has met during its journey through the fiber.

51



Chapter 3. Non-local effects due to the limited extinction ratio of the pump pulses

Therefore, the probe gain is still smaller than the one due to the leading pedestal. Further-
more, as there is no longer a pulse in the fiber, the extra depletion of the trailing pedestal
slowly decreases, until the power of the trailing pedestal stabilized.

Figure 3.6: (a) BOTDA gain depletion spectrum induced by the different spectra used in
the measurement normalization process. (b) Distortion of the measured spectrum due to
gain depletion.

The distortion due to non-local effects induced by the pump pedestal depletion leads
to errors of the measured BFS. In chapter 1, it has has been discussed that the Brillouin
interaction defined by Eq. (3.1) depends on the frequency detuning between probe and
pump waves. Figure 3.6(a) schematically depicts the frequency dependence of the distor-
tion induced by the depletion of the trailing pedestal of the pulse, assuming a fiber with
uniform BFS. On the one hand, the spectrum of the probe gain measured with no pulse in
the fiber is displayed. On the other hand, it is also highlighted the calculated spectrum for
the portion of the probe gain that comes from interaction with the pedestal at a particular
position in the fiber. As can be appreciated, the gain with no pulse in the fiber is higher
than the one induced by the trailing pedestal. This effect is due to the extra depletion
suffered by the trailing pedestal, as explained above. In addition, it can be seen that the
net effect of the trailing pedestal depletion is the introduction of an additional Lorentzian
loss transfer function when the resultant spectrum of the probe gain without pulse in the
fiber is used for normalization, instead of the smaller real spectrum of the gain due to
interaction of the probe with the pedestal.

The additional Lorentzian loss transfer function introduced in the normalization of the
measurements leads to errors. As shown in Fig. 3.6(b), if we assume a worst-case scenario
in which a length of uniform BFS fiber is followed at the far end of the fiber by a small
section with a different BFS, e.g., a hotspot, a distortion is introduced in the measured gain
spectrum. This effect is completely analogous to the effect of pump pulse depletion that
gives rise to non-local effects, which was outlined in Fig. 2.1. In fact, this is a new form of
non-local effect but originated in the pedestal depletion when low ER pulses are deployed.
Therefore, this effect can also be characterized by a dimensionless factor dP , which we call
pedestal gain depletion factor, that depends on the frequency difference between pump
and probe waves, ∆ν, and on the position z of the fiber, following the expression:

dP =
GP −G′P

GP
3.4
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where G′P is the portion of the probe gain that comes from the pedestal and GP is
the probe gain with no pulse in the fiber. This coefficient can be used in an identical
manner to the pulse depletion coefficient to derive the BFS measurement error induced by
this non-local effect [31]. Therefore, similar to the pump pulse depletion case explained in
section 2.2, the BFS error induced by the pedestal depletion effect reaches its maximum in
a worst-case scenario in which a constant BFS fiber has a small segment at its end with a
BFS that is separated by that of the rest of the fiber by approximately 1/4 of the Brillouin
spectral width [31].

Note that the pedestal-induced non-local effects take place simultaneously to those
induced by the depletion of the pump pulse. Altogether, the BFS measurement errors in a
BOTDA sensor are given by the total amount of depletion of the BOTDA trace, dT , which
comes from the addition of d and dP factors.

dT (ν, z) = d(ν, z) + dP (ν, z) 3.5

In fact, in Fig. 3.5(a) there is some trace amplitude reduction that is due to the increased
pump pulse depletion for limited ER pulses that was described in section 3.3. Note that
the depletion factor d at a given position in the fiber implies an analogous reduction of
the Brillouin gain of the probe wave measured at that location. Therefore, the shape
distortion of the Brillouin gain trace observed in the figure is due to both depletion effects,
pulse depletion and pedestal depletion. Nevertheless, the effects that the pedestal depletion
induces in BOTDA sensors can be clearly appreciated once the pulse has left the fiber (after
25 km), considering that the shape distortion of the trace at this position is exclusively
introduced by the depletion of the trailing pedestal.

Figure 3.5(b) depicts the different components of the total depletion factor calculated
at the end of the fiber as a function of the ER of the pulse. It can be seen that the depletion
factor due to the pedestal depletion has a similar influence than the depletion factor of the
pulse. In any case, note that this is for a certain condition of optical power of pump and

Figure 3.7: For a maximum tolerable 1-MHz error in a dual-probe BOTDA measurement
with a pump pulse of 20 dBm peak power and 10 ns duration: (a) maximum probe wave
power per-sideband that can be deployed, (b) length of the sensing fiber where the total
depletion factor reaches its maximum value and (c) depletion factor d, dP and dT in these
conditions.
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probe waves and fiber distance.

The theoretical model presented in section 3.2 can be used to derive guidelines for the
design of BOTDA sensors. Figure (3.7)(a) depicts the calculated values for the maximum
probe wave power that can be used in a long-range dual-probe BOTDA sensor to obtain a
maximum tolerable error of 1-MHz in the determination of the BFS. The results are given
as a function of the ER of the deployed pump pulses. This figure has been calculated by
finding the maximum probe wave power that lets to dT ≈ 0.2 [31]. It can be observed
that decreasing the ER of the pump pulse wave translates to a more restrictive power limit
for the probe wave. In addition, it can be seen that in order to be able to inject in the
fiber a probe power of −3 dBm per sideband, which is the limit for the onset of significant
second-order non-local effects [33], an ER higher than 32 dB would be necessary. Note that
this is above the ER that conventional electro-optic modulators provide, which typically lies
between 25 and 30 dB. Furthermore, if a technique for mitigation of second order non-local
effects is deployed [96], then the probe power would be constrained to around 6 dBm due
to the Brillouin threshold of the fiber [34]. According to Fig. (3.7)(a), this would require
an ER greater than 43 dB. Curiously, in this case, the calculated ER limit coincide with
the somewhat arbitrary ER > Leff/u condition stated in previous studies [31]. However,
for lower probe powers, that condition is rather conservative.

The maximum probe wave in Fig. (3.7)(a) was calculated for the worst-case length of
the fiber link that leads to maximum dT . Figure 3.7(b) depicts which was that worst-case
length as a function of the ER of the pump pulse. It can be observed that for large ER the
worst-case length tends to L = 1/α, which is consistent with previous studies of non-local
effects that consider the ER to be infinite [31]. However, for lower ER the worst-case length
of the fiber link becomes larger. Finally, Fig. 3.7(c) depicts, for each ER in Fig. (3.7)(a) and
(3.7)(b), which was the relative contribution of d and dP . As can be seen, the contribution
to the total depletion given by pedestal depletion is greater for ER≤ 35 dB. Whereas for
larger ER the contribution of pulse depletion is higher. In addition, it can be observed that

Figure 3.8: For a maximum tolerable 1-MHz error in a gain configuration single-probe
BOTDA measurement with a pump pulse of 20 dBm peak power and 10 ns duration: (a)
maximum probe wave power that can be deployed, (b) length of the sensing fiber where the
total depletion factor reaches its maximum value and (c) depletion factor d, dP and dT in
these conditions.
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for pump pulses of an ER up to 40 dB both depletion effects have a significant contribution.
Figure (3.8) highlights the same calculated parameters than in Fig. 3.7 for a long-range

gain configuration single-probe BOTDA sensor. As in the dual-probe configuration, it can
be observed in Fig. (3.7)(a) that decreasing the ER of the pump pulse wave translates to a
more restrictive power limit for the probe wave. Therefore, an important constraint for ER
pump pulses below 30 dB is imposed. It is further observed that ER values between 20 and
25 dB severely limit the maximum probe wave power that can be used, and consequently
to a significant worsening of the SNR. In addition, note that for an ER higher than 35 dB
the maximum probe wave power that can be injected in the sensing fiber stabilizes around
the theoretical −11 dBm limit when the ER is infinite.

Figure 3.8(b) highlights the worst-case length of the fiber link that leads to dT ≈ 0.2

as a function of the ER of the pulses. It can be observed that as the ER increases the
worst-case length tends to infinity, which makes sense considering that the pump pulse
depletion is cumulative all along the sensing fiber. However, for smaller ER values, the
worst-case fiber length is reduced. This is due to the fact that by reducing the interaction
length between pump and probe waves, the interaction takes place with higher optical
power of both waves. As a consequence of this higher power, the amplification of the
probe wave that the pedestal induces is greater, and hence, the total depletion dT is larger
than even with longer interaction lengths. Besides, as portrayed in Fig. 3.8(c), for small
ER values of the pump pulse, both the pump pulse and pump pedestal depletion factors
play an important role on the contribution to the total depletion, been more significant
dP as decreasing the ER. However, by increasing the ER of the pulse the total depletion
factor can be attributed to the onset of pump pulse depletion. In any case, note that for
high ER values, as highlighted in Fig. 3.8(a), the ER of the pump pulses do not introduces
a significant penalty to single-probe BOTDA gain configuration schemes.

Finally, it should be pointed out that the theoretical model presented in section 3.2 can
also be used to study the dependencies of non-local effects induced by the pedestal depletion
on system parameters. It has been found that, as well as in the case of first-order non-local

Figure 3.9: (a) Normalized Brillouin gain of the probe wave as a function of pulse duration.
The traces are depicted in terms of time-of-flight of the pump pulse with an added axis (top)
with the translation to location along the fiber. (b) Values of pulse depletion factor, d and
pedestal depletion factor, dP .
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effects, the pedestal depletion increases with increasing the optical power of either probe
or pump waves. Therefore, the calculations in this section, which have been performed for
the highest practical powers of these two waves, constitute a realistic scenario.

The theoretical model was also used to analyze the dependence of the pedestal depletion
with the pulse duration. Figure 3.9(a) depicts the normalized Brillouin gain of the probe
wave for two different pump pulse duration, 10 ns and 50 ns, of 20 dBm power and a fixed
30 dB ER counter-propagated to a −3 dBm dual-probe wave. As it can be observed, both
calculated BOTDA traces have a very similar shape. Figure 3.9(b) highlights the different
components of the total depletion factor at the end of the fiber as a function of the ER of
the pulses of 10 ns and 50 ns. As it is observed, the depletion factor due to the pedestal
depletion has a similar influence for the studied two pump pulse durations. Specifically,
the differences in dP between both pulse duration in the case of small ER values are not
very relevant and practically are non-existent when increasing the ER. On the contrary,
pump pulse depletion presents a higher influence on the pulse duration, being greater as
the duration of the pulse increases, which is consistent with previous studies of pump pulse
depletion in which the ER is considered to be infinite [31]. Besides, note that the higher
the ER the greater the influence of the pulse duration. Therefore, it can be concluded that
the pedestal depletion has a very small dependence with the pulse duration.

3.4.2 Effects of the transient response of EDFAs in BOTDA sensors

In this section, another new measurement distortion effect in BOTDA sensors is ex-
plained, which is induced by the interaction between the transient behavior of the EDFA
and the pedestal of low-ER pulses. It is well known that EDFAs present a transient behav-
ior when amplifying pulsed signals. This is due to the long recovery time of the population
inversion of the erbium ions after amplifying an optical pulse [101, 102]. In BOTDA sen-
sors with low ER pulses, this effect distorts the pump wave shape because the EDFA has
a different instantaneous gain before the arrival of the pulse, i.e., for the leading pedestal,
than for the trailing pedestal. Specifically, as the pulse arrival depletes the population
inversion in the EDFA, the trailing pedestal initially undergoes less amplification than the
one that is experienced by the leading pedestal. This amplification slowly recovers but a
permanent distortion of the trailing pedestal is induced.

Figure 3.10 schematically describes the influence of EDFA amplification on the pump
wave shape, and how the distorted pump wave and the probe wave interact along the
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Figure 3.10: Schematic description of probe and pulse wave interaction along the fiber for
the case of a distorted trailing pedestal due to EDFA transient response.
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fiber. The effects of the distortion of the pump pulse pedestal induced by the transient
response of the EDFA are similar to those originated by the trailing pedestal depletion
that were described in the previous section. The contribution to the measured gain of the
probe wave is smaller for the interaction with the distorted trailing pedestal than with
the leading pedestal. Hence, again, the use of the probe gain without pulse in the fiber
to normalize the measurements induces an error, because the portion of the gain due to
interaction with the pedestal becomes overestimated. This leads to an independent and
additional depletion factor, which is induced by the EDFA transient response.

Due to the fact that the transient gain response of an EDFA for the pulse amplification
depends on the EDFA design itself, the development of a theoretical analysis of this effect is
complicated. Moreover, this transient response displays a complex dependence on the pulse
power, duration, etc. [102]. Therefore, as the behavior of EDFAs cannot be generalized,
the details of this effect are presented and analyzed after its experimental demonstration
in section 3.4.5.

3.4.3 Experimental setup

Figure 3.11 depicts the dual-probe BOTDA setup that was deployed to experimentally
demonstrate the effects of the limited ER of the pump pulses on BOTDA sensors. In
addition, the measurements are also used to validate the theoretical model presented in
section 3.2. The optical source was a 1560-nm distributed feedback laser, whose output
was divided by a coupler into two branches. In the upper branch, the pump pulse wave
with tunable ER was generated by using either a Mach-Zehnder electro-optic modulator
(MZ-EOM) or a semiconductor optical amplifier (SOA) switch. The SOA was deployed to
provide pulses with a high ER of around 45 dB, and the MZ-EOM was used to generate
pulses with ER from 20 to 26 dB by adjusting its bias point and the amplitude of the
electrical pulsed signal that was used to drive the device. The pulsed pump signal was
then amplified with an EDFA and filtered to reduce the amplified spontaneous emission.
Before injecting the pump wave into the fiber under test (FUT) via a circulator, so as to
reduce polarization-mismatching-induced fluctuations on the signal, its state of polarization
was randomized with a polarization scrambler (PS). The pump peak power was limited to

Figure 3.11: Experimental setup deployed to demonstrate the effects of the pump pulse ER
on BOTDA sensors.
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20-dBm in order to avoid MI effects in the fiber [37]. Moreover, in most of the measurements
the pump pulse duration was set to 60-ns in order to have a good SNR, particularly in
measurements that used very small probe power.

In the lower branch of the setup, a dual-probe wave was generated using another
MZ-EOM driven by a radio-frequency (RF) generator tuned to the BFS of the fiber and
biased for minimum transmission. Finally, a tunable narrow-band fiber Bragg grating
(FBG) was used to filter out the upper frequency probe wave before using a receiver to
detect the signal with an oscilloscope. At the other end of the FUT, the depletion of the
pump pulses was monitored using a circulator and another detector.

The FUT was comprised of two different fiber spools with 5-km and 20-km length with
the same BFS but slightly different Brillouin gain coefficient. In addition, two hotspots
were prepared along the FUT using a climatic chamber: one after the first spool and the
other at the end of the link.

3.4.4 Demonstration of non-local effects due to pump pulse limited ER

Experiments were conducted to experimentally demonstrate the non-local effects orig-
inated by the limited ER pump pulses in BOTDA sensors. As explained in section 2.2,
the dual-probe configuration presents essential advantages compared to the single-probe
BOTDA setup. This makes the study of a dual-probe setup far more interesting, there-
fore, the experiments were carried out with a dual-probe BOTDA configuration. In order
to avoid or at least mitigate the effects due to the EDFA transient response, an EDFA
(Amonics Ltd. Pulsed EDFA) specially designed for amplification of isolated pulses with
almost no distortion was deployed in these experiments.

Figure 3.12(a) shows the detected BOTDA traces measured at BFS of the fiber when
pump pulses with different ER were counter-propagated to a -3-dBm dual-probe wave.
Note that the detected BOTDA trace when the SOA is used to shape the pulses is
the only one that undergoes no significant distortion, while the traces obtained using
the electro-optic modulator (EOM) are distorted by the interaction between the probe
waves and the pump wave pedestal. An interaction that, as explained above, leads to
two non-local effects: pump pulse depletion and pump pedestal depletion. As it can be
observed, the BOTDA trace distortion increases when the ER of the pump pulse is wors-
ened. The figure also shows the traces calculated using the theoretical model introduced in
section 3.2, which agree well with the experimental results. The small deviation between
theory and experiments is attributed to the residual effects of the EDFA transient response
that will be analyzed in section 3.4.5.

Figure 3.12(b) also depicts BOTDA traces, but this time measured for a fixed ER of
the pump pulses of 23 dB and with different probe wave optical power levels. Note that for
comparison the black line shows an ER of 45 dB, which was obtained with the SOA switch
and a low probe wave power. As it was expected, the distortion of the traces increases
for increasing probe power. Whereas, for low probe power, the measured signal matches
that obtained with the large-ER SOA switch. However, as the probe power is risen, the
trailing pedestal of the pulse starts to deplete due to the interaction with the amplified
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Figure 3.12: BOTDA trace distortion due to the ER of the pump pulse. (a) Dependence on
the ER level; (b) Dependence on the probe wave power for a fixed ER of 23 dB. The black
line shows the same for an ER of 45 dB, for comparison.

probe wave. Therefore, the BOTDA trace is distorted by the normalization performed, as
explained in section 3.4.1, leading to the onset of non-local effects. Again, in this figure,
the calculated theoretical values are also shown, which show a good agreement with the
experiments performed.

In order to examine the contribution of both the depletion of the pedestal and the
depletion of the pulse to the distortion of the BOTDA trace, the depletion factor of both
effects, d and dP , were measured. Figure 3.13 depicts the measured depletion factors
at the end of the fiber link as a function of the probe power, where pulse depletion,
pedestal depletion and total depletion factors are represented. The obtained results are
plotted together with the calculations performed using the theoretical model. Note that
the theoretical calculation of the pedestal gain depletion is presented with and without
taking into account the EDFA transient effects that will be studied in the next section.
These effects, as explained in section 3.4.2, are shown to introduce an additional depletion
factor, even though the deployed EDFA in these experiments had a very small transient
response. Notwithstanding, there was a good general agreement between the experimental
results and the model calculations. This figure demonstrates that the non-local effects due
to the pedestal depletion in limited ER BOTDA sensors are very significant, contributing
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Figure 3.13: Depletion factor dp and d dependence on the probe wave power when deploying
pump pulses with 23-dB ER.

in the same order of magnitude than the effects due to the pump pulse depletion.

Finally, the error made by determining the BFS of the fiber due to the effects of the
ER of the pump pulses was characterized. For this purpose, the Brillouin gain spectrum
(BGS) was measured along the fiber while the temperature of the hotspots was fixed by a
climatic chamber at 9◦ C of difference from the rest of the fiber, which was also controlled
by another climatic chamber. The resultant BFS distribution along the 2 hotspot are
depicted in Fig. 3.14. As it is observed, the error with respect to the reference measurement
performed with the SOA is worsened with increasing the fiber distance, as it was expected.
So there is negligible error in the first hotspot, whereas, for the second hotspot at the far
end of the FUT, the BFS error becomes significant. In addition, the effect increases when
the ER is worsened, so that at the hotspot at the end of the fiber the BFS error raises
to 3, 4.5 and 7.5 MHz for 25, 23 and 21 dB ER pulses, respectively. Note that as the
temperature was heated the BFS is overestimated, while if the fiber had cooled the BFS
would be underestimated, as for other non-local effects.

Figure 3.14: Measurement error induced by 25-dB, 23-dB and 21-dB ER pump wave in
different positions of the fiber for a -3 dBm per sideband probe wave power: (a) at a
distance of 5 km and (b) at the end of the fiber.
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3.4.5 EDFA transient response characterization and influence on BOTDA
sensors

The other measurement distortion effect that was experimentally investigated is due to
the interplay between the transient response of EDFAs and the limited ER of the pump
pulses in BOTDA sensors. First, a detailed characterization of the transient response of
several EDFAs was performed, and then, their distortion effects on BOTDA measurements
were assessed.

The transient response of an EDFA while amplifying a pulse cannot be simply charac-
terized by monitoring its time-domain output power. This is because the dynamic range
required to be able to observe simultaneously the pulse and the small effects on the pulse
pedestal is too large. Therefore, to correctly measure the transient response of the EDFAs
available in our laboratory, we devised the experimental setup depicted in Fig. 3.15. The
setup is based on adding an extra CW signal, which was generated by another laser, to the
pump pulse signal that is subjected to analysis. In this way, when amplifying the signal
by an EDFA, the transient variations of the EDFA gain could be monitored on this added
CW. The extra laser signal was separated by approximately 0.5 nm from the pump pulse
wavelength and its power was set to be 10-dB lower than the average power of the pump
wave, so that its addition had a negligible effect on the EDFA transient response. This
fact was experimentally checked by measuring the pump pulse and the resultant BOTDA
trace with and without the presence of the extra laser signal, verifying that the resultant
measured signal in both cases was equal. Finally, at the output of the EDFA the moni-
tored wavelength was separated with a FBG and detected in a photo-receiver followed by
an oscilloscope, where the precise variations of the gain of the EDFA while amplifying the
pump pulse wave could be measured.

EDFA Photodetector

Oscilloscope

MZ-EOM
FBG

1 2

3

Pulse generator

Laser

Laser

Coupler

λ2

λ1

λ1 λ2

0.5 nm

Figure 3.15: Experimental setup deployed for the characterization of the EDFA transient
responses to pulsed signal amplification.

Three commercial EDFAs set for a nominal 20-dB gain were tested to compare their
performances: EDFA I (MPB Communications Inc.), has 3 amplifying stages and 21-dBm
saturation power, EDFA II (Manlight S.A.S) provides 23-dBm output saturation power
using 2 pump stages and EDFA III (Amonics Ltd. Pulsed EDFA) corresponds to the
special amplifier design for pulse amplification deployed in section 3.4.4.

Figure 3.16 shows the temporal variation of the gain of the three EDFAs when ampli-
fying the pulsed pump signals with different ER levels, 20, 23 and 26 dB. Note that the
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Chapter 3. Non-local effects due to the limited extinction ratio of the pump pulses

arrival of the pulse perturbs the gain of EDFA I and II, which clearly display a transient
response after the pulse amplification. In particular, EDFA I has a larger variation of the
gain than EDFA II, however, the recovery time is longer for the latter. The magnitude of
the transient variation of the gain depends on the ER of the pulses. For the two EDFAs,
the greater the ER, the larger the gain change. In contrast to EDFAs I and II, EDFA III
displays a smaller variation as expected. Although enough to increase significantly the
pedestal depletion factor, as has been discussed in section 3.4.4 by observing Fig. 3.13.

Figure 3.16: Variation of the EDFA gain after the amplification of pump pulses with ER
of (a) 20 dB, (b) 23 dB and (c) 26 dB. Three different commercial EDFA are measured.

To analyze the constraints that the transient of the EDFA entails in BOTDA sensors,
this effect must be isolated from both the pump pulse and the pump pedestal depletion
effects. To that end, the probe wave sidebands were set to -18.5-dBm power to ensure
that non-local effects, either due to pump pulse or pedestal depletion, were negligible.
Figure 3.17(a) and 3.17(b) respectively show the BOTDA trace distortion when EDFA I
and EDFA II were deployed to amplify the pump pulse wave with different ER levels, 20 dB,
23 dB, 26 dB and 45 dB. When a 45-dB ER SOA is deployed to shape the pump pulses,
the BOTDA traces remain undistorted for the two amplifiers, with just the characteristic
0.2 dB/km roll-off of the fiber loss coefficient. In this case, the transient response of the
EDFA has no significant effect since the pedestal of the pulse is negligible. On the contrary,
the use of a limited ER MZ-EOM leads to a severe distortion of the measurements. The
smaller the ER, the larger the distortion. Moreover, it was found that the distortion does
not depend on the probe power, provided the probe wave power is small enough to avoid
the onset of non-local effects. Calculations using the model introduced in section 3.2 are
also plotted in the figure, showing again excellent agreement with the experimental results.
These calculations were made using a pump wave signal incorporating the trailing pedestal
distortion shown in Fig. 3.16.

The origin of this BOTDA measurement distortion lies in the variation of the EDFA
gain after amplifying the pulse that was depicted in Fig. 3.16. This variation affects the
shape of the trailing pedestal of the pump pulse: initially its amplitude is reduced in
comparison with the amplitude of the leading pedestal and then slowly recovers until the
amplitude equals the one of the leading pedestal. The temporal reduction of the ampli-
tude of the trailing pedestal has a similar effect on the measurements than the previously
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3.4 Non-local effects due to the pump wave pedestal depletion

discussed depletion of the trailing pedestal by the amplified probe wave. Once again, the
amplification of the probe wave due to its interaction with the trailing pedestal is smaller
than the obtained when there is no pulse in the fiber. This in turn introduces a depletion
of the actual probe gain measurement after the measurement is normalized using the probe
gain without pulse in the fiber as reference, because the latter overestimates the contri-
bution of the pedestal to the total gain experienced by the probe. Therefore, in much
the same way as before, a specific depletion factor linked to this effect can be defined and
used to calculate the BFS error induced in the measurements. Note that the measurement
distortion for EDFA II is larger than for EDFA I. This is due to the fact that the energy
lost by the trailing pedestal due to its power reduction by the transient response of the
EDFA is larger in EDFA II than in EDFA I, because the recovery time of the gain is larger,
as it can be seen in Fig. 3.16.

Figure 3.17: Experimental and theoretical BOTDA trace distortion due to EDFA transient
response for different pump pulse ER values and different EDFA, (a) for EDFA I and
(b) EDFA II.

In order to estimate how these distortions affect on the sensor performance, the BFS
along the fiber was measured for several ER levels of the pump pulses in the system using
EDFA I. For this purpose, the BGS was measured along the fiber while the temperature
of the hotspots was fixed by a climatic chamber at 9◦ C of difference from the rest of the
fiber, which was also controlled by another climatic chamber. Figure 3.18(a) and 3.18(b)
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show the resultant BFS distribution at the two hotspots along the link. Again, the probe
power was kept low at -18.5 dBm in order to suppress the influence of pulse and pedestal
depletion on the measurements. Note that a very significant BFS error is introduced by
this effect, not only at the end of the FUT but even at the 5th kilometer, where the
induced error is of a similar order to that at the end of the fiber. This response is caused
by the distorted shape of the trailing pedestal due to the transient behavior of the EDFA
explained in Fig. 3.16. It is important to underline that the measurement in Fig. 3.18(b)
displays some BFS variations before the hotspot start (indicated with a vertical dashed
line), which was due to an unintended strain introduced between measurements.

Figure 3.18: Resultant Brillouin frequency shift along the hotspots deployed using the EDFA
I: (a) hotspot I (b) hotspot II.

3.5 Conclusions

In this chapter, the impairments caused by the limited ER of the pump pulses have
been introduced, which have been shown to severely constrain the performance of BOTDA
sensors. This is because the effects induced by the low-ER pump pulse constrain the SNR
of the detected probe wave. In this way, we have analyzed how the pulse depletion grows
when the ER of the pulses decreases. So, even the dual-probe BOTDA sensor performance
is still seriously compromised when pump pulses with limited ER are deployed because, first
of all, the pump pulse depletion is increased. In addition, two unknown non-local effects in
BOTDA sensors induced by the limited ER of the pump pulses have been presented, with
theoretical and experimental analysis. These effects are due to the depletion of the pump
pedestal and the EDFA transient-induced pedestal distortion. Therefore, conventional
BOTDA sensors have their probe power severely contained by these non-local effects that
distort the pump wave: pump pulse depletion, pump pedestal depletion and pump trailing
pedestal distortion due to the EDFA transient response.

The onset of pulse depletion in a dual-probe setup results from the power unbalance
between both probe waves due to their Brillouin interaction with the pump pedestal.
Furthermore, it has been found that together with first-order non-local effects, the limited
ER of the pump wave generates other non-local effects, which are due to the pump pedestal
depletion. This effect originates in the extra depletion of the trailing pulse pedestal due

64



3.5 Conclusions

to the interaction with a probe wave that has been previously amplified by the pulse. The
depletion of the trailing pedestal can be characterized by a dimensionless depletion factor
that we called pedestal gain depletion factor. We have seen that this depletion factor has
a magnitude that is of the same order than the one coming from the depletion of the pulse,
and hence, it introduces an impairment of identical nature to the measurement accuracy of
the BOTDA sensor. The addition of these two non-local effects constrains the performance
of the sensor. In this way, it is found that, for instance, in a conventional dual-probe
BOTDA setup, an ER>32 dB is needed to have less than 1-MHz BFS measurement error.
Moreover, another deleterious effect has been found. This effect arises when amplifying
the limited ER pulses with an EDFA, because the EDFA transient response distorts the
trailing pedestal. The impairments brought by this effect can be even more important than
the constraints induced by previous non-local effects, depending on the particular EDFA
device used to amplify the pulse. The constraint that the EDFA transient response imposes
is independent of the probe wave power deployed; hence, they set an upper bound to the
BOTDA sensor performance. In addition, due to the pedestal depletion, if a technique for
mitigation of second order non-local effects is deployed, an ER greater than 43 dB would
be required.

Such a large ER is typically just within the reach of SOA switches or acousto-optic
modulators (AOMs). However, these pulse shaping devices have rise and fall times that
are typically of the order of 1 ns for SOAs and longer for AOMs, which compromise
the capability to perform high-spatial-resolution measurements using, for instance, the
differential pulse-width pair (DPP) technique [70]. Furthermore, pulses with less steep
leading and trailing edges are prone to the deleterious effects of self-phase modulation,
which has been shown to degrade the BOTDA sensor performance [44]. Therefore, in order
to generate the sharp pulses that are needed for high-spatial-resolution measurements using
the DPP technique, a MZ-EOM is required. However, MZ-EOMs usually have low ER,
typically of the order of 20 to 30 dB, which would not comply with the rigid condition for
the ER stated above. Note that two cascaded MZ-EOMs could be used in order to keep
the fast response with an improved ER, but at the expense of an added setup complexity
and an increased cost of the sensor.

In summary, the effects of the ER of the pump pulse have been shown to seriously
impact the BOTDA sensor performance, particularly those that deploy EOMs to shape
the pulses. Therefore, it is of paramount importance the research work focused to overcome
these effects, so that to improve the performance of long-range BOTDA sensors. In this
way, in the following chapters solutions to these non-local effects are presented. Moreover,
in chapter 5, a study of the errors induced by the depletion of the pulse in a coded-pump
wave BOTDA system is reported. Further research will be focused on investigating the
significance of the pump pedestal induced effects in BOTDA systems deploying pump
pulse coding. It is expected that the degradations imposed by both the pulse depletion
and pedestal depletion will have a more pronounced impact in such systems because of the
use of large sequences of pulses. This may impose even stronger constraints on the ER of
the pulses deployed.
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4.1 Introduction

The ultimate performance of long-range Brillouin optical time-domain analysis (BOTDA)
sensors is determined by the signal-to-noise ratio (SNR) at the receiver. In this sense,

due to the attenuation of the optical fiber, which makes the optical power of the probe
and pump waves to be significantly reduced, the sensing length of BOTDA sensors is lim-
ited. In addition, as explained in chapters 2 and 3, non-local effects (NLE) are among
the main obstacles in BOTDA sensors, considering that their onset limits the maximum
probe wave power that can be deployed into the sensing fiber. As a consequence of this
power constraint, NLE worsen the SNR and, therefore, limit the sensing range of the an-
alyzer. Furthermore, even though NLE were completely overcome, another limit for the
probe power would remain: the Brillouin threshold of the fiber [34]. That is why the re-
search efforts to overcome NLE and the Brillouin threshold of the fiber are of paramount
importance. A significant contribution in this research field, which was devised by our
research group, lies in adding an optical frequency modulation or dithering to the probe
wave [48, 49]. This technique has been employed to mitigate or even overcome the various
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NLE presented in chapter 2: first-order NLE [31] and second-order NLE [33]. In addition,
the noise induced by spontaneous Brillouin scattering (SpBS) on the detected probe wave
can also be overcome [48, 49].

In this chapter, the benefits of using the probe dithering method in BOTDA sensors are
presented. Section 4.2 introduces the theoretical fundamentals of the technique, together
with the explanation of the improvement of the impairments induced by first-order and
second-order NLE brought by the method [48, 49]. After outlining this procedure, inasmuch
as we have continued studying the advantages of the method, the next sections present the
outcomes obtained during the conduct of this thesis dissertation.

First, an extra constraint of the techniques presented so far in the literature to com-
pensate second-order NLE (see section 2.5), including the probe dithering, is reported.
This constraint is due to the fact that all the methods designed to overcome second-order
NLE are only fully effective in case the Brillouin frequency shift (BFS) of the sensing fiber
is uniform. This will be shown by a theoretical and experimental demonstration. Addi-
tionally, a new method to completely compensate second-order NLE that works with any
distribution of BFS along the fiber, and also may be applied to all the methods introduced
in section 2.5, is presented. This BOTDA sensor is based on dynamically modifying the
wavelength of the probe wave to adapt to the changes in average BFS of each section of
the fiber sensing link. We demonstrate this technique by adding it to the probe dithering
method.

Second, as stated in chapter 3, a limited extinction ratio (ER) pump pulse severely
constrains the performance of BOTDA sensors. In this chapter, we describe how the probe
dithering technique is not only able to overcome first-order and second-order NLE, but
also greatly diminishes the impairments caused by the low ER pump pulse. By using this
method, the gain induced by the pedestal of the pump wave is reduced, and consequently,
the depletion of both pump pulse and pump pedestal are overcome. Furthermore, the errors
induced by the distortion of the trailing pedestal when an erbium-doped fiber amplifier
(EDFA) is used to amplify the pump pulse are also diminished.

4.2 Theoretical fundamentals of the probe-dithering BOTDA
sensor

The theoretical foundations of the proposed technique are schematically depicted in
Fig. 4.1, where the optical waves involved in the method, as well as the Brillouin interaction
on the pump and probe waves are highlighted. As can be observed in the figure, the idea
is to introduce a modulation or “dithering” to the optical frequency of the probe waves.

In the example shown in Fig. 4.1, the optical frequency of the probe waves is modulated
in the time domain following a saw-tooth shape [55]. However, note that other modulation
shapes are possible, for instance, a sinusoidal or a triangular shape could be deployed,
which have been shown to have a similar performance response [48, 49]. In addition, this
frequency modulation (FM) is synchronized to the pump pulses, so that a series of pulses
experience the same optical frequency of the probe waves at any given location of the
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fiber. Altogether, this makes the effective optical frequency of the probe wave vary along
the optical fiber following the applied FM shape. Therefore, the pump pulse, as it travels
along the fiber, experiences stimulated Brillouin scattering (SBS) interaction with probe
wavefronts that have a different frequency detuning. In this way, the resulting Brillouin
interaction between pump and probe waves is given by the frequency detuning from the
center of the Brillouin spectrum at each position of the fiber:

∆νL(z) = νSL(z)− νP +BFS(z) 4.1a

∆νG(z) = νP − νSU (z) +BFS(z) 4.1b

where ∆νL and ∆νG are the detuning of the Brillouin loss and gain spectra respec-
tively, νP is the pump pulse frequency and νSL and νSU are the optical frequencies of the
lower-frequency probe sideband and the upper-frequency probe sideband at a particular
position z of the fiber, respectively. From this expression it follows that having a real
variation in BFS due to the fiber characteristics is equivalent to having the same variation
in the probe wave frequency. Therefore, the net effect is completely analogous to having a
virtual BFS distribution in the fiber, in the sense of having a fiber whose BFS profile has
the same shape as the FM provided to the probe wave [48].

Figure 4.1: Fundamentals of the technique for mitigation of non-local effects.

This virtual BFS profile can be used, as it will be presented in the following subsections,
to compensate NLE and also to increase the Brillouin threshold of the fiber, which reduces
the noise at the detected probe wave. The presented technique is based on the same idea
as the methods that, in order to mitigate NLE, use an optical fiber compounded of various
fiber segments with different BFS characteristics [50]. With the main advantage that it is
not necessary to modify the fiber along the sensing structure, which is a tiresome process.
On the contrary, the technique can use any optical fiber that is already installed and create
a virtual BFS profile along the sensing fiber by using a wavelength modulation of the probe
wave.

This method has been proved by direct modulation of the optical source used to gen-
erate both waves, the pump and the probe, and also by modulation of the optical device
used to generate the probe wave. Both methods are presented in the following subsections.
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4.2.1 BOTDA sensor based on the modulation of the optical source
wavelength

Figure 4.2 depicts the fundamentals of the BOTDA sensor based on the direct mod-
ulation of the optical source wavelength used to generate the two optical waves that are
involved in BOTDA sensors: the pump and the probe waves [48]. As shown in the figure,
the injection current of the laser is directly modulated using a sinusoidal wave signal gen-
erator, which is synchronized to the pump pulse generator. This induces a modulation of
the output optical signal wavelength via the chirp of the laser, which follows the shape of
the modulation signal [103]. Note that, in the figure, a sinusoidal wave is portrayed as an
example, however, as explained before, other modulation shapes are possible [48].

Figure 4.2: Fundamentals of the laser wavelength dithering technique.

The laser source is split into two branches. The upper branch is used to generate the
pump pulse wave, whereas the lower branch is used to generate the probe wave. Therefore,
the optical signal that is used to generate the two waves that interact in the BOTDA sensor
has a wavelength modulation. Depending on the particular BOTDA configuration (gain,
loss or dual-probe) to be implemented, the procedure to generate both optical waves, as
well as the frequency sweep used to scan the Brillouin spectrum, vary. Either way, the
pump pulse generation must be synchronized with the FM of the optical waves, inasmuch
as the particular frequency shift between the pulse and the probe wave at each location of
the fiber needs to be known and controlled.

It is worth mentioning that the only difference of the sensor setup with respect to
a conventional BOTDA setup lies in the addition of a FM of the optical source, which
is performed using a low frequency periodic wave synchronized to the pulse generator.
However, in contrast to conventional BOTDA sensors, the frequency of the probe wave
varies along the optical fiber according to the FM applied to the optical source. As a
consequence, the pump pulse meets a probe wave of different frequency at each location of
the fiber, as explained before. Therefore, a virtual BFS profile is synthesized by the FM of
the probe wave. In addition, note that the pump wave pedestal and the probe wave have
their wavelengths modulated following the same shape.
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4.2.2 BOTDA sensor based on the optical FM of the probe wave

This variation of the technique is based on introducing a modulation or “dithering”
just to the optical frequency of the probe wave. To that end, in contrast to the method
introduced in the previous subsection, the FM of the probe wave is directly generated
during the generation process of the probe itself. Hence, the pump pulse wave does not have
its optical frequency modulated, and consequently, the pump pedestal consists of a single
wavelength. The fundamentals of the technique are schematically depicted in Fig. 4.3,
where the optical waves involved in the method as well as the Brillouin interaction on the
pump and probe waves are depicted. As shown in the figure, in this particular example
the optical frequency of the probe waves is modulated in the time domain following a
saw-tooth shape [55]. Nevertheless, as explained before, other modulation shape can be
used.

Figure 4.3: Fundamentals of the probe dithering technique: (a) Brillouin interaction on
the pump pulse and (b) frequency scanning method based on the temporal delay change (tp1
and tp2) between probe and pump waves.

The dual-sideband probe wave can be generated, for instance, using a Mach-Zehnder
electro-optic modulator (MZ-EOM) driven by an arbitrary waveform generator (AWG) and
biased at the minimum transmission point of its transfer curve [49]. The AWG provides a
FM microwave signal whose instantaneous frequency varies around the average BFS of the
fiber following a specific periodic shape. Additionally, this FM is synchronized to the pump
pulses so that a series of pulses experience the same optical frequency of the probe waves
at any given location. Altogether, this makes the effective optical frequency of the probe
wave vary along the optical fiber following the applied FM modulation shape. As with the
optical source wavelength modulation technique, which has been described in the previous
subsection, the pump pulse interacts via SBS with a probe wave of different frequency at
each location of the fiber. Therefore, a virtual BFS profile is synthesized by the FM of the
probe.

It is important to point out that, as schematically depicted in Fig. 4.3(b), the FM of
the probe wave is also used to perform the frequency scan of the Brillouin spectra, instead
of doing it by a conventional frequency sweep. For that purpose, at each location of the
fiber, the pump pulse is made to interact with different probe wave frequencies simply by
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changing the relative delay between the probe wave FM and the pump pulse [49]. Note
that the number of relative delay steps is given by the relation between the peak-to-peak
frequency deviation of the FM, which defines the range of frequencies to scan, and the
desired frequency step; hence, the number of measurements to scan all the frequencies is
exactly the same as in a conventional BOTDA scheme. Therefore, there is no penalty at
all regarding measurement time in comparison with a conventional frequency sweep. This
is the main advantage of this variation of the method in comparison to the one presented
in the previous section, inasmuch as in the latter, as the frequency scan is performed by
making a frequency sweep, in order to measure the total Brillouin spectrum the measure-
ment time is increased. In addition, due to the frequency sweeping, the compensation of
NLE is not as efficient.

The final Brillouin spectra is obtained after a post-processing of the measurement to
compensate the frequency shift introduced to the probe wave at each location due to the
FM. This post-processing needs to know the probe frequency along the fiber for a given
delay between pump and probe waves. This is accomplished by measuring the length
of the fiber and the optical path difference between the pump and the probe branches.
These parameters allow to compensate the frequency shift that the FM of the probe wave
involves. To do this, all measured data are introduced in a matrix, in a way that the trace
measured for each pulse delay is stored in a different row of the matrix. The method is
simply to apply a shift to the elements of the columns of the matrix containing the probe
wave samples (rows) for each relative delay between the FM and the pump pulses [49]. So,
by making a sequential shift of each column, in each row of the matrix the measured data
corresponding to a certain frequency detuning is recovered.

4.2.3 Mitigation of the impairments induced by first-order NLE

As explained in section 2.2, when a fiber with a uniform BFS is used, the pump pulse
depletion manifests as a frequency dependent variation of the peak pulse power that follows
a Lorentzian profile [31]. This is a consequence of the continuous Brillouin interaction
between the pump and probe waves along the fiber. Thus, as introduced in section 2.2, and
is repeated here for clarity, the pump power under Brillouin interaction in a single-probe
BOTDA gain configuration can be simply calculated from the basic model that governs
the Brillouin interaction assuming small gain condition [98]:

PP (z) = PPiexp(−αz)exp
[
−PSiexp(−αL)

Aeff

∫ z

0

g0

1 + [2∆ν(z)/∆νB]2
exp(αz)dz

]
4.2

where z is a particular location of the fiber, PPi and PSi are the input pump and
probe powers, respectively, L is the fiber length, Aeff , α and g0 are the effective area, the
attenuation and the local Brillouin peak gain of the fiber, ∆νB is the Brillouin linewidth
and ∆ν is the frequency shift between pump and probe waves. This expression shows that,
indeed, the pump pulse depletion depends on ∆ν and, as explained in section 2.2, follows
a Lorentzian shape. In addition, remember that, as explained in section 2.2, the depletion
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of the pump pulse can be characterized by a dimensionless depletion factor, d [31].
However, using the dithering of the probe wave technique, this impairment is amelio-

rated, because, even in the worst-case scenario, the frequency difference of pump and probe
waves varies along the sensing fiber. Therefore, as the pump pulse crosses the fiber, it ex-
periences SBS interaction with probe wavefronts that have a different frequency detuning.
That is to say, for each position of the fiber, the Brillouin interaction between both optical
waves varies due to the different frequency detuning. As a consequence of this position
dependency, the maximum energy transfer occurs at those positions of the fiber where the
frequency difference between probe and pump waves matches the natural BFS of the fiber.
Whereas in all other positions of the fiber, the energy exchange due to SBS interaction is
smaller, and hence, as the pulse depletion is cumulative along the fiber, interacting with
different frequencies within the Brillouin spectrum leads to a decreased depletion factor of
the pulse. Therefore, there is less frequency dependence of the pulse power and hence, less
NLE and measurement error.

In short, the FM of the probe wave greatly reduces the amount of the pump pulse
depletion, so that the tolerable maximum depletion factor for a given measurement error is
reached at higher probe wave power. For instance, the approx. 20% depletion that can be
tolerated for around 1-MHz BFS measurement error [31]. This means that a higher probe
wave power can be injected into the fiber, and hence, the SNR at the receiver is improved.

4.2.4 Brillouin threshold increase using FM of the probe

As explained in section 1.5.1, the so-called Brillouin threshold of the fiber arises from
the injection of high power components into the optical fiber, which can lead to SBS
amplification of thermally-induced SpBS waves. This threshold establishes the maximum
optical power that can be injected into a fiber before significant power begins to be reflected
back so that the launched signal is depleted, and also noise is added to the signal. Another
advantage of using a virtual BFS profile is the reduction of the Brillouin induced noise
in the detected signal [49]. Once again, the basic idea is to imitate the approaches that
increase the Brillouin threshold by using fiber links composed of segments with different
BFS along their length [104], but synthesizing a virtual BFS profile instead of implementing
a real one. In this sense, as the Brillouin threshold is overcome, a higher probe wave power
can be launched into the fiber, so that, again, the SNR at the receiver is improved.

4.2.5 Mitigation of the impairments induced by second-order NLE

Another significant contribution of the probe dithering technique is that it allows to
overcome the so-called second-order NLE. As explained in section 2.5, second-order NLE
are due to the spectral deformation of the pump pulse, which is caused by the continuous
Brillouin interaction of the pump pulse with the two probe waves deployed in a dual-probe
BOTDA sensor [33]. The onset of this spectral distortion effectively limits the maximum
probe wave power to approximately −3 dBm for typical long-range BOTDA systems [33].

However, in a dithered dual-probe BOTDA sensor, as explained above, the wavelength
of the probe waves is modulated following a particular FM shape. Therefore, as the pulse
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crosses the fiber, the SBS interaction of the pulse with the probe wavefronts occurs at
a different frequency detuning between pump and probe waves for each location of the
fiber. In this way, as highlighted in Fig. 4.3(a), the Brillouin interaction induced by both
probe waves upon the optical pulse spreads over a large frequency range. As a result
of the spreading of the interaction region, the Brillouin gain interaction integrated along
the fiber generates a flat gain spectrum that does not distort the pump pulse spectrum,
provided that a suitable FM shape is chosen. Simultaneously, the integrated Brillouin
loss interaction along the fiber provides a complementary flat spectrum. Making use of
Eq. (4.2), and adding the interaction effect produced by the other probe wave, the optical
frequency response due to the interaction with both probe waves at the end of the fiber is
given by:

HB−SBS = exp

−PSie−αL
Aeff

∫ L

0

 g0

1 +
[

2∆νG(z)
∆νB

]2 −
g0

1 +
[

2∆νL(z)
∆νB

]2

 eαzdz

 4.3

Note that as a result of the spreading of the interaction region, the net gain and loss
spectra induced by both probe waves broadens. In addition, these spectra mutually com-
pensate to avoid any distortion of the pulse spectrum, so that no distortion is introduced
in the pump pulse spectrum and, hence, second-order NLE are suppressed [49].

4.3 Tracking of the BFS in probe-dithering BOTDA for full
non-local effects compensation

During the work of this thesis, we found that second-order NLE depends also on the
BFS distribution of the fiber link. Specifically, we found that all the methods designed
to overcome second-order NLE are only effective in case the BFS of the sensing fiber is
uniform. In this section, the impairments brought by this side-effect are theoretically and
experimentally introduced. In addition, a novel BOTDA sensor to completely overcome
second-order NLE is also described and experimentally demonstrated.

4.3.1 Second-order non-local effects in non-uniform BFS fiber links

In section 2.5, two different methods to solve second-order NLE have been intro-
duced [96, 49]. The first one relies on the idea of 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 shown in Fig. 4.4(a) [96]. Nevertheless, if the BFS varies along the
fiber, the Brillouin gain and loss spectra generated by both probe waves do not longer
completely overlap, giving rise to a non-flat transfer function over the pump pulse signal,
as it can be seen in Fig. 4.4(b) and (c). Furthermore, as discussed below, this issue cannot
be solved by adjusting the probe spacing using the average BFS of a particular section of
the fiber, for instance, to the BFS of the so-called effective length of the fiber from the
probe input. In this case, the injected probe wave power is so high that even when the
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Figure 4.4: Brillouin interaction on the pump pulse in BOTDA sensors with two probe
waves that maintain constant frequency spacing during the scanning process when the fre-
quency spacing of the pump between the probes (a) equals, (b) is larger, or (c) is smaller
than twice the BFS of the sensing fiber. Different colors (red, blue, green) are shown for
different frequencies of the probes waves during the spectral scanning process.

probe wave has been greatly attenuated due to the propagation in the fiber, the interaction
between pump and probe waves can still introduce significant spectral deformation on the
pump pulse spectrum [97].

The second solution proposed to overcome second-order NLE, as explained in the pre-
vious section, is based on the FM of the optical probe waves [49]. In this method, by
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 portion of the fiber with a different BFS, both interactions shift and, hence, the pulse
is affected by a non-flat transfer function, as shown in Fig. 4.5. This leads to a distortion

Figure 4.5: Brillouin interaction on the pump pulse in BOTDA sensors with frequency
modulation of the probe waves when the mean frequency spacing of the probes from the
pump (BFS 1) equals, (BFS 2) is smaller, or is larger than the BFS of the sensing fiber
(BFS 3).
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of the pump pulse frequency, i.e., if the BFS is not uniform, second-order NLE are not
completely overcome.

It is worth mentioning that the influence of the Brillouin interaction over the pump
pulse is going to be less significant with the method based on the frequency-modulated
probe waves than in the one using a constant frequency separation between the probe
waves. This is due to the fact that the FM spreads the energy of the interaction into
a larger frequency region, and hence, the amplitude of the transfer function is reduced.
Nevertheless, there is still some distortion of the high frequency components of the pulse
that, as it is explained below, limits the maximum probe wave power that can be injected
in fiber links with BFS variations along the fiber.

In summary, to be effective, all the techniques presented in section 2.5 to compensate
second-order NLE require a fiber link with a fairly uniform BFS. In contrast, the use of
a fiber with variations in the BFS leads to residual second-order NLE, which in turn may
affect the pulsed signal. In order to quantify this effect, we add the terms corresponding to
the additional probe wave component to Eq. (4.2). In addition, assuming that the optical
power at the input of the fiber of the upper and lower frequency probe waves is equal,
PSLi = PSUi = PSi, this gives the following expression of the pump pulse propagating
along the fiber:

PP (z) = PPie
−αzexp

− PSi
Aeff

∫ z

0

 g0

1 +
(

2∆νG(z)
∆νB

) − g0

1 +
(

2∆νL(z)
∆νB

)
 eαzdz

 4.4

Note that this expression assumes pulses longer than the acoustic phonon lifetime
(∼ 10 ns).

As an example of the distortion caused by second-order NLE in non-uniform BFS fiber
links, Eq. (4.4) is used to calculate the spectral distortion of the pump pulse in a link
with the BFS distribution shown in Fig. 4.6. In this particular example, the fiber link is
comprised of two consecutive 50-km fiber sections with a BFS of 10.8 and 10.79 GHz, re-
spectively, followed by another fiber section of 20 km with a BFS value, again, of 10.8 GHz.
This can be a fairly realistic scenario in which two types of fibers with slightly different

Figure 4.6: BFS profile used for simulation.
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BFS due to manufacturing are used in a link.
Figure 4.7 depicts the transfer function experienced by the pulse due to Brillouin inter-

action with different probe wave power levels injected into the fiber when the two techniques
for compensation of second-order NLE are used [49, 96]. That is to say, the transfer func-
tion is calculated on the one hand deploying two probe waves with constant frequency
spacing during the spectral scanning, see Fig. 4.7(a), and also with the method of the FM
of the probe waves, see Fig. 4.7(b). Note that the horizontal axis represents the frequency
deviation from the central frequency of the pulse spectrum. In both cases, the peak-to-peak
frequency deviation of the probe waves was set to 300 MHz. And the frequency detuning
between the probe and pump waves for a perfect compensation of second-order NLE was
set assuming a BFS value of 10.8 GHz, which is the predominant BFS in the fiber. More-
over, this value matches the BFS of the fiber in the first 20-km section from the input end
of the probe wave.

First of all, from the calculations in Fig. 4.7 it follows that adjusting the probe wave
frequencies taking into account just the BFS of a particular section of the fiber, which is
approximately equal to the effective length, is not enough to get rid of second-order NLE.
Indeed, the calculations show significant spectral distortion of the pump pulse spectra even

Figure 4.7: Brillouin interaction frequency response (a) for the system presented in [95]
using a probe power of -15 dBm (magenta), -5 dBm (cyan), 0 dBm (red) and 5 dBm (green)
and (b) using the FM technique presented in [48] when the probe levels are 0 dBm (red), 5
dBm (green), 12 dBm (blue) and 15 dBm (black).
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at moderate probe powers. Secondly, the calculations in Fig. 4.7 also highlight that the
technique that introduces a FM of the probe waves is more tolerant to BFS variations of
the fiber than the method using probe waves with constant frequency spacing: at equal
probe waves power level the amplitude of the spectral distortion is much smaller. In this
way, for a distortion of the same order of magnitude, probe power levels up to 10 dB
larger can be used with the FM method. As explained before, this advantage is due to the
spreading of the interaction upon the pump pulse into a larger frequency region, which in
turn reduces the distortion experienced by the pulse.

4.3.2 Second-order non-local effects mitigation by tracking the BFS of
the fiber

In this section a novel method to solve the constraint on probe wave power imposed
by the non-uniformity of the BFS along the fiber link in BOTDA sensors that compensate
second-order NLE is introduced. This research work is an important part of the thesis of
a colleague, Juanjo, work in which I cooperated. The fundamentals of the BFS tracking
technique are schematically depicted in Fig. 4.8. The method is based on dynamically
tuning the optical frequency of the probe wave, so that the BFS changes along the sensing
fiber can be tracked. This is achieved by introducing an additional optical FM to the probe
waves, as depicted in the figure. In this example the tracking of the BFS is combined
with the FM method. However, note that this method can be used in all the previously
presented techniques to mitigate second-order NLE [49, 96]. As explained before, these
BOTDA sensors use the Brillouin interaction not only for monitoring purposes but also to
compensate second-order NLE. Consequently, both systems should track the BFS profile

Figure 4.8: Schematic of the fundamentals of the technique for compensation of BFS
changes along the fiber in a BOTDA setups that uses frequency modulation of the probe
wave optical frequency to mitigate second-order NLE. An example scenario in a fiber with
two sections having different BFS is depicted. A frequency offset is added to the optical
frequency modulation of the probe wave so as to make the central frequency of the probe
wave match the BFS at each location.
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to properly correct these changes in the BFS, and hence, obtain a negligible response given
by the Brillouin interaction over the pump pulse spectrum.

As it can be observed in Fig. 4.8, a frequency shift is added to the probe wave optical
FM. In order to be effective, 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. There-
fore, the gain and loss spectra induced by both probe waves on the pump pulse frequencies
cancel out at each section of the fiber, and hence, the spectral distortion of the pump pulse
due to second-order NLE that was analyzed above is avoided.

It is worth mentioning that the BFS tracking of the fiber just described does not need
to be very precise or very fast. It is sufficient to adapt to changes in the average BFS
profile of the different sections of the fiber. This is because minor deviations of the local
BFS in small sections of fiber are not very significant, considering that their contribution
to the total integrated gain and loss affecting the pulse as crosses the fiber is going to be
small. In other words, it is enough to have an approximate BFS profile of the sensing
fiber. A profile that can be extracted from the measurements that the BOTDA sensor 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 experimental results. Moreover,
the technique can work both in the case of sudden changes in the BFS profile due to the
use of different types of concatenated fibers, as well as with slow variations of the average
BFS of the fiber link due to environmental or cabling effects.

The experimental work performed to demonstrate the capabilities of the presented
technique is introduced below.

4.3.3 Experimental setup

In order to evaluate the potential of the technique, the experimental setup depicted in
Fig. 4.9 was assembled. The output of a distributed feedback (DFB) laser was divided by a
coupler into two branches to generate the pump and probe waves. In the upper branch, so as
to generate the pump pulse wave, the output of the coupler was pulsed by a semiconductor
optical amplifier (SOA) driven by an AWG. Then, the pump pulse was boosted to a
peak of 19 dBm using an EDFA, and its state of polarization was randomized with a
polarization scrambler (PS) before being launched into the sensing fiber via a circulator.

Figure 4.9: Experimental setup for the BOTDA sensor based on tracking the BFS with
frequency modulation of the probe wave.

In the lower branch, a dual-probe wave was generated using a MZ-EOM that was
biased at minimum transmission to generate a double sideband suppressed-carrier signal.
The MZ-EOM was driven by the AWG, which provides a microwave signal with a saw-tooth
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FM centered at 10.8 GHz and with a peak-to-peak deviation of 300 MHz. In addition, the
AWG provides a synchronization between the electrical pulse used to generate the pump
pulse wave and the FM of the microwave signal, so that the pump pulses always interact
with the same instantaneous frequency at the same location of the fiber [49]. The power
of the probe waves was amplified by another EDFA before being injected into the sensing
fiber in a counter-propagate direction to the pump pulse. Finally, after the Brillouin
interaction of these probe waves with the pump pulse, they were directed to a fiber Bragg
grating (FBG) via a circulator in order to filter out the upper-frequency probe, and the
remaining lower-frequency probe was detected by a photo-detector, which was connected
to an oscilloscope.

4.3.4 Experimental validation of the technique

In order to analyze the detrimental effect that a non-uniform BFS profile of the sens-
ing fiber has on the compensation of second-order NLE, a 120-km standard single-mode
fiber (ITU G.652) composed of segments with different BFS was deployed in the setup of
Fig. 4.9. In addition, the setup was also used to demonstrate the capabilities of the pro-
posed tracking technique to overcome second-order NLE in fibers with non-uniform BFS
profiles. Figure 4.10 depicts 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 one) was around 17 MHz, while the de-
viation between the second and third one (this one with 20-km length) was a bit larger,
approximately 46 MHz. This measurement was performed using the setup in Fig. 4.9 with-
out adding the BFS tracking. The probe power was 12 dBm (9 dBm per sideband) and
long duration pulses of 200 ns were used, because, as explained before, it is sufficient to
measure the evolution of the average BFS along the fiber. During the measurement, the
last 20 km of the fiber were kept in a climatic chamber at constant temperature.

Figure 4.10: Measured BFS distribution along the fiber.

Once the BFS of the different fiber sections were measured, the optical frequency re-
sponse experienced by the pump wave as a result of its interaction with the probe waves was
characterized. In order to perform this measurement we devised the experimental setup in
Fig. 4.11, which is a modification of that in Fig. 4.9. The idea is to deploy the technique for
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optical transfer function measurement based on the use of optical single-sideband (OSSB)
modulation [105]. For that purpose, the upper branch of the setup in Fig. 4.9 was modified
to generate a OSSB signal whose sideband could be tuned in the range of frequencies of
the pump pulse. Then, this OSSB signal was counter-propagated with the probe waves
so as to make the sideband experienced the same transfer function that the pump pulse
would experience. Finally, the OSSB signal was extracted at the far end of the fiber using
a circulator and detected in a microwave bandwidth photodetector, which translated the
optical transfer function from the optical to the electrical domain [105]. In addition, a
20-GHz electrical vector network analyzer (VNA) was used to scan the frequency of the
OSSB sideband and measure the optical transfer function.

The method to derive the OSSB from the laser in Fig. 4.11 used first a MZ-EOM biased
at minimum transmission and driven by a radio-frequency (RF) generator at 10 GHz
to generate a double-sideband suppressed-carrier signal. The lower-frequency sideband
was later removed using and optical filter (OF), which left a single spectral component
that became the optical carrier of the OSSB and was spaced 10-GHz from the pump
central frequency. Then this optical carrier was fed to an optical single-sideband modulator
(OSSB-EOM), which was based on a MZ-EOM with two RF electrodes driven using a 90◦

hybrid coupler [106]. The OSSB-EOM was 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.

Figure 4.11: Experimental setup used in order to characterize the optical frequency response
of the Brillouin interaction that the pump wave spectrum experiences.

Figure 4.12 depicts the distortion of the frequency transfer function that the pump
pulse experienced due to its interaction with the probe waves, measured using the OSSB
method, for increasing probe power levels. It can be clearly observed that as the probe
power raises, 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. (4.4), showing good agreement in shape, despite some
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Figure 4.12: Measured Brillouin interaction frequency response over the pump pulse when
the probe wave is 0 dbm (red), 5 dBm (green) and 15 dBm measurement (solid blue). Also
shown (dashed blue) are calculations using Eq. 4.4 and 15-dBm probe wave.

small differences attributable to the SpBS generated over the OSSB signal frequencies
by the counter-propagating continuous probe waves. It is important to point out that
the frequency separation of the gain and loss peaks in Fig. 4.12 equals the peak-to-peak
frequency deviation of the FM introduced to the probe wave. In addition, the frequencies
of the two lobes of each peak can be directly related to the difference between the central
frequency of the frequency modulated probe waves and the BFS of the different sections
of the fiber.

The distortion of the optical transfer function experienced by the pump pulse due
to its interaction with the probe waves results in a distortion of the temporal shape of
the pulses. This is highlighted in Fig. 4.13, where the temporal shape of 20-ns pulses is
displayed. These pulses were measured at the output of the fiber in the setup of Fig. 4.9,
when different probe wave power levels were employed. It can be observed that for a probe
wave power lower than 12 dBm the pulse shape does not experience nearly any distortion.
Whereas for a larger probe power level, the shape of the pulses starts to experience some
distortion. For instance, for a 12-dBm probe wave power a ripple of around 11% of the

Figure 4.13: 20 ns pump pulses at the output of the fiber when the probe wave power is
0 dBm (red), 3 dBm (green), 6 dBm (blue), 9 dBm (black), 12 dBm (cyan) and 15 dBm
(magenta).
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pulse amplitude appears on the top of the pulse. Moreover, as can be seen, when the probe
power is raised to 15 dBm this ripple is increased to a variation of 53% of the 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 was studied, to analyze the performance of the BFS tracking technique,
distributed temperature measurements were performed. For that purpose, the first step was
to measure the average BFS profile of the sensing fiber, which has been already displayed
in Fig. 4.10. Afterward, the measured BFS profile was 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. 4.8. Finally, distributed measurements of the BFS
of the fiber were performed using 30-ns pump pulses, which corresponds to approximately
3-m spatial resolution, and a probe power of 15 dBm. Note that this probe wave power
was found to be the maximum tolerable value imposed by the Brillouin threshold of the
fiber.

Figure 4.14 shows the measured BFS along the fiber when the BFS tracking technique
was applied. Note that this is a "virtual" BFS, since to obtain the real BFS it is mandatory
to subtract the frequency offset added to the probe wave modulation at each position of
the fiber (for the different fiber sections). In addition, as it can be observed, the BFS is not
completely flat in Fig. 4.14, this is because only the last 20 km of the sensing fiber were kept
inside a climate chamber during measurements. Therefore, the first 100 km were exposed
to laboratory temperature variations between the initial measurement of the average BFS
in Fig. 4.10 and the measurements with tracking in Fig. 4.14. This fact explains that the
BFS of the first 100 km is slightly offset from the expected 10.8 GHz value. Nevertheless, in
a real application of the system, the BFS tracking would be continuously in operation using
previous measurement results, so that the BFS variation would be perfectly compensated.

Figure 4.14: Measured "virtual" BFS profile along the fiber when the BFS tracking method
is deployed.

Figure 4.15 depicts the obtained temporal shape of the pump pulses of 20 ns duration
after counter-propagate along the whole fiber with different probe wave power levels, when
the BFS tracking technique is applied. It can be observed that for a lower probe power than
15 dBm there is negligible pulse distortion, while for a probe power of 15 dBm a small ripple
of around 11% appears. This small distortion, which does not impair the measurements,
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is due to the residual variation of the BFS that can be observed in Fig. 4.14. Nevertheless,
as explained before, it would be completely suppressed in a system with a continuous
BFS tracking. In addition, it can be appreciated that unlike the measurements without
tracking the BFS of the fiber, in this case the fall edge of the pulse preserves its original
shape. Therefore, the improvement obtained with the proposed technique can be seen in
the reduction of the pulse distortion by a factor of 4.8 times in relation to the distortion
obtained when the tracking technique is not applied.

Figure 4.15: 20 ns pulses at the output of the fiber when probe wave is 0 dBm (red), 3 dBm
(green), 6 dBm (blue), 9 dBm (black), 12 dBm (cyan) and 15 dBm (magenta).

Finally, in order to evaluate the precision of the system, a series of 18 consecutive
measurements for stable temperature conditions of the last 20 km of the sensing fiber were
performed. Figure 4.16 highlights the precision along the sensing fiber calculated from the
standard deviation of those measurements at each location. From these measurements,
an approx. 2-MHz (1σ) precision was obtained at the worst-contrast position. All these
measurements were performed with 1024 averages of the BOTDA traces.

Figure 4.16: Precision of the BFS measurement obtained along the fiber.
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4.4 Mitigation of non-local effects due to pump pulse extinc-
tion ratio by dithering of the optical source

As explained in chapter 3, an important factor limiting the performance of long-range
BOTDA sensors is the pedestal or leakage of the pump pulses. To better understand the
work that will be presented below, we will briefly summarize the concept of the origin of
the constraints that were discussed in chapter 3. As it was explained, any device used
to shape the pump pulses has a limited ER, and hence, in addition to the pulse, there is
a continuous wave (CW) pump power that leaks and counter-propagates with the probe
wave. That is to say, the pump pulse is on top of a CW, the pedestal of the pump wave.

As explained in chapter 3, the origin of the constraints imposed by the limited ER
pump pulses is the extra amplification experienced by the probe wave due to its Brillouin
interaction with the pedestal of the pump wave. First of all, as noted in section 3.3, this
additional gain limits the amplitude of the probe wave that can be detected and processed
in detection. This leads to an effective reduction of the SNR, because the full-scale dynamic
range of the analog-to-digital converter within the signal acquisition device is largely wasted
with a detected signal larger than the signal of interest; hence increasing the quantization
noise. In addition, this is a gain that is not useful for sensing, because the measured gain
spectrum due to the interaction of the pulse and probe for a particular location in the fiber
is the Brillouin gain spectrum for that location on top of another spectrum that is due to
the pedestal with probe interaction integrated along the fiber. And despite the fact that
in principle the Brillouin gain spectrum can be obtained by normalizing the measurements
by the spectrum measured with no pulse in the fiber, it has been shown that the additional
gain in the probe wave degrades the precision of the BFS measurement [45].

Besides these constraints, the pedestal of the pump wave increases the onset of the
depletion of the pump pulse. This is due to the fact that the pump pulse meets a higher
power probe wave along the fiber, and hence, the energy transfer from the pump pulse to
the probe is larger, increasing the depletion of the pulse. Moreover, as explained in detail in
section 3.4, the presence of the pump pulse pedestal causes the onset of two additional NLE.
The first one originates in the extra depletion of the trailing pedestal of the pump pulse.
This effect is due to the fact that the trailing pedestal interacts with a probe wavefront that
has been previously amplified by the pulse. Therefore, the trailing pedestal experiences
an increased depletion, because more energy is transfered from the pedestal of the pump
wave to the higher power probe. This consequently implies a reduced amplification of the
probe wave, and hence, the normalization process by the gain measured without pulse in
the fiber cannot be properly performed, leading to measurement errors. The second effect
is due to the transient response of the EDFAs that are normally deployed to amplify the
pump wave. The EDFA modifies the pedestal that follows the pulse in such a way that it
also leads to a distortion of the measured gain spectra after normalization. As explained
in chapter 3, in order to prevent the onset of these effects, a large ER pump pulse (greater
than 43 dB if a technique for mitigation of second-order NLE is deployed) is required.

Therefore, there is a clear need to relax the requirements on ER of the devices used for
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generating the pump pulses. In this section, we introduce the benefits of the dithering of
the optical source technique used to generate the pump and probe waves to alleviate the
impairments brought by the limited ER of the pulses. As explained in section 4.2.1, by
direct modulation of the injection current of a laser, a modulation of the output optical
signal wavelength via chirp of the laser is induced. This modulation can be generated for
instance using a sinusoidal wave signal generator, which is synchronized to the pump pulse
generator. It has been previously shown that with this method it is possible to generate
a sort of virtual BFS profile along the fiber, which, increases the tolerance of the sensor
to NLE. Moreover, when this technique is applied to a BOTDA sensor with limited ER
pulses, the effect is to reduce the Brillouin gain provided by the pedestal of the pump pulse
to the probe wave.

Figure 4.17 shows the theoretical fundamentals of the technique, whose operation is
similar, in principle, to the interaction between pump and probe waves in Brillouin optical
correlation-domain analysis sensors [15]. As it can be observed, the pedestal of the pump
pulse and the probe wave have their wavelengths modulated with the same sinusoidal
shape. When these two waves counter-propagate in the fiber, their wavelength difference
is correlated just at certain locations in the fiber (correlation peaks). In other words,
each of the probe wavefronts have a maximum Brillouin interaction with the pedestal of
the pump wave just at certain locations of the fiber, specifically in those in which the
frequency detuning between the probe wavefront and the pump pedestal equals the BFS.
These correlation peaks are spaced by a distance equal to:

Cpeaks =
νg

2fm
4.5

where νg is the group velocity of light in the fiber and fm is the wavelength modula-
tion frequency. At all other locations in the fiber the pedestal and the probe wavefronts
become uncorrelated, thus reducing the energy transfer between both waves via Brillouin
interaction.

Figure 4.17: Theoretical explanation of the probe-pump uncorrelated interaction in an op-
tical source dithering technique.

In this way, the parasitic gain provided to the probe wave by the pump wave pedestal is
greatly reduced. Therefore, the full-scale dynamic range of the analog-to-digital converter is
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reduced, improving the SNR of the sensor. In addition, as the probe wave is less amplified,
the pulse depletion is also reduced. First, because, as previously explained in section 4.2.3,
the depletion of the pulse power spreads into several scanning frequencies, and second,
because the probe wave power with which the pulse interacts is lower. Not only the
pulse depletion is diminished, but also the impairments induced by the depletion of the
pedestal are overcome. This is due to the fact that the depletion of the trailing pedestal
is decreased, and additionally, because the gain induced by the pedestal is smaller, and
hence, its consequences are reduced. Even more, considering that the total Brillouin gain
contribution of the pedestal is diminished, the deleterious effects of the EDFA transients
are also ameliorated. In summary, the detrimental effects caused by the limited ER pump
pulses described above are considerably lessened, as it will be highlighted with experimental
results in next sections.

4.4.1 Experimental setup

Figure 4.18 depicts the dual-probe BOTDA setup that was assembled to experimentally
demonstrate the compensation of the impairments caused by the limited ER of the pump
pulses.

Figure 4.18: Experimental setup deployed to demonstrate the capabilities of the presented
technique.

The optical source was a DFB laser at 1560-nm whose injection current was modulated
by a 80-kHz sinusoid from a signal generator that was synchronized to the pulse generator.
Once the optical signal was modulated, it was divided by a coupler into two branches. In
the upper branch, the pulses were generated in an electrical pulse generator that drove
by either a MZ-EOM or a SOA switch. The SOA was deployed to provide pulses with a
high ER of around 45 dB. The MZ-EOM was used to generate pulses with 26-dB ER by
adjusting its bias point and the amplitude of the electrical pulsed signal driving the device.
These pulses where then amplified in an EDFA, filtered to reduce the amplified spontaneous
emission, and directed to a PS before launching them into the sensing fiber. The pump
peak power was limited to 20-dBm in order to avoid MI effects in the fiber [37], and the
pulse duration was set to 20-ns, corresponding to approximately 2-m spatial resolution.

In the lower branch of the setup, the probe wave was generated using another MZ-EOM
driven by a RF generator that provided frequencies close to the BFS of the fiber. This
modulator was biased for minimum transmission so as to generate a double-sideband
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suppressed-carrier modulation. In this way a dual-probe wave power of -3 dBm per side-
band, which is the limit for the onset of significant second-order NLE [33], was injected
into the fiber. Note that this is a conventional dual-probe BOTDA setup with the only
addition of the chirp modulation of the optical source. Before the detector, a tunable
narrow-band FBG was used to retain just the highest wavelength probe wave. Finally, in
these proof-of-concept experiments, two different standard single-mode (ITU G.652) fiber
spools of 5-km and 20-km length with a fairly uniform BFS distribution but slightly dif-
ferent Brillouin gain coefficient were deployed as sensing fiber. In addition, two hotspots
were prepared along the fiber under test (FUT) using a climatic chamber: one after the
first spool and the other at the end of the link.

4.4.2 Experimental validation of the technique

Experimental measurements were performed to demonstrate the capabilities of the op-
tical source modulation technique to overcome the impairments caused by the limited ER
of the pump pulses in BOTDA sensors. In order to demonstrate the compensation of the
distortion caused by the pedestal depletion and the constraints induced by the transient re-
sponse of the EDFAs, two different EDFAs were deployed for the amplification of the pump
pulses. The used EDFAs are two of the EDFAs presented in section 3.4.5. Specifically, the
used EDFA to demonstrate the solution to the pedestal depletion induced impairments,
EDFA I, was the special amplifier designed for pulse amplification with almost no distor-
tion (EDFA III in section 3.4.5), and the second one, EDFA II (MPB Communications
Inc., EDFA I in section 3.4.5), was used to demonstrate how the technique overcomes the
constraints induced by the transient response of EDFAs.

Figure 4.19 depicts the enhancement in deleterious effects induced by the limited ER
pulses brought by the presented technique. The figure compares measured BOTDA traces
with a 26-dB ER pump pulses, i.e., probe wave signal as a function of time or distance,
with and without optical source dithering. The detected probe wave without pump wave
in the fiber is also shown for comparison purposes. As it can be seen, the trace for the

Figure 4.19: BOTDA signal measured for the BFS in a conventional setup (green), for the
setup with dithering of the optical source (blue) and, finally, received probe wave without
pump wave in the fiber (red).
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conventional BOTDA is flat before the pulse enters the fiber, then the probe gain can be
observed at every position due to the interaction with the pump pulse and finally, there is
a non-flat response due to the pedestal depletion. In the flat area, before the pulse is in
the fiber, the increased amplitude of the probe wave, compared with the response with no
pulse in the fiber, is just due to the gain of the probe caused by the Brillouin interaction
with the pulse pedestal. Note that this gain is much larger than the gain due to the pulse
interaction, which, as it was explained before, leads to errors in the measurement. Finally,
the trace once the optical source dithering is turned on is also highlighted. It can be
observed that the Brillouin gain in the area without pulse in the fiber is greatly reduced.

It is worth mentioning that the BOTDA trace before arriving the pulse is no longer flat
for the optical source dithering technique, but displays an oscillatory behavior. The reason
is that we are seeing the gain experienced by the probe wavefronts when meets the pump
pedestal wave with a variable wavelength difference. In addition, note that the MZ-EOM
presents a non-flat frequency response, so that for different frequencies the optical power
output of the modulator is slightly different. As a consequence, the Brillouin spectra are
revealed once the gain due to the pulse pedestal and the power response of the modulator
power response are subtracted from the traces.

The relaxation of ER requirements brought by the application of the presented tech-
nique can be quantified by the reduction in probe gain, gprobe, due to the Brillouin inter-
action with the pedestal, which is given by:

gprobe = exp

(
gB
Aeff

PpedLeff

)
4.6

where gB is the Brillouin gain coefficient, Pped is the pump pulse pedestal optical power
and Leff = (1 − exp(−αL))/α, with α the attenuation of the fiber and L the length of
the FUT. Using Eq. (4.6), we can find the equivalent enhancement in ER that would
be associated to the reduction in probe gain that the optical source dithering technique
implies. In this particular experiment, the probe gain was reduced by a factor equivalent
to at least 6.2-dB enhancement in the ER of the MZ-EOM.

As can be seen in Fig. 4.19, the necessary full-range scale of the analog-to-digital
converter signal acquisition device is reduced; hence decreasing the quantization noise.
Furthermore, in the research work performed by a colleague, Jon, work in which I cooper-
ated, we studied another benefits of the technique regarding the impairments brought by
the limited ER pump pulses. First, the negative effects due to the depletion of the pump
pulse were investigated. Figure 4.20(a) shows the received pump pulses at the far end of
the FUT when no modulation was applied to the light source. From these measurements,
the pump pulse depletion factor when EDFA I and EDFA II were deployed to amplify
the pump pulses was measured to be around 10%. The pulse with no probe in the fiber
was used as a reference to calculate the depletion factor of the pulses. On the contrary,
Fig. 4.20(b) also depicts the pulses at the far end of the fiber, but in this case when the
optical FM of the laser is turned on. The measured depletion factor of the pulses was
reduced to approximately 1%, demonstrating the capabilities of the technique to overcome
first-order NLE induced by the limited ER of the pulse. In this way, as shown in Fig. 4.20,
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since the probe amplification due to the pedestal is reduced, the depletion of the pump
pulse is mitigated.

Figure 4.20: Obtained optical pump pulses at the far end of the fiber deployed, when there
is no probe in the fiber, and with probe wave using EDFA I and EDFA II to amplify the
pump wave: (a) when the dithering of the optical source is off and (b) with the dithering
turn on.

Figure 4.21 highlights the potential of the technique to overcome the detrimental effects
caused by the pedestal depletion (in these measurements we used EDFA I to amplify
the pump wave). Figure 4.21(a) depicts the distortion of the probe gain profile due to
its interaction with the depleted pump pedestal, by comparing the Brillouin gain profile
measured using the MZ-EOM to shape the pulses with the one obtained using the SOA.
Note that the latter has a high ER and consequently the measured BOTDA trace does
not present any significant distortion, so that will be used as a reference measurement.
However, the BOTDA traces obtained using a MZ-EOM that generates 26-dB ER pump
pulses are distorted. In this way, when using EDFA I to amplify the pump wave, the
BOTDA trace shape is slightly deformed due to the pump pulse pedestal depletion effect
studied in section 3.4.

Figure 4.21(b) highlights the compensation of the distortion suffered on the Brillouin
probe gain profile when the optical source dithering technique is applied. First of all,
note that the measured Brillouin probe gain when using the dithering technique presents
an oscillatory response. This is due to the the fact that, as explained before, the probe
wave is composed of several different frequencies following the FM shape introduced to the
laser source. Therefore, each wavefront has a different frequency detuning regarding the
pump pulse, and hence, the probe gain is also different. As explained before, once all the
measurements are detected, in order to recover the Brillouin gain profile, this effect must
be compensated by reordering the acquired data.

As seen in the figure, the detected probe gain profile shows a similar shape when low and
high ER pump pulses are deployed. In addition, note that the Brillouin gain level obtained
with high ER pump pulses (with the SOA) when the dithering of the optical source is
turned off is of the order of the gain measured when the dithering source is turned on.
Besides, it can be seen that the fall to negative normalized gain after the pulse has left
the fiber (at L = 25 km) that can be observed in Fig. 4.21(a) has been normalized to a
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Figure 4.21: BOTDA trace for different ER values of the pump pulse wave when EDFA I
is deployed, (a) when the dithering of the optical source is turned off and (b) for a high ER
without FM of the optical source and high and low ER with the dithering turned on.

flat response in the measurements shown in Fig. 4.21(b). This proves that the dithering
technique is capable of overcoming the pedestal depletion induced distortions.

Besides that, Fig. 4.22 shows the potential of the technique to greatly ameliorate the
detrimental effects caused by either the pedestal depletion and the EDFA transient response
induced pedestal deformation (for these measurements we used EDFA II to amplify the
pulsed pump wave). Figure 4.22(a) depicts the distortion of the probe gain profile due to
both effects, the one due to its interaction with the depleted pump pedestal and the effect
caused by the EDFA transient response when amplifies low ER pulsed signals. Again,
the Brillouin gain profile measured using the SOA to shape the pulses is also shown for
comparison purposes. As can be observed, the BOTDA traces obtained using a MZ-EOM
that generates 26-dB ER pump pulses are severely distorted. In this way, when EDFA II is
deployed for amplification, a large distortion of the probe gain is introduced, which is due
to the pump pedestal depletion and the EDFA transient response effects (see section 3.4).

Figure 4.22(b) highlights the compensation of the distortion suffered on the Brillouin
probe gain profile along the fiber when the optical source dithering technique is applied.
As seen, the detected probe gain profile shows a similar level when low and high ER pump
pulses are deployed. Besides, it can be seen that the abrupt fall to negative normalized
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Figure 4.22: BOTDA trace shape due to pump pedestal depletion and due to EDFA transient
response for different pump pulse ER values, (a) when the dithering of the optical source
is turned off and (b) for a high ER without FM of the optical source and high and low ER
with the dithering turned on.

gains after the pulse has left the fiber (at L = 25 km) that are portrayed in Fig. 4.22(a)
has been improved and presents a nearly flat response in these measurements. This proves
the capability of the dithering technique to overcome the pedestal depletion and also the
EDFA transient response induced impairments. Therefore, confirming the compensation
of all NLE even for a limited ER pump pulse.

Finally, in order to quantify the BFS measurement error compensation in BOTDA
sensors brought by this technique, distributed temperature measurements were performed.
For that purpose two hotspots were prepared with a fixed temperature by a climatic cham-
ber at 10◦ C of difference from the rest of the fiber, which was also controlled by another
climatic chamber. Figure 4.23 shows the resultant BFS distribution along the two hotspots
when EDFA I was deployed to amplify the pump pulses. As it is observed, the error with
respect to the reference measurement performed with the SOA is negligible in the first
hotspot, whereas for the second hotspot at the far end of the FUT the BFS error becomes
significant. Reaching up to 4 MHz error for a conventional dual-probe BOTDA with a
limited pump pulse ER of 26 dB. However, as expected, this error is compensated when
the FM of the optical source is turned on.

In order to demonstrate the improvement of the impairments brought by the EDFA
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Figure 4.23: Calculated BFS as a function of distance for an ER of 45 dB, and for a low
ER of 26 dB with and without the dithering of the laser turned on: (a) at a distance of
5 km and (b) at the end of the fiber.

transient response effects, we performed the same distributed measurements but, in this
case, using EDFA II to amplify the pulsed wave. Figure 4.24(a) and 4.24(b) depict the
measured BFS distribution at the two hotspots along the link. As can be seen, in this case
a very significant BFS error is introduced even at the first kilometers of the fiber. Partic-
ularly, the measurement error in the first hotspot when using a conventional dual-probe
BOTDA with a limited pump pulse ER of 26 dB raises up to 5.5 MHz, and to 11 MHz at
the end of the FUT. Nevertheless, as it is depicted with blue color line, the measurement
errors are compensated to a great extent when the optical source modulation is applied,
demonstrating the validity of this technique to ameliorate the constraints induced by both
detrimental effects.

Figure 4.24: Resultant BFS along the hotspots deployed using the EDFA II: (a) hotspot I
(b) hotspot II.

4.5 Conclusions

In this chapter, the capabilities of the BOTDA sensor based on the synthesis of a virtual
BFS profile along the sensing fiber to overcome the various NLE have been introduced. To
achieve this virtual BFS, the technique is based on introducing a modulation or “dither-
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ing” to the optical frequency of the probe waves. This technique has been theoretically
studied and proof-of-concept experiments have been performed to demonstrate its benefits
to solve one of the main constraints on the performance of BOTDA sensors, i.e., the NLE.
We have demonstrated that this technique is able to overcome the pump pulse depletion,
second-order NLE and reaching a significant reduction of ER-related impairments. There-
fore, the method for probe optical FM or dithering provides a comprehensive solution to
most of these issues. In addition, its use allows BOTDA configurations to deploy a probe
wave power above the Brillouin threshold of the fiber. All this with very little complexity
added to the conventional dual-probe BOTDA setup.

It is worth mentioning that in order to overcome all the impairments brought by the
limited ER of the pump pulses, it is mandatory not only to modulate in frequency the
probe wave but also the pump wave. Otherwise, the pulse pedestal would be composed of
a single frequency. And, as a result, the Brillouin gain received by each probe wavefront
with a frequency detuning equal to the BFS of the fiber, would be exactly the same than in
a conventional BOTDA sensor. Which, in turn, would increase the quantization noise, and
reproduce the same impairments due to the EDFA transient response than in a conventional
BOTDA setup. However, the constraints generated by both the depletion of the pulse and
the pedestal depletion would be clearly improved.

In addition, we identified the factor that constrains the performance of all currently
available second-order NLE compensation methods: the inability of those methods to
cope with variations of the BFS profile along the fiber. This is a limitation that restricts
real world applications of long-range BOTDA sensors. Considering that in real-world
field-application scenarios a variety of fibers with different BFS and subjected to different
environmental conditions are typically deployed. We have demonstrated that indeed, this
was the limiting factor by developing a theoretical model for the pump pulse distortion due
to the interaction with the probe waves. A model that has been verified experimentally.

Additionally, we have presented a new technique that makes BOTDA sensors to com-
pletely compensate second-order NLE by adding an optical FM 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
technique pushes this limit to higher powers than in standard BOTDA setups. Using this
BOTDA setup, we have proved that it is possible to deploy a probe wave up to 15 dBm,
which, to the best of our knowledge, is the largest probe power ever injected in a long-range
BOTDA setup.

Therefore, to our knowledge, the FM technique is the only one capable to overcome
all known NLE in BOTDA sensors, and also overtake the Brillouin threshold limit of the
fiber. This, in turn, allows to use a higher probe wave power level, and hence, obtain an
improvement in the SNR. 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. Moreover, the FM technique can
provide side benefits such as the amplification of the pump pulses [55], SNR improvement
by the addition of gain and loss processes in a dual-probe BOTDA [107] and enhancement
of SNR in pulse coding BOTDA.
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In summary, the FM has been shown to be an important contribution to long-range
BOTDA sensors and a simple solution to BOTDA sensors that deploy EOMs to shape
the pulses. The MZ-EOM facilitates the high-spatial-resolution measurements using the
differential pulse-width pair technique [108]. It is of paramount importance the research
work focused to overcome NLE, specially in those sensors that make use of coding tech-
niques. Therefore, in the next chapter, the research will be focused on investigating the
significance of the dithering technique in BOTDA systems deploying pump pulse coding.
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5.1 Introduction

The scope of Brillouin optical time-domain analysis (BOTDA) sensors, covers a wide
range of structural health monitoring applications, such as the monitoring of oil

and gas pipelines, assessment of high voltage cables and railway inspection. Several of
these applications require a large sensing range, even reaching up to hundreds of kilome-
ters. However, as noted before, the sensing range of BOTDA sensors is limited by the
signal-to-noise ratio (SNR) at the receiver, which is ultimately limited by the maximum
pump and probe waves power that can be deployed in the fiber. As explained in the previ-
ous chapters, this maximum optical power, in turn, is constrained by the onset of several
non-local and non-linear effects that distort the measurements. Thus, the sensing range
of BOTDA sensors is fundamentally limited by the attenuation suffered by the pump and
probe waves along the optical fiber, which eventually makes the measured signal to be too
small to be properly detected with the required SNR.

In chapter 1, more specifically in section 1.5.4, we introduced several techniques to
enhance the SNR of the sensor. Among them, we could highlight the use of the different
coding methods. In this chapter, a significant contribution to the study and improvement
of coded pump wave BOTDA sensors is presented. The chapter begins with an explanation
of the theoretical fundamentals of coding techniques. Then, we demonstrate a BOTDA
sensor that combines two different techniques to enhance the SNR of the analyzer: the use
of probe-dithering, which has been introduced in detail in chapter 4, and mono-color cyclic
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coding. As noted in chapter 4, the use of a probe-dithered BOTDA sensor allows to inject
a larger probe wave power in the fiber, increasing the SNR of the sensor. In addition,
the use of mono-color cycling coding, with its associated coding gain, further increases
the performance of the sensor in terms of SNR. However, as higher power levels are used,
several limitations related to pump pulse coding become significant. These constraints
of coding techniques applied to BOTDA sensors are also theoretically and experimentally
analyzed in this chapter. Specifically, we study the distortion in the decoding process, and
the errors in the measurement that this distortion introduces, due to three factors: the
power difference of the successive pulses of a sequence, the onset of pump pulse depletion
due to first-order non-local effects and the non-linear amplification of the probe wave that
results when using mono-color cyclic coding. Finally, the results of this analysis is deployed
to demonstrate an improved long-range BOTDA setup.

5.2 Optical pulse coding techniques in BOTDA sensors

As mentioned in chapter 1, in a BOTDA sensor there is a trade-off between SNR and
spatial resolution, as well as between SNR and measurement time (consider that increasing
the number of averages, and in consequence the measurement time, enhances the SNR).
Any increase in the SNR at the receiver entails an improvement of the performance of the
BOTDA sensor, which in turn can be used to extend the measurement range, to enhance
the spatial resolution and/or to reduce the measurement time.

One of the most widely used approaches to enhance the SNR of the BOTDA sensor
is the use of optical pulse coding [109]. This improvement is due to the increased pump
energy in the fiber, without raising the peak power, and it does not compromise the spatial
resolution of the sensor. This is accomplished by injecting into the fiber a pump wave made
up by sequences of pulses with some particular properties instead of a single pulse. In a
way that allows to retrieve the Brillouin frequency shift (BFS) of the sensing fiber by using
a particular decoding process.

In recent years, different pulse coding techniques applied to BOTDA sensors have
been studied. These coding methods, which include complementary-correlation Golay
codes [110] and simplex coding [109, 58], cyclic coding [59], bipolar coding [89, 60] and color
coding [47, 111], have been proved to be useful for long sensing range BOTDA systems.
All of these coding techniques are characterized by different features and advantages in
terms of coding gain. In the following, the fundamentals of these methods are introduced.

Golay and Simplex pulse coding are based on the use of pulse sequences that follow a
specific criteria. In this way, the measured BOTDA traces match the linear combination
of the single pulse traces, each of which is delayed in time as a function of the used code
sequence itself. In order to retrieve the BFS of the fiber, a linear decoding process is
performed, following the specific code sequence used in the system. The BOTDA trace
obtained after decoding presents a significantly improved SNR compared to the single-pulse
measurement. This SNR increment given by the coding gain depends on the number of
bits of the used pulse sequence.

Cyclic coding is based on quasi-periodic Simplex bit sequences, and its main difference
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with simplex pulse coding is the required measurement time. Cyclic codes allow the use
of coding techniques in fast distributed measurements over several kilometers of fiber [59].
In this thesis, we have used mono-color cyclic coding, thus, in the following subsection a
detailed description of this technique is provided.

Bipolar codes use sequences comprised of bits of 1’s and -1’s, whereas the other coding
methods use unipolar codes, which are comprised of sequences of 1’s and 0’s (where 1
represents the presence of a pulse and 0 no pulse, that is, on/off intensity modulation of the
pump pulses). In bipolar coding, the 1’s elements of the code are pump pulses at frequencies
higher than the probe wave, inducing Brillouin gain on the probe wave, while the -1’s are
pump pulses at lower frequencies than the probe wave, inducing Brillouin loss on the probe
wave. Due to the double intensity contrast provided by bipolar codes, the influence of the
noise during the decoding process is reduced, and hence, there is an enhancement of the
coding gain of 3 dB in comparison with unipolar codes [89]. Nevertheless, this technique
has been shown to be negatively affected by pump pulse depletion [60], so that to reduce
this issue a complex BOTDA setup is necessary [60].

Color coding is based on the use of different frequencies in the generation of the pump
wave. Therefore, while in conventional coding techniques all the pulses of the code have
the same frequency, so that they could be denominated as mono-color coding, in color
coding each of the bits of the code represents a different frequency. In color coding,
the code length (LC) is equal to the number of discrete frequencies scanning the Brillouin
gain/loss spectrum (BGS/BLS). The different coding techniques presented (simplex, cyclic
and bipolar coding) can deploy a single frequency, which makes them mono-color coding,
or different frequencies, as for instance simplex color coding [111] or cyclic color coding [47].
It is worth mentioning that the coding gain is the same for the color coding method than
in its equivalent mono-color coding implementation. However, as the frequency detuning
between the probe and the successive pulses of a sequence is only close to the BFS for
certain pulses, the total gain provided by all the pulses is greatly reduced. This is the
main advantage of color coding.

5.2.1 Mono-color cyclic coding technique

Cyclic coding, as well as Simplex coding, uses optical codes derived from the Hadamard
matrix [109, 112]. A Hadamard matrix is a bipolar square matrix (whose entries are
either 1 or −1) that fulfills the property of having mutually orthogonal rows. Due to its
bipolar elements, it is not possible to use directly the Hadamard matrix in Simplex and
cyclic coding BOTDA systems, since both require unipolar codes. Therefore, to obtain
useful pulse sequences, Simplex and cyclic codes require a transformation of the Hadamard
matrix [112]. Note that as explained before, cyclic codes remain on quasi-periodic Simplex
bit codes, so that both coding implementations require the same transformation method:
a transformation that generates a matrix containing unipolar elements (1’s and 0’s) and
orthogonal rows, called S-matrix (Simplex-matrix). Each row of the S-matrix defines a
particular sequence of the codeword [109].

The S-matrix can be obtained from the Hadamard matrix by simply removing the first
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row and the first column of the Hadamard matrix, and then, replacing the 1’s by 0’s and
the -1’s by 1’s [112]. In this way, simplex and cyclic coding can be easily implemented in
BOTDA systems by simply turning on and off the optical device used to shape the pulses,
following the sequences of 1’s and 0’s defined in the S-matrix [59]. Eq. (5.1) represents an
example of a Simplex code matrix of order 3.

S3 =

 1 0 1

0 1 1

1 1 0

 5.1

The matrix in Eq. (5.1) can be used in a Simplex coding BOTDA as well as a in a cyclic
coding owing to the cyclic characteristics of the matrix. A matrix has cyclic properties,
when it is possible to generate all the rows of the matrix from a single one. In this way,
as shown in Fig. 5.1, each row of the matrix can be generated from the preceding row by
a circular shift of the first bit of the latter. In Simplex coding, we must generate as many
pulse sequences as rows have the matrix. Nevertheless, in cyclic coding, due to the cyclic
properties of the matrix, as highlighted in Fig. 5.1, we can generate all the sequences,
one for each row of the matrix, using a single sequence of bits of length 2LC − 1, that
in the particular example of the matrix represented in S3 is the following bit sequence:
{1 0 1 1 0}. Therefore, the measurement time is reduced in cyclic coding compared to
Simplex coding.

Figure 5.1: Generation process of a cyclic matrix from a particular bit sequence of length
2LC − 1.

A BOTDA sensor with cyclic coding uses a pump wave shaped by multiple pulses fol-
lowing the sequence of bits from which the entire Code matrix is generated. This sequence
must fulfill that all the pulses of a particular row of the matrix fill the entire fiber length.
In other words, when crossing the fiber, each of the wavefronts of the probe must interact
with the pulses referred to a certain row of the matrix, but never with any other additional
pulse. The probe interact with several pulses, so that the obtained BOTDA trace is the
result of the Brillouin gain of all the interactions. An illustration of the obtained BOTDA
trace at the receiver for a particular cyclic code of length LC = 7 (using the bit sequence
{1 1 0 1 0 0 1 1 1 0 1 0 0}) is depicted in Fig. 5.2.

As shown in the figure, the obtained coded BOTDA trace (black solid line) is the
combination of the Brillouin gain induced by the successive pulses of the sequence. The
dashed lines of different colors represents the gain of each of the pulses of the sequence
in an individual manner [113]. First of all, let’s consider each row of the code matrix as
an M bit pattern P = {P0, ..., PM−1} with Pj = 0 or 1 for j = 0, 1, ...,M − 1, and that
each row is the right-shifted copy of the previous one. Now, if we define H as the number
of acquired samples between two adjacent bits of the pattern (either 1’s or 0’s), the total
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Figure 5.2: Obtained BOTDA trace as a function of time when using a particular cyclic
code sequence of bits of length LC = 7.

samples, TS , of the received information needed to recover the BOTDA trace is determined
as TS = HxLC .

By using a further index i = 0, ..., (H − 1), we can define, on the one hand, y[i + jH]

as the array of the coded BOTDA acquired samples, and on the other, x[i + jH] as the
array of the single pulse BOTDA response samples to be decoded. In this way, j scans
the intervals of the successive bits of the pattern and i scans the whole samples within
each interval. From Fig. 5.2 it follows that each sample of the acquired data, y[i+ jH], is
due to the Brillouin contribution induced by the pulses launched in the j-th interval and
in the M − 1 previous ones. Therefore, the following relationship for x and y samples is
fulfilled [113]:

y[i+ jH] =
M−1∑
k=0

P|j−k|Mx[i+ kH] 5.2

For a particular i, Eq. (5.2) can be considered as a linear system ofM equations (one for
each j value) with a cyclic coefficient matrix. Therefore, once the coded BOTDA traces
are obtained, in order to recover the conventional single pulse BOTDA traces, we have
to apply the inverse Hadamard transform to the measured coded traces just like in the
conventional Simplex coding technique [114].

From the perspective of the noise of the system, x and y samples can be considered
as an uncorrelated random variables [113]. Therefore, the noise affecting the decoded x

samples is established by the system of the linear equations itself, i.e., by the inverse of the
cyclic code matrix. This gives rise to a coding gain equal to that obtained in the case of a
Simplex coding matrix [113]. The improvement of the SNR granted by both the Simplex
coding and cyclic coding techniques, i.e., its related coding gain, can be expressed as [114]:

Cgain =
LC + 1

2
√
LC

5.3

Figure 5.3 depicts the expected SNR enhancement in a Simplex and cyclic coding
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BOTDA sensor compared to a conventional single pulse BOTDA scheme, as a function of
the used LC .
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Figure 5.3: SNR enhancement in the BOTDA measurement as a function of the code length.

5.3 Fundamentals of the BOTDA sensor based on combining
mono-color cyclic coding and probe-dithering

After outlining the theoretical foundations of the coding techniques, the contribution
of this thesis in the form of a BOTDA sensor that combines probe-dithering (explained in
detail in chapter 4) and mono-color cyclic coding is presented. The fundamentals of the
BOTDA sensor are schematically described in Fig. 5.4, where the optical waves involved in
the technique are depicted. As it is highlighted in the figure, the optical frequency of the
probe waves is modulated following a saw-tooth shape [55]. Additionally, this frequency
modulation (FM) is synchronized to the pump pulses so that a pulse sequence experiences
the same wavelength of the probe waves at any given location. In this setup, as explained
in chapter 4, first-order and and second-order non-local effects [33] are prevented because

Figure 5.4: Fundamentals of the technique
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the FM of the probe waves makes the Brillouin interaction upon the optical pulse to spread
over a large frequency range. Moreover, the FM increases the Brillouin threshold limit of
the fiber. Therefore, a very large probe power can be deployed in the sensing fiber in order
to enhance the SNR in detection.

In order to further increase the SNR, we combine the probe-dithering technique with
mono-color cyclic coding. For this purpose, we introduce a code based on a circulant
matrix of dimension Lc, with Lc a prime number [47]. The code is generated following the
recurrence equation for an integer n:

{
u1 = 0

un+1 = (un + n) mod Lc
5.4

where mod is the modulo function and n ∈ [1, Lc+1
2 ]. The position pn of the consecutive

"1" bits for the first line of the code matrix is simply given by the relation: pn = un + 1.
As an example, the code matrix for a code length of seven is represented in Eq. (5.5), note
that the first line of the matrix is also portrayed in Fig. 5.4(a).

S7 =



1 1 0 1 0 0 1

1 0 1 0 0 1 1

0 1 0 0 1 1 1

1 0 0 1 1 1 0

0 0 1 1 1 0 1

0 1 1 1 0 1 0

1 1 1 0 1 0 0


5.5

The improvement of the SNR given by the coding gain, as explained in section 5.2, is
the same as for simplex coding and is defined by Eq. (5.3). Note that, as explained, cyclic
coding presents the important advantage of a reduced measurement time in comparison to
the Simplex coding: as the code scheme is cyclic, there is no need to repeat each sequence
that corresponds to a line of the coding matrix. In this way, the first sequence is simply
repeated in a continuous loop, providing fast averaging. Moreover, the number of possible
code lengths using this recurrence equation can be chosen between any prime number,
in contrast to conventional code generation methods, where the code length has to be a
number given by 2n− 1, n being an integer [47]. Therefore, a significantly higher number
of code lengths can be chosen.

Note that the presented BOTDA sensor combines a frequency modulated probe wave,
which, as explained in chapter 4, requires a reordering of the acquired data, with multiple
pulses. This fact must be taken into account in order to decode the signal properly. In this
way, the easier way we found to correctly decode the signal is that the period of the FM
of the probe waves has to be equal to the code period (Tprobe = Tcode), i.e., the temporal
distance between two of the contiguous bits of the generated cyclic code. In addition,
as explained above, in a cyclic code all codewords of a sequence must fit simultaneously
inside the fiber. Therefore, for a given fiber length, the code period, together with the FM
period, needs to be modified depending on the code length. Finally, to properly decode the
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signal and retrieve the BGS of the fiber, the frequency shift of the probe waves must be
compensated by reordering the decode matrix, following the method explained in chapter 4.

5.4 Optical power limitation in a BOTDA sensor with a coded
pump wave

An important consideration when deploying a BOTDA sensor with coding is related to
the constraints faced regarding the maximum pump and probe power that can be injected
in a given fiber sensing link. As explained before, due to the dithering technique the optical
power of the probe wave can be increased considerably. This, in turn, has allowed us to
analyze some limitations of the coding techniques applied to BOTDA sensors that until now
had not been described in detail. In the following, these limitations are presented. Note
that, some of the considerations are equally valid for all the coded pump wave BOTDA
configurations (Simplex, cyclic, bipolar and color coding), although some others present a
different relative severity of the various impairments that constrain the use of coding.

5.4.1 Coded pump wave optical power fluctuations

The first limitation comes from the fact that, in order to decode the signal properly, it
is mandatory that all the coded pump pulses have the same optical power. This indirectly
constrains the pump power due to the transient behavior of the erbium-doped fiber ampli-
fiers (EDFA) that are typically deployed to amplify the pulses before injecting them into
the fiber [102]. This transient behavior worsens for large input powers making the pump
pulses in a sequence to experience different gain, and consequently, the coded pump wave
is composed of pulses with different optical power.

In order to overcome this limitation, a simple solution is to replace each "1" of the
original coding matrix by the weighted pulse power of the used pump pulse wave. However,
this requires monitoring the pump wave during the measurement process. Therefore, in
order to correct the effects of the power fluctuations on the pump wave, and in consequence,
retrieve an undistorted BGS, another detector is needed [111].

5.4.2 Non-local effects in a coded pump wave BOTDA sensor

Another important limitation regarding the maximum pump and probe waves power
that can be injected in the fiber in a BOTDA sensor that deploys a coding technique comes
from the onset of non-local effects. In a conventional BOTDA setup without coding, as
introduced in chapter 2, the pump pulse depletion is directly linked to the probe power
injected into the fiber [31]. As explained in section 2.2 and repeated here for clarity, the
pump pulse power at the output of the fiber is given by the following expression (assuming
a BOTDA in a gain configuration):

PP (L) = PPi exp(−αL) exp

(
−gB(∆ν)

Aeff
PSi Leff

)
5.6
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where Leff ≡ (1− exp(−αL))/α is the effective length, α, L and Aeff are the attenu-
ation, length and effective area of the sensing fiber, respectively, PPi is the pulse power at
the input of the fiber, PSi is the input probe power at the far end of the fiber link and gB is
the Brillouin gain introduced in Eq. (1.24), which depends on the frequency shift between
pump and probe waves, ∆ν.

However, Eq. (5.6) is no longer valid for a coded pump wave, because, the successive
pulses interact with a probe wavefront that has been already amplified by previous pulses.
Therefore, the amount of the pump pulse depletion suffered by single pulses, instead of
being just related to the power of the probe wave injected into the fiber, as given by
Eq. (5.6), also depends on the amplification of the probe wavefronts by previous pulses in
the coded sequence. Hence, non-local effects will appear earlier in BOTDA setups using
pump pulse coding than in conventional single-pulse BOTDA sensors.

Furthermore, even for a dual-probe wave BOTDA configuration, which mitigates the
onset of non-local effects [92], the presence of multiple pulses in the fiber when implementing
a coding method makes the pump pulse depletion to become significant at lower input probe
wave power than for single-pulse dual-probe systems. This is due to the fact that, while one
probe wave is amplified by the pump pulses, the other probe wave is attenuated, and hence,
the optical power of both waves is unbalanced, so that the compensation of the Brillouin
gain and loss upon the pulse granted by the dual-probe technique is no longer effective. In
fact, all BOTDA setups deploying pulse coding are affected by the depletion of the pump
pulses, but the amount of the depletion will be different for each configuration. In this
way, the probe-dithered BOTDA makes the sensor more robust to pump pulse depletion
in comparison to other BOTDA configurations, due to the FM of the probe wave. In
addition, the amount of the depletion of the pulse will be different for the various coding
techniques, being higher the impairment for mono-color coding than for color coding and
bipolar coding. This is due to the fact that, the total Brillouin gain and/or loss experienced
by the probe is larger for mono-color coding than for the other two methods, and hence,
the depletion of the pulse will also be higher.

Finally, another assumption regarding non-local effects that becomes invalid for BOTDA
systems with coding is the independence of the pump pulse depletion on the pump pulse
power that is conveyed by Eq. (5.6). In a BOTDA sensor with coding, the higher the
pump pulse power, the larger the amplification of the probe wave by previous pulses in
a sequence, and hence, the larger the depletion of a particular pump pulse. Therefore,
non-local effects in BOTDA sensors with coding may lead to the need to reduce the probe
power as well as the pump pulse power compared to the sensor without coding, which is
counterproductive for the sensor performance.

5.4.3 Non-linear amplification of the probe wave

Finally, another limitation for pump and probe powers in BOTDA sensors with coding
comes from the fact that, as explained previously, coding techniques can only be applied to
linear interactions. However, as explained in chapter 1, in BOTDA sensors, the Brillouin
gain experienced by the probe wave does not depend linearly on the pump pulse power,
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but exponentially. Indeed, using the equations of the Brillouin interaction upon the probe
wave presented in section 1.4, we can conclude that the variation in the continuous wave
(CW) probe signal power, ∆PS , detected in the receiver at a given instant, t, due to the
stimulated Brillouin scattering gain interaction at a location zj along the fiber with a pump
pulse is given by:

∆PS(t,∆ν) = PSi exp(−αL) [Gj(t,∆ν)− 1] 5.7

where Gj(t,∆ν) is the Brillouin gain defined as follows:

Gj(t,∆ν) = exp

[∫ zj+∆z

zj

gB(∆ν)

Aeff
PPi exp(−αzj) dz

]
≡ exp(gj) 5.8

where ∆z is the spatial resolution given by the pulse duration. Only assuming that
the Brillouin gain is very small (gj � 1), can Eq. (5.7) be simplified considering that the
BOTDA sensor operates in a small signal regime:

Gj(t,∆ν) ≈ 1 +

∫ zj+∆z

zj

gB(∆ν)

Aeff
PPi exp(−αzj) dz = 1 + gj 5.9

Hence, the Brillouin gain in a single-pulse BOTDA configuration can be approximately
considered to depend linearly on the gain provided by single pulses, so that in principle
linear optical pulse coding techniques could be applied. However, the total amount of
gain that the probe wave experiences in a BOTDA deploying coding is provided by the
interaction with all the pulses in the sequence for the whole codeword, so that ∆PCW is
obtained as follows:

∆PS(t,∆ν) = PSi exp(−αL) [GT (t,∆ν)− 1] 5.10

where GT (t,∆ν) is the total Brillouin gain provided by the successive pulses, which is
given by:

GT (t,∆ν) = G1G2G3...GLc = exp

(
Lc∑
j=1

gj

)
≈ 1 +

Lc∑
j=1

gj 5.11

where Gj = exp(gj) is the gain provided by each pulse with position j in the coded
sequence. In order for coding to be applicable, the approximation in the last equality term
of Eq. (5.11) needs to be valid, so that the total gain experienced by the probe wave is the
linear superposition of the gains provided by each pulse. However, this requires the total
Brillouin gain induced by the pump pulses sequence on the probe to be relatively small

(
Lc∑
j=1

gj � 1), which is much more difficult because, despite the fact that the individual gains

provided by each pulse may be small, the accumulated gain provided by the many pulses
in a long pulse sequence becomes much larger. Therefore, in order to avoid distortion, it
becomes necessary to reduce the gain induced by each individual pulse by further limiting
the pump power below the thresholds imposed by the onset of non-linear effects such as
modulation instability (MI).
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5.5 Experimental setup and measurements

In order to evaluate the power constraints of cyclic coding and to demonstrate the
capabilities of the proposed technique, a BOTDA setup following the scheme in Fig. 5.5
was assembled. The optical source was a 1550-nm DFB laser, whose output was divided
by a coupler into two branches. In the lower branch of the setup, a dual-probe wave was
generated using a Mach-Zehnder electro-optic modulator (MZ-EOM). This modulator was
driven by an arbitrary waveform generator (AWG), and biased for minimum transmission
so as to generate a frequency modulated double-sideband suppressed-carrier signal. For this
purpose, the AWG provides a microwave signal with an instantaneous frequency varying
around the BFS of the fiber following a saw-tooth shape. Then, an EDFA was used to
amplify the probe wave power level. Finally, before the receiver, a tunable narrow-band
fiber Bragg grating (FBG) was used to filter out one of the probe sidebands and the
Rayleigh backscattering originating from the pump wave.

Figure 5.5: Experimental setup for the BOTDA sensor.

In the upper branch, so as to generate a pump pulse with a high extinction ratio (ER),
the pump signal was pulsed by a semiconductor optical amplifier (SOA), with an ER up to
50 dB. The AWG was used to generate the coding pulse sequences, and also to synchronize
them with the FM of the probe waves. Then, the pump pulse power was amplified in
another EDFA, and the polarization state of the pulsed pump was randomized with a
polarization scrambler (PS), to smooth polarization effects in the Brillouin interaction
along the fiber, before being launched into the sensing fiber.

5.5.1 Experimental validation of the limits imposed by mono-color cyclic
coding

In order to evaluate the limitations explained in section 5.4, we deployed in the setup
of Fig. 5.1 a mono-color cyclic coding technique. As explained in chapter 4, the use of a
dithered probe wave makes the system less affected by non-local effects than a conventional
dual-probe BOTDA scheme. We chose a dithered-probe BOTDA configuration to analyze
more effectively the different constraints, considering that as the pump pulse depletion is
less significant, some other impairments can be analyzed in more detail, as for instance the
non-linearity of the Brillouin gain.

A 25 km length of standard single-mode fiber (ITU G.652) was used initially to evaluate
the limits on the probe and pump power that can be injected in the fiber when using
mono-color cyclic coding before the onset of distortions and measurement errors in the
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decoded signal. In order to satisfy the condition explained in section 5.3, according to
which the period of the FM must be the same that the temporal distance between two
bits of the code, the FM of the saw-tooth of the probe waves was changed for each of
the used code lengths. The same slope of the saw-tooth shape was maintained for all the
measurements, so that the peak-to-peak frequency deviation of the FM was changed for
different code lengths. The probe power was fixed to -7 dBm per sideband at the input
of the fiber, so as to simulate the maximum probe power that could be obtained at the
fiber under test (FUT) in a 200 km loop configuration. That probe power was obtained by
subtracting the attenuation of the 100 km leading fiber (approximately 20 dB) from the
maximum power that can be injected in the fiber due to the Brillouin threshold with probe-
dithering (approximately 13 dBm per sideband). Finally, the pump wave was modified in
terms of pulse duration, pulse power and code length.

First, the effect of the power variations of the different pulses of the coded sequences
was investigated. To that end, a sequence of 20-ns pulses with a code length of Lc = 263

was used. In order to make sure that there was no pulse depletion, the pump pulses were
first amplified to 19 dBm by an EDFA and then reduced by an attenuator to a maximum
peak power of 13 dBm. To ensure that there was no pump pulse depletion, the pump wave
was detected at the output of the fiber by another detector. Figure 5.6 depicts the power
of each pulse in the used cyclic sequence that clearly shows a non-flat response due to the
transient behavior of the EDFA [102].

Figure 5.6: Power measurement of the cyclic pulse train of the first sequence for Lc = 263.

As explained in section 5.4.1, if this optical power difference of the pulses of the sequence
is not taken into account during the decoding process, the obtained measurement will
be distorted. This distortion is highlighted in Fig. 5.7(a), where rapid variations of the
amplitude of the decoded BOTDA trace can be seen. This, in turn, will lead to significant
errors in the measurement of the BFS of the fiber. In order to retrieve an undistorted
smooth signal, as in Fig. 5.7(b), the pulse power fluctuations have to be corrected, and
therefore, each "1" of the original coding matrix has to be actually replaced by the weighted
pulse power, which needs to be monitored by another detector [111].

Note that this effect is reduced, if not completely suppressed, by repeating the coded
sequence in a continuous way, so that the EDFA has a more linear behavior. Another
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Figure 5.7: Decoded BOTDA trace at BFS of the fiber for a pulse of 13 dBm power and 20
ns; (a) without taking into account the pulse power variations and (b) taking into account
the pulse power variations.

alternative could be the use of an alternative technique to suppress the transients of the
EDFA [115]. However, the several options to overcome this constraint increase the com-
plexity and the price of the sensor.

After analyzing the behavior of the decoding process when pulses of different optical
power are deployed, we analyzed the distortion in the decoded signal produced by the pump
pulse depletion due to non-local effects. For this purpose, the peak power level of the pulse
was raised to 19 dBm, while the pulse duration was maintained at 20 ns. Figure 5.8(a)
shows the pump pulse depletion factor that the successive pulses of a cyclic sequence suffer
for different code lengths. It can be observed that even with the FM of the probe waves,
which makes the system less affected by non-local effects than a conventional dual-probe
BOTDA system, and for a relatively short code length of Lc = 71, there is already a small
depletion in the pulses (smaller than 0.01).

In addition, note that the depletion suffered by each pulse of a sequence is not the
same, increasing accordingly with the amplification of the probe wave by previous pulses.
Indeed, it can be observed that the depletion of the pulses follows a cascade effect, since the

Figure 5.8: For a pulse of 19 dBm power and 20 ns; (a) Depletion of the pulses of the
sequence for different code lengths (b) distortion in BOTDA trace due to pulse depletion
for different code lengths.
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depletion factor of the nth pulse would be affected by the amplification suffered by the probe
wave for all the coding units before (1st to n-1th). However, notice that in Fig. 5.8(a) a
given code unit experiences a different depletion factor depending on the total code length.
This is due to the fact that, as explained before, the code period needs to be modified as a
function of the code length. For larger code lengths, the code period is reduced so that the
ith pulse of the sequence interacts with a probe waves with a slightly higher unbalanced
optical power, and hence, this leads to stronger overall pump pulse depletion.

Figure 5.8(b) depicts the decoded BOTDA traces at the BFS of the sensing fiber for
different code lengths (same code lengths than in Fig. 5.8(a)). Note that the difference in
the depletion factor for the successive pulses of a code sequence has an analogous distortion
effect on the decoded traces to those due to amplitude variations of the pulses induced by
the transient effects in the EDFA highlighted in Fig. 5.7(a). This is reasonable, considering
that the difference in depletion induces a difference in pulse amplitude, and hence, the effect
in the decode process is similar to the one investigated and depicted in Fig. 5.7(a). The
figure also shows that the larger the pulse depletion of the pulses of the sequence, the
higher the distortion. Furthermore, even for a small pulse depletion, e.g., for a code length
of Lc = 139, in which a maximum depletion factor of approximately 0.02 is reached, there
is a small distortion in the decoding process that is more visible at the end of the BOTDA
trace. Note that some traces of Fig. 5.8(b) are noisier than they should, for instance,
for Lc = 71. This anomaly is attributed to the PS deployed, which was found to change

Figure 5.9: Obtained BOTDA trace at BFS of the fiber for a pulse of (a) 13 dBm and 20
ns, (b) 16 dBm and 10 ns, (c) 16 dBm and 20 ns and (d) 16 dBm and 40 ns.
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slightly the time-averaged degree of polarization that it generated over time, probably due
to heating.

Additionally, we studied the non-linear amplification of the signal due to the code
length. In a purely linear interaction, the amplitude of the decoded BOTDA trace should
be the same for all code lengths. However, Fig. 5.9 highlights the different amplitudes of
the decoded BOTDA trace due to the non-linear amplification measured close to the peak
of the BGS. The non-linear amplification was studied as a function of the code length,
pulse duration and pulse power. As it can be seen, the amplitude of the decoded BOTDA
traces increases with the code length, resulting in a measurement distortion. Furthermore,
this distortion is also frequency-depend because for frequencies further away from the peak
of the BGS (BFS of the fiber), the gain provided by the pump pulses to the probe wave
will be so small that the linear interaction condition will be fulfilled.

Notice also that as expected, the non-linear amplification effects increase with increas-
ing pulse duration (more gain to the probe due to increased interaction length) and power.
The additional distortion in the form of rapid variations of the signal in the decoded traces
in Fig. 5.9 can be attributed to the onset of the pulse depletion due to non-local effects
already visualized in Fig. 5.8(b). In any case, it is important to clarify that, as non-local
effects and non-linear amplification occur both at same time, the distortion in the form
of rapid variations of the trace could be a consequence of both, considering that they can
both reinforce each other.

Figure 5.10 summarizes the non-linear amplification effect by depicting the normalized
amplitude in percentage value of the beginning of the decoded BOTDA trace (entry point
of the pump pulses) for different code lengths. To normalize the amplitude, for each of
the different pulse duration and power, the amplitude value of a single pulse is used as
a reference. It can be seen that for low pulse optical power, the non-linearity of the
gain interaction cannot be clearly discerned for small code lengths, but in the case where
code length, pulse power or duration is higher, the non-linear regime becomes noticeable.
Therefore, it is clear that the non-linear amplification has a direct link to the pump power,
the code length and also to the pump duration.

Figure 5.10: Non-linear amplification for different code lengths, and different pulse power
and duration.

As noted above, the non-linear amplification and the depletion of the pulses occur both
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simultaneously, and both effects cannot be separated experimentally. Therefore, with the
aim of analyzing the contribution of each one to the distortion of the decoded BOTDA
trace, the model presented in chapter 3 was used. As in experimental measurements, a fiber
length of 25 km was used, with a pump pulse peak power of 19 dBm and -7 dBm probe
wave power per-sideband. The pulse duration was set to 20 ns and the code length was
LC = 331. However, in this case, instead of using a dithered probe BOTDA, a conventional
dual-probe BOTDA sensor was used, and hence, non-local effects become more significant.

Figure 5.11 compares the calculated BOTDA trace at BFS of the sensing fiber when
using a single pump pulse wave with two decoded BOTDA traces of LC = 331. Note that
one of the decoded BOTDA traces was calculated avoiding completely the effect of the
pump pulse depletion, for which the model presented in chapter 3 was slightly modified.
As can be seen, both decoded traces have a higher amplitude than the trace obtained in
the case of a single pulse. However, the trace that avoids the depletion of the pump pulses
presents a slightly larger amplitude, which is attributed to the fact that as the pulses
have a slightly higher optical power, the Brillouin gain provided by each pulse is greater
and hence the non-linear amplification is larger. In addition, it can be observed that the
BOTDA trace distortion in form of rapid variations is higher in the case that pump pulse
depletion affects the measurement than in the one without pulse depletion. Therefore, it
might be argued that the distortion in the form of rapid variations in the amplitude of the
decoded BOTDA trace is mostly due to the pump pulse depletion.

Figure 5.11: Calculated BOTDA trace at BFS of the fiber for a single pump pulse BOTDA
configuration and for a 331-bit mono-color cyclic coded pump pulse BOTDA with and
without pump pulse depletion.

Finally, in order to analyze the error in the experimental measurements that all these
distortions introduce, distributed temperature measurements were performed. The pulse
power was set to 19 dBm and the duration was set to 20 ns, corresponding to approximately
2 m spatial resolution. The traces were averaged 1000 times. The final meters of the fiber
were placed loose in a climatic chamber with a fixed temperature, while the rest of the
fiber was held at room temperature in a spool. The BFS along the fiber was calculated by
performing a quadratic fit on the measured BGS.

Figure 5.12 depicts the evolution of the measured BFS at the end of the fiber for
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different code lengths and for a single-pulse measurement. The heated section is clearly
visible at the end of the fiber, and as expected, the measured BFS of the single-pulse
measurement agrees with the smaller code length measurements, while for the others the
error increases. Specifically, it can be observed that for Lc = 1 to Lc = 103 there is no
significant error while for Lc = 139 and Lc = 199 the error in the measured hot spot are
2.2 MHz and 4 MHz respectively. Which makes sense, since the greater the distortion the
larger the error. Therefore, the error increases for a longer code length.

Figure 5.12: Calculated BFS as a function of distance at the final locations of the fiber,
with a fix temperature for different code lengths.

For all of these reasons, in order to avoid distortions in the decoded signal, that leads
to an error in the precision of the analyzer, it is mandatory to reduce the pump power, the
probe power, the code length or the pump duration, which can lead, in several cases, to a
non-existing improvement of the SNR of the analyzer.

5.5.2 SNR enhancement for a long-range BOTDA sensor

Once the constraints of mono-color cyclic coding were studied, and in order to analyze
the ultimate performance of our BOTDA sensor combining cyclic coding and probe dither-
ing, distributed temperature measurements were performed over a loop of 164 km length of
standard single-mode (ITU G.652) fiber. The final meters of the fiber were placed loose in
a climatic chamber at controlled temperature, while the rest was held at room temperature
in a spool. The pulse duration was set to 10 ns, corresponding to approximately 1-m spa-
tial resolution, and the code length was set to Lc = 79, which was found to be the largest
code length that could be used without the onset of the previously analyzed impairments in
mono-color cyclic coding, without decreasing the power of the optical waves, which would
lead to a decrease SNR. In this case, the code period was set to 10.7 µs. Therefore, in
order to satisfy the requirement explained in section 5.3, the FM of the probe waves was
set also to a period of 10.7 µs and a peak-to-peak frequency deviation of 250 MHz.

The probe wave was boosted to 15 dBm, so that there was 12 dBm per sideband,
by a conventional EDFA before being injected into the 82-km leading fiber, so that at
the input of the sensing fiber the probe power was -1.8 dBm. This value was measured
to be the maximum tolerable value before the onset of noise induced by spontaneous

113



Chapter 5. Mono-color cyclic coding in Brillouin optical time-domain analysis sensors

Figure 5.13: Power measurement of the cyclic pulse train of the first sequence for Lc = 79.

Brillouin scattering. Note that in a conventional BOTDA, the Brillouin threshold limits
the maximum probe power that can be injected into the fiber to approximately 6 dBm.
Hence, the use of the probe-dithering method entails an intrinsic enhancement in SNR.

The pulse power was amplified to 20 dBm, a level close to the limit before MI becomes
significant [37], by a specific EDFA (Nano-second Pulsed EDFA, Amonics) for generating
pulses, so as to generate a flat power pulse train of the codeword, as highlighted in Fig. 5.13.
In this case, the decoding process is simplified, with no need for an additional detector to
measure the power of the sequence of pulses injected in the fiber. In case that this special
EDFA is not available, the supplementary detector would be deployed to monitor the pump
pulses, or, as explained before, other alternative technique to suppress the transients of
the EDFA could be used [115].

The setup in Fig. 5.5 was completed by adding an EDFA preamplifier before the re-
ceiver. This EDFA was placed between two tunable narrow-band FBGs that were used to
filter out one of the probe sidebands and the Rayleigh backscattering originating from the
pump wave. In addition, the final FBG served to limit the amplified spontaneous emission
noise being detected.

In order to analyze the measurement precision of the sensor, a series of 10 consecutive
measurements in stable temperature conditions were performed. For that purpose, the

Figure 5.14: Distribution of the BFS profile of the sensing fiber.
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Figure 5.15: BOTDA traces at BFS obtained for the analyzer with a 79-bit cyclic coding
(red) and without aplying coding (blue).

final 5 km of the fiber was placed in a climatic chamber at constant temperature. From
these measurements, the uncertainty of the BFS measurement was found to be 3 MHz
(1-σ) at the end of the FUT. Figure 5.14 depicts the BFS along the whole sensing fiber,
where four fiber spools are clearly distinguishable, with a fairly uniform BFS in all of them.
Note that the BFS along the fiber was calculated by performing a simple quadratic fit on
the BGS. The frequency step of the spectral scan was 2.3 MHz and 16000 averages were
used to obtain the final traces.

The noise reduction effect provided by the coding technique can be clearly appreciated
in Fig. 5.15, which compares a conventional BOTDA trace (blue trace) obtained with a
single pulse BOTDA configuration with the one obtained after decoding. The measured
SNR enhancement was 6.2 dB, in good agreement with the theoretical expected value
(6.5 dB) for a 79-bit code length. It is worth mentioning that as explained before, the code
length was limited to LC = 79 by the onset of the distortions studied in section 5.4 for
longer lengths.

Finally, we introduced in a climatic chamber the last 3 m of the sensing fiber, while
the rest of the fiber was placed at room temperature in spools. The difference between

Figure 5.16: Calculated BFS as a function of distance at the final locations of the fiber,
with the last 3 meters in a climatic chamber.

115



Chapter 5. Mono-color cyclic coding in Brillouin optical time-domain analysis sensors

the room temperature and the climatic chamber was set to 27◦C. Figure 5.16 depicts the
obtained BFS at the far end of the FUT, where the hot spot can clearly be observed, with
a BFS difference of 28.5 MHz between the hot spot and the ambient temperature, which
matches with the expected value.

5.6 Conclusions

In this chapter, we have presented a study on the practical constraints on probe and
pump power in a BOTDA sensors that uses a coding technique. To carry out this study
we implemented an analyzer with mono-color cyclic coding. In particular, we have studied
and experimentally demonstrated the distortion of the decoded BOTDA trace and the
error that corrupts the measurement because of three factors: the power fluctuations of
the pulse sequence, the onset of pump pulse depletion and the non-linear amplification of
the probe wave.

We reach to the conclusion that, in order to avoid errors in the decoded signal, there
is a trade-off between the maximum pump and probe powers that can be injected in the
fiber, the code length, the pump pulse duration and the fiber length. The use of coding is
limited to cases in which the obtained coding gain has a real benefit in the measurement in
comparison with a single-pulse configuration In other words, if, in order to deploy a coding
technique it is mandatory to reduce the pump and/or the probe optical power, which in
turn entails a reduction of the effective SNR, the use of coding ceases to be useful. In fact,
there may be configurations of the BOTDA setup in which the SNR decrement due to the
limited pump and/or probe power could completely counteract the enhancement brought
by the coding gain.

Based on these considerations, it can be argued that mono-color cyclic coding is really
more useful in long-range loop configurations, where only half of the fiber is used for the
sensing while the other half is used as a leading fiber to take the probe wave to the remote
end of the sensing link. In this configuration, the probe power injected into the long-length
leading fiber is constrained to the Brillouin threshold of that fiber; hence, the power finally
reaching the end of the leading fiber and being injected into the sensing fiber is reduced.
Fortunately, the loop configuration is the one deployed in most long-range sensing systems
on the field, such as BOTDA sensors used to monitor gas or oil pipelines.

It is important to point out that the different coding techniques presented so far in
the literature will be affected differently by the presented impairments. For instance, color
coding [47, 111] could alleviate the limitations regarding non-linear amplification, while
three-tone bipolar coding [60] could get rid of non-linear amplification and reduce the
impact of the pump pulse depletion, but at the cost of a great increase in setup complexity.
In any case, all the coding methods should consider the presented constraints in order to
reach the most suitable sensor performance.

In addition, we have introduced an enhanced BOTDA sensor that combines a frequency
modulated dual-probe wave configuration and mono-color cyclic coding. The probe dither-
ing method serves to increase the effective Brillouin threshold of the leading fiber, and
hence, the probe power that can reach the sensing fiber can still be sizable, leading to
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an improvement of the SNR. Moreover, as explained before, the use of a dithered-probe
waves makes the sensor more robust to the pump pulse depletion, so that higher pump
and probe powers can be injected in the fiber. Therefore, the use of a dithered-probe wave
alleviates the limitation caused by the cascade effect of the pump pulse depletion due to
the interaction between the probe wave with multiple pulses. Thus, leading again to an
enhancement of the SNR.

The capabilities of the technique have been analyzed by performing distributed tem-
perature measurements over a 164 km loop length of fiber with high precision (3 MHz) and
spatial resolution (1 m). After a correct adjustment of the sensor parameters, the effective
code gain corresponding to the used code length (Lc = 79) is in good agreement with the
theoretical value, thus proving the usefulness of the combined methods. To the best of
our knowledge, this is the longest sensing distance achieved with a BOTDA sensor using
mono-color cyclic coding.

Finally, with regard to the future, is of paramount importance to finish the study of
the constraints of the coded pump wave BOTDA sensors. For that purpose, first, a study
of the limitations that the pedestal depletion introduced in chapter 3 entails to coding
methods should be made. In addition, in order to assess how each of the coding techniques
is affected by these constraints, and hence, consider the advantages and disadvantages of
the use of each of them, it would be highly interesting to conduct an exhaustive study
of the performance of the different coding techniques presented to date. Second, it will
be necessary to continue analyzing and studying different solutions to overcome these
limitations and thus attain all the benefits of coding applied to BOTDA sensors. But, of
course, trying not to increase the complexity and the final price of the sensor.
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6.1 Introduction

Brillouin optical time-domain analysis (BOTDA) sensors have proved their capability
to perform distributed measurements of temperature and strain over large structures

with high accuracy. That is why BOTDA sensors are particularly interesting for a large set
of industrial sectors, including oil and gas pipeline monitoring, assessment of high voltage
cables, railway inspection and many other structural health monitoring applications. In
this context, as explained in previous chapters, significant number of research groups have
focused their work on extending and improving the performance of BOTDA sensors, for
instance, extending their sensing range to hundreds of kilometers [47, 116], improving their
spatial resolution to centimeters [117, 118] or reducing the measurement time to perform
dynamic measurements [119, 120].

In addition, as presented in chapters 2, 3 and 4, in order to improve the capabilities of
the sensor, significant research work is focused on finding the physical origin of the several
impairments that constrain the performance of BOTDA sensors. Among them, the several
non-local effects studied in this thesis stand out. Another important limiting factor comes
from the different non-linear effects, such as the onset of modulation instability (MI) [40] or
self-phase modulation (SPM) [44]. As discussed in chapter 3, the extinction ratio (ER) of
the pump pulses also results in an important limitation of the performance for the BOTDA
sensor. All these has brought with it a great research effort focused on overcoming these
constraints: to mitigate the effects of MI [42] to overcome the detrimental outcomes caused
by non-local effects [92, 49, 96], or as introduced in chapter 3, to reduce the impairments
caused by the limited ER pump pulse, among other important contributions.

Nevertheless, in many potential applications, the most important limitation for the
widespread practical use of BOTDA sensors is their cost rather than their performance.
This is because most BOTDA implementations, in order to generate the two optical waves
involved in the technique, use expensive components such as lasers, multiple electro-optic
modulators (EOMs), acousto-optic modulators or semiconductor optical amplifier (SOA)
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switches. As a consequence, the final cost of the sensor is high, and hence, its real-world
applicability is constrained, being usually bounded to industrial sectors where the cost
of the sensor is not the main concern, such as in the field of oil and gas. Therefore, in
recent years a new line of research in BOTDA sensors has emerged with the aim of sim-
plifying the setups in order to achieve cost-efficient commercial systems that can compete
with other less costly technologies such as, for instance, Raman sensors for temperature
monitoring [121].

In this chapter, firstly, the main contributions aimed at finding cost-effective BOTDA
solutions are presented and, then, in the next sections, we introduce an alternative config-
uration of the BOTDA sensor focused on reducing the potential cost of the sensor. This
configuration seeks a simplification of the sensor by obtaining all the optical waves in-
volved in the technique by passive optical filtering of the spectral components generated
in a single optical source that is driven by a pulsed radio-frequency (RF) signal. This way
the sensor obtains a further reduction of the used optical components, avoiding the need
of any EOM or SOA in the setup, and hence, reaching a significant simplification of the
setup, and consequently a reduction of the final cost of the analyzer.

6.2 A general overview of simplified and cost-efficient BOTDA
sensors

As pointed out above, in the last years several contributions have been presented in-
tended to simplify the different BOTDA configurations, and in this way obtain a reduction
of the cost of the sensor. In the following some of the most noteworthy techniques are
presented.

One early proposal is the use of a distributed Brillouin sensor system with offset locking
technique [85]. In this method, in order to generate the probe and pump waves needed in
BOTDA sensors, two distributed feedback (DFB) lasers are phase locked at the Brillouin
frequency using a hardware proportional-integral-derivative controller. Specifically, in or-
der to achieve the offset locking, this method uses the frequency stabilization technique by
making use of a laser heterodyne source and an optical delay line. Therefore, using this
offset locking with optical delay line method, fast and large tuning range measurements
can be performed.

Another proposal is a simplified BOTDA sensor based on direct current modulation of
a laser diode [86, 87]. The operation of the sensor is based on time-division pump-probe
generation using direct modulation of a laser source, which reduces the number of compo-
nents removing one SOA or one EOM from the conventional sensor scheme. Note that for
this purpose, the sensor needs a delay fiber to generate a lag which controls the propaga-
tion of pump and probe waves. In addition, this method is free of expensive microwave
generators, considering that the conventional frequency sweep between pump and probe
waves is performed by a cost-effective arbitrary function generator. Thus, this simplified
sensor reduces the optical and electrical devices and, hence, obtains a reduction of the cost
of the sensor.
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Another simplified alternative is a cost-effective method for fast-BOTDA sensors [122].
The aim of this technique is to retrieve the full Brillouin gain spectrum (BGS) at high
speed, which in turn leads to fast BOTDA measurements. To that end, the method
employs a frequency swept microwave source for the generation of the probe wave, so that
the entire BOTDA measurement is taken within the duration of the frequency sweep itself.
Therefore, by properly setting the duration of the sweep, the repetition rate of the pump
pulses and the number of averages, this technique allows truly distributed and dynamic
measurements of the BGS using a set-up at a fraction of the cost and complexity of the
previously reported fast-BOTDA methods.

Finally, one of the latest techniques to simplify the setup is the BOTDA sensor with a
pump-probe source based on Brillouin ring laser (BRL) technology [88]. In a BRL scheme,
the probe wave is generated through stimulated Brillouin scattering of the pump signal
implemented through a recirculation loop employing a modified BRL. With this technology,
the analyzer is capable of a tuning range of 200 MHz without using phase-locked loop or
optical sideband generation techniques. Therefore, this method is an efficient alternative
to the commonly employed techniques based on phase-locked loop or optical sideband
generation methods in BOTDA sensors.

6.3 Fundamentals of the technique

In this section the theoretical foundations of a novel cost-effective BOTDA sensor that
was devised in this thesis are presented. The basic principle of the proposed sensor setup
is schematically described in Fig. 6.1. The first step is to drive an optical source with
a pulsed RF signal in order to generate an optical signal comprising a carrier and two
pulsed-modulated sidebands. Both the continuous wave (CW) probe and the pulsed pump
wave required in the BOTDA sensor, are derived from this modulated optical signal: the
optical carrier of the modulation will act as the CW probe, whereas one of the pulsed
sidebands of the modulated signal will act as the pump wave. For that purpose, a simple
passive filtering is used to separate this signal into both waves, as it is described below. In
this way, the two optical waves required in the BOTDA sensor are generated by a single
optical source, while in a conventional scheme three optical devices are commonly deployed.

Once the modulated signal is generated, the output of the optical source is directed to
the upper branch of the setup using a circulator. Here, the signal encounters an optical
filter, which is tuned in such a way that one of the two pulsed sidebands of the modulation
goes through it, whereas the optical carrier is reflected backwards, returning to the circu-
lator, where it is redirected into the fiber under test (FUT). As will be explained below,
the filtering process is critical in this sensor.

Simultaneously, the pulsed sideband in the upper branch is injected from the other end
of the fiber using a second circulator. In this way, both signals counterpropagate in the
fiber, where Brillouin interaction between both waves takes place. The frequency of the
microwave oscillator used to generate the pulsed RF signal is selected to be close to the
Brillouin frequency shift (BFS) of the fiber. As a result, the interaction between the pump
pulse and the probe wave induces Brillouin gain/loss on the optical carrier. Afterward, the
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Figure 6.1: Schematic representation of the fundamentals of the technique. The spectra of
the signals involved in the setup (black and grey) and the filter response (green) are sketched
in the figure. Note that the pulsed nature of the sidebands of the modulation is graphically
represented by a sync spectrum.

resultant probe wave is directed to a baseband photo-receiver and the detected electrical
signal is captured in a digital oscilloscope. Finally, the measurement is repeated as the
modulation frequency is swept, so that the Brillouin gain/loss spectrum (BGS/BLS) of the
fiber can be reconstructed.

For the optical source, the best option is to deploy a DFB laser monolithically integrated
with an electro-absorption modulator (EAM). The use of such externally-modulated laser
(EML) compact device, typically in the form of a transmitter optical sub-assembly (TOSA),
has become a standard in optical communications. There are Multi-source Agreement
within the industry that have dramatically brought down the cost of these devices in the
market. Therefore, we can use in the technique an EML TOSA designed for 10Gb/s
operation and generate all the necessary optical waves at a cost comparable to that of a
single DFB laser source. This implies a significant reduction in the cost of the BOTDA
sensor.

6.4 Experimental setup and measurements

In order to analyze the capabilities of the proposed technique, the experimental setup
depicted in Fig. 6.2 was assembled. The optical source was a 1551.7 nm DFB laser source
followed by an integrated EAM. The modulator was driven by high ER RF pulses obtained
using a microwave oscillator followed by a microwave switch, which was driven by a pulse
generator. In this way, the RF pulse shape is directly translated to the optical domain by
the modulator [45]. Low cost commercial microwave switches are available with extremely
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Figure 6.2: Experimental setup for the cost-efficient BOTDA sensor based on RF-pulsed
optical double-sideband modulation and passive optical filtering.

high isolation and very fast responses. As a result, in this BOTDA setup it is possible to
obtain inexpensive and fast optical pulses (below 1 ns rise-time) with an extremely high
ER (> 60dB) [45]. In chapter 3, we have discussed the importance of having such a large
ER pump pulse to avoid several detrimental effects. Figure 6.3 shows the temporal shape
of the obtained optical pulse, where the fast response of the pulse is observed. Note that
pulses with less steep leading and trailing edges are prone to the deleterious effects of SPM,
which has been shown to degrade the BOTDA sensor performance [44].

It is worth mentioning that the amplitude of the pulses changes slightly at different
frequencies due to the small power differences in the frequency response of the microwave
generator and the microwave switch. However, this effect can be easily characterized and
compensated in the measurements results, or even in the process of generating the pulsed
optical signal.

Once the modulated optical wave was generated, the output of the optical source was
directed using a circulator to the upper branch of the setup, where it was filtered employing
two narrow-band fiber Bragg gratings (FBG). Figure 6.4(a) shows the optical spectrum
obtained at the output of the optical EML source and the transfer function of both filters.
The first FBG was tuned so that the CW optical carrier is reflected, while the pulsed
sidebands of the modulation are transmitted. Then, the reflected optical carrier, which
acts as the probe wave, was injected into the sensing fiber through an optical isolator,
where the probe power was set to -10 dBm. This probe power was found to be the largest
optical power for which non-local effects were negligible. The second FBG was tuned

Figure 6.3: Obtained optical pump pulse at the beginning of the fiber at f = 10830 MHz.
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so that the pulsed upper sideband of the modulation was transmitted, while the other
sideband and the remains of the CW optical carrier were reflected, so that a gain-based
BOTDA sensor was arranged. Nevertheless, the technique can also be applied to loss-based
BOTDA sensors, by simply selecting the lower pulsed sideband of the modulation instead
of the upper one.

In the upper branch of the setup, the pulsed pump wave at the output of the sec-
ond FBG was amplified with an erbium-doped fiber amplifier (EDFA) to a peak power
of 20 dBm. A level close to the limit before MI becomes significant [37]. Before being
launched into the sensing fiber, the polarization of the pulsed pump wave was randomized
with a polarization scrambler (PS), so as to reduce the polarization-mismatching-induced
fluctuations on the signal. Note that instead of using a polarization scrambler, a polariza-
tion switch or a passive polarization scrambler [123] could be deployed to further reduce
the final cost of the sensor setup. Finally, after interaction with the pump pulse along the
fiber, the probe wave was detected in a 125-MHz photo-receiver and captured in a digitizer.

It should be pointed out that the optical filtering deployed in the setup is not ideal;
hence, there will always be some degree of crosstalk between the generated optical waves in
both branches of the setup. This is highlighted in Fig. 6.4(b), where the optical spectrum

Figure 6.4: Optical spectrum of the optical signal at f = 10830 MHz (measured BFS of the
fiber) in different positions of the setup (black) (a) at the output of the DFB-EAM module,
alongside the transfer function of the FBG1 (blue) and FBG2 (green), (b) at the input of
the EDFA in the upper branch of the setup, and (c) at the beginning of the fiber in the
lower branch of the setup.
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of the pump pulse in the upper branch of the setup after being filtered and amplified is
shown. Note that it is possible to see residuals of the optical carrier and also of the other
pulsed sideband alongside the desired optical component. Although at a significantly lower
optical power level. Moreover, Fig. 6.4(c) shows the optical spectrum of the probe wave
at the lower branch of the setup at the beginning of the FUT, where not only appears the
probe wave, but also residuals of the pulsed spectral components. As will be discussed
later, these residual signals impair the performance of the sensor.

6.4.1 Experimental results of the technique

In order to analyze the performance of the presented BOTDA sensor, distributed tem-
perature measurements were performed over a roughly 20-km length of standard single-mode
(ITU G.652) fiber. The final 30-m of the fiber were placed loose in a climatic chamber at
constant controlled temperature, while the rest was held at room temperature in a spool.
The pulse duration was set to 10 ns, corresponding to approximately 1-m resolution. The
modulation frequency was swept at 2 MHz steps and 4096 averages were used to obtain
the final BOTDA traces.

Figure 6.5(a) depicts the calculated BGS at the heated section of the fiber, i.e., at
the far end of the fiber, together with the corresponding fitting curve. The BFS along
the sensing fiber was calculated by performing a mathematical fit to a Voigt profile on
the measured Brillouin gain spectra. In this measurement, the section of the fiber placed
inside the climatic chamber was also maintained at room temperature, with a BFS close
to 10830 MHz. In addition, the measured Brillouin full-width at half maximum linewidth
was measured to be ∼ 100 MHz, which is close to the expected value for a pulse duration
of 10 ns [32].

Figure 6.5: (a) Measured BGS at the far end of the sensing fiber (blue) and its Voigt fitting
curve (green). (b) Normalized amplitude of the detected signal at the transition between the
heated and the room temperature sections of the fiber.

The spatial resolution of the sensor was confirmed to be 1 m by measuring the rise time
between two adjacent sections of the fiber at different temperatures. For that purpose, the
fiber at the hotspot was heated to a temperature of 60◦C, while the rest of the fiber was
kept at room temperature. This is shown in Fig. 6.5(b), where the rise time equivalent
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Figure 6.6: (a) Calculated BFS as a function of distance at the final locations of the fiber,
as the temperature is raised in the climatic chamber in 10 ◦C steps. (b) Calculated BFS
as a function of temperature in the climatic chamber (symbols) and linear regression (solid
line).

length, in meters, for the transition between the heated and the room temperature sections
of the fiber was calculated.

Also, the temperature of the climatic chamber (hotspot) was modified in order to
evaluate the performance of the sensor. Figure 6.6(a) depicts the evolution of the measured
BFS at the end of the fiber for different temperatures. The 30-m section corresponding to
the hot spot is clearly visible and a fast transition between the heated section and the rest
of the fiber is also observed. As it was expected, the measured BFS of the heated section
increases in frequency as the temperature is risen. The relation between temperature and
BFS in the fiber is depicted in Fig. 6.6(b), where a linear regression is performed to obtain
a temperature coefficient of 1.0756 MHz/◦C.

Finally, in order to evaluate the measurement precision of the analyzer, a series of
10 consecutive measurements for stable temperature conditions were performed. For that
purpose, the final 2.5 km of fiber were placed in the climatic chamber. Figure 6.7 highlights
the precision along the last kilometers of the sensing fiber, which was calculated from the
standard deviation of those measurements at each location. From these measurements,

Figure 6.7: BFS uncertainty (2σ) obtained by the technique in the last 2.5-km.
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the 2-sigma BFS measurement precision at the worst-contrast position was found to be
0.95-MHz. Furthermore, based on the obtained results, the figure-of-merit (FoM) of this
BOTDA setup was calculated [32], obtaining a value of 1.1. This FoM turns out to be of
the same order of more complex BOTDA setups that deploy several EOMs or SOAs to
generate the required optical waves [32].

6.5 Limitations of the simplified-BOTDA technique

In this section the main factors that limit the performance of this simplified-BOTDA
setup are discussed. Particularly those associated to the crosstalk between the optical
signals in both sensor branches that were introduced in section 6.4.

Figure 6.8 highlights the detrimental effect caused by the residuals of the pulsed side-
bands present in the probe wave (Fig. 6.4(c)) upon the measured BOTDA trace. Note
that there is an abrupt loss of signal in the middle of the fiber. This effect was found to be
originated by the residuals of the pulsed sidebands traveling along the fiber in the direction
of the probe wave. As it was previously mentioned, the remains of the pulses that are not
completely suppressed by the FBG were transmitted alongside the probe wave in the fiber.
Therefore, the arrival of this pulse at the output of the fiber saturates the photo-receiver
amplifier invalidating the measurement until it returns to a stable condition after the pulse
passes. The inset of Fig. 6.8 expands the signal-loss area and, as it can be seen, for a time
duration equivalent to an approximately 60-m the measurement is corrupted.

Figure 6.8: BOTDA trace at BFS of the fiber (f = 10830 MHz) for the 20-km fiber with
the corrupted middle section of the fiber in a zoomed area.

In any case, this constraint is not really serious because it can be overcome in a number
of ways, depending on the measurement configuration that is deployed. An obvious solution
would be to enhance the optical filtering process to increase the unwanted components
suppression in the probe wave. However, there are practical limits for this approach. On
the other hand, BOTDA sensors typically use a loop configurations, e.g., when monitoring
a pipeline, in which there is a leading fiber, used to bring the probe wave to the middle
of the loop where the sensing fiber starts. Therefore, in this case the problem is solved
altogether, because the corrupted measurement span would be outside the sensing fiber.
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Nevertheless, if we are interested in measuring along the full fiber length, this fact could
be taken into account when the fiber is installed in the structure that is going to be
monitored by simply installing an extra length of fiber (60 meters) in the middle section.
So the measurement impairment is completely overcome.

The other significant limitation that was studied comes from the residuals of the optical
carrier on the pump pulse wave (see Fig. 6.4(b)). This residual carrier propagates along the
fiber with the pump pulse, generating a Rayleigh backscattered (RB) signal that reaches
the receiver together with the probe wave, which has identical wavelength; thus leading
to interference and noise. This is an extra-noise that is added to the conventional noise
sources in BOTDA sensors: the thermal, shot noise sources and the relative intensity noise
coming from the laser source [9]. This extra-noise can be quantified by considering the
total optical field that reaches the photo-receiver, which can be approximated by:

E(t) = ESe
(2πνSt+φS) + ERBe

(2πνRBt+φRB) 6.1

where ES and ERB are the amplitude of the probe wave and RB components, respec-
tively, νS and νRB are the optical frequency of probe and RB waves and φS and φRB are
the phases of the probe wave and the RB.

The total intensity (optical power) detected at the photo-receiver includes a noise term
generated by the RB beating with the probe wave, which can be written as:

I(t)

∣∣∣∣
RB−S

= 2ESERB cos(2π∆νt+ ∆Φ) 6.2

where ∆ν = ∆νRB−∆νPr is the frequency detuning between probe and RB waves and
∆Φ is the phase difference between probe and RB, which can be assumed to be a random
variable with uniform distribution between -π and π. This is a stationary random process,
whose autocorrelation function is [124]:

R(τ) = 2PSPRB cos(2π∆ντ) 6.3

where PS and PRB are the probe power and RB power at the receiver respectively. As
Eq. (6.2) is a random process with zero mean, the standard deviation of the RB-probe
beating noise can be calculated as:

σRB−S =
√
R(0) =

√
2PSPRB 6.4

Therefore, the total noise power at the photo-receiver output can be expressed as follow:

σ2
T = σ2

th + σ2
sh + σ2

RB−S 6.5

where σ2
th and σ2

sh are the variance of the thermal and shot noise at the photo-receiver,
respectively, and σ2

RB is the noise variance calculated using Eq. (6.4), induced by the
Rayleigh backscattering beating with the probe wave. Note that other noises have been
neglected in this expression because they tend to be much less significant.

In order to estimate the impact of the RB-probe beating noise in the sensor, the optical
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powers of the probe wave and RB arriving at the photo-receiver were measured, giving
values of -14 dBm and -70 dBm, respectively. Applying Eq. (6.4) to these experimentally
obtained results, and using the value of the responsivity of the photo-receiver, a value of
3.6-mV for the standard deviation of the RB-probe beating noise was obtained.

This value was double-checked using Eq. (6.5). To this end, first of all, the total
noise at the receiver was measured with the EDFA in the upper branch turned off (without
pump wave in the fiber), giving a standard deviation of noise (thermal and shot) of 2.6 mV.
Afterward, the EDFA was turned on and the total standard deviation of noise was measured
again, with a value in this case of 4.9 mV. By using Eq. (6.5), these results translate to an
added noise with standard deviation of 4.1 mV. This agrees well with the calculated value
using the model in Eqs. (6.1) to (6.4). Therefore, it is confirmed that the main constraint
regarding the noise of the system is originated by the residual of the optical carrier in the
pump pulse wave, which introduces a 5.5-dB penalty in the signal-to-noise ratio (SNR) of
the detected sensor response.

From Eq. (6.4) it follows that the total noise added by RB is directly proportional
to the optical carrier suppression. Therefore, in order to enhance the detected SNR, one
option would be to apply more filtering, for instance, adding other FBG in the upper
branch of the setup to improve the optical carrier suppression. As an example, adding
10-dB additional suppression to the carrier, which is relatively simple to achieve, would
reduce the SNR penalty to less than a decibel.

6.6 Conclusions

In this chapter we have presented another line of research in BOTDA sensors, which is
focused on reducing the cost of the sensor by simplifying the configuration and/or reducing
the cost of the used devices. In addition, a novel simplified-BOTDA sensor based on passive
optical filtering of the spectral components generated in a single RF-pulsed optical source
have been introduced and demonstrated. The aim of the proposed scheme is to simplify the
setup by reducing the number of the optical components required to implement the sensor.
Specifically, as the pump and probe waves are implemented by a single optical source, the
sensor does not need any EOM or SOA, so that the optical components are significantly
reduced. Note that in a conventional BOTDA system two EOM or one EOM and a SOA are
commonly used to generate both optical waves, therefore, this simplified-BOTDA sensor
removes two optical devices from the configuration. In this way, the cost of the sensor
is reduced and, therefore, it becomes a cost-effective alternative to conventional BOTDA
configurations.

The capabilities of the presented technique have been analyzed performing distributed
temperature measurements over a 20 km length of fiber. These measurements have shown
high precision and resolution, so that it has been proved that this BOTDA sensor presents
a performance comparable to more complex setups. Therefore, for scenarios in which the
price of the sensor is a major limitation, it is an interesting alternative to other analyzers
usually cheaper than BOTDA sensors. This is of great importance when it comes to
creating real practical applications of BOTDA sensors, since most of the structures that
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require a structural health monitoring are not as large as for instance gas pipelines. This is
the case of many applications to measure the deformation of the structure in geotechnical
and civil engineering, as for instance the deformation of bridges, tunnels or PVC pipes [125].
So, in these scenarios, the most important feature of the sensor is not the possibility of
measuring hundreds of kilometers. On the contrary, what they need is a robust and a
cost-effective solution.

In addition, the factors that limit the performance of the presented BOTDA sensor
have been studied and the way to overcome them outlined. We have shown that the most
important constraint of the technique is due to the optical residuals presented in both the
probe and the pump waves. These optical residuals are generated in the filtering process
of the output signal of the optical source. Therefore, an easy way to overcome or at least
mitigate the influence of these optical residuals on the performance of the sensor is to
enhance the selectivity of the filters. However, it is worth mentioning that this technique
cannot be applied in a dual-probe BOTDA sensor, which is a configuration that has been
shown to alleviate the onset of the pulse depletion [92], and hence, allows to increase the
optical probe power and in consequence improves the SNR in detection.

Finally, given the importance of getting cost-efficient BOTDA sensors, future research
work will focus on improving the performance of the presented BOTDA sensor, as well as
in further simplifying its implementation. In addition, a research work focused on finding
other simplified configurations of the sensor will be carried out, so that BOTDA sensors
can reach applications and industries from which they are now excluded because of cost
concerns.
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7.1 Conclusions

This section summarizes the conclusions derived from the work performed during this
thesis dissertation. The conclusions are grouped according to the specific research

topic.

Non-local effects

In this thesis work we have carried out an exhaustive analysis of non-local effects (NLE)
in Brillouin optical time-domain analysis (BOTDA) sensors. To begin with, we have intro-
duced the theoretical explanation of the pump pulse depletion and the frequency-dependant
spectral deformation of the pulses, the so-called first-order and second-order NLE, respec-
tively [31, 33]. These effects have been shown to degrade the precision of the sensor
response. Indeed, the different BOTDA sensor schemes are severely affected by the pump
pulse depletion, so that the probe wave optical power that can be deployed is constrained.
In this way, due to the onset of first-order NLE, the use of a single-probe configuration
in long-range BOTDA sensors is restricted as a function of the maximum tolerable error.
Dual-probe BOTDA setups significantly alleviate this issue, enabling the use of a higher
probe power. However, they are still prone to second-order NLE that distort the pulse
spectrum and constrain the probe power to well below the theoretical limit set by the Bril-
louin threshold of the fiber. Therefore, NLE limit the optical power that can be deployed
in the sensing fiber, and hence, the signal-to-noise ratio (SNR) in detection is worsen.

Then, we have contributed in this thesis with a series of findings related to NLE. First,
the impairments related to the limited extinction ratio (ER) of the pump wave have been
analyzed. We have shown that even the dual-probe BOTDA sensor performance is still
seriously compromised when pump pulses with limited ER are deployed because, the pump
pulse depletion is increased. Furthermore, the limited ER of the pump wave in BOTDA
sensors leads to a previously unknown non-local effect, which is due to the pump pedestal
depletion. This effect, originated in the extra depletion of the trailing pedestal of the pump
wave, introduces a similar measurement error to that introduced by the depletion of the
pulse. For instance, it is found that, in a conventional dual-probe BOTDA setup with 1-m
spatial resolution, an ER>32 dB is needed to have less than 1-MHz Brillouin frequency
shift (BFS) measurement error. Furthermore, if a technique for mitigation of second-order
NLE is deployed, an ER greater than 43 dB would be required.

Such a large ER is typically just within the reach of semiconductor optical amplifier
(SOA) switches or acousto-optic modulators (AOM). However, both devices have rise and
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fall times that are typically of the order of 1 ns for SOAs and longer for AOMs, which
compromise the capability to perform high-spatial-resolution measurements using, for in-
stance, the differential pulse-width pair technique. Furthermore, pulses with less steep
leading and trailing edges are prone to self-phase modulation, which has been shown to
severely constrain the performance of the BOTDA sensor. Therefore, in order to generate
the sharp pulses that are needed for high-spatial-resolution measurements using the dif-
ferential pulse-width pair technique, a Mach-Zehnder electro-optic modulator (MZ-EOM)
is required. However, MZ-EOMs usually have low ER, typically between 20 to 30 dB,
which would not comply with the rigid condition for the ER stated above. Note that two
cascaded MZ-EOMs could be used in order to keep the fast response with an improved
ER, but at the expense of an added setup complexity and an increased cost of the sensor.

In addition, another impairment caused by the limited ER of the pulses has been found.
This limitation comes from the pedestal distortion induced by the transient response of
the erbium-doped fiber amplifiers (EDFA), which are typically deployed to amplify the
pump wave. This detrimental effect has similar characteristics to those induced by the
pedestal depletion. Depending on the particular EDFA device used to amplify the pump
pulse wave, the distortion due to the EDFA transient can be even more important than
the one introduced by the depletion of the pedestal. Note that the limitation that this
effect impose is independent of the probe wave power deployed; hence, they set an upper
bound to the BOTDA sensor performance.

We also found that all the currently available second-order NLE compensation methods
are only valid in case the BFS of the sensing fiber is fairly uniform. This is an important
limitation that restricts real world applications of long-range BOTDA sensors, considering
that in real-world field-application scenarios a variety of fibers with different BFS and sub-
jected to different environmental conditions are typically deployed. We have demonstrated
that, indeed, this is an important limiting factor of the sensor by developing a theoretical
model for the pump pulse distortion due to the interaction with the probe waves, which
was verified by experimental measurements.

Finally, another important consideration concerning NLE is the limitation that the
depletion of the pulse entails to coding techniques. In this thesis, we have demonstrated
that the use of mono-color cyclic coding is clearly limited in BOTDA sensors due to the
depletion of the pulse. This is due to the fact that the successive pulses of a sequence
interact with a probe wave that has been amplified by the previous pulses of the sequence,
and therefore, the depletion of the pulse is greater. In addition, we have shown that even
a dual-probe BOTDA sensor is still limited by this impairment.

In summary, we have presented two previously unknown NLE, as well as some extra
limitations of first-order and second-order NLE. These effects are amongst the main con-
straints on the performance of BOTDA sensors, considering that their onset limits the
optical probe power, and hence, worsens the SNR of the detected probe wave. Therefore,
it is of paramount importance to find solutions to these constraints.
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Probe-dithering to overcome non-local effects

In this thesis we have demonstrated the capabilities of the probe-dithering technique
to overcome the various NLE. This technique was devised by our research group. Pre-
vious works have demonstrated that this technique is able to overcome first-order and
second-order NLE. In addition, its use allows BOTDA configurations to deploy a probe
wave power above the Brillouin threshold of the fiber. Therefore, the technique allows to
introduce a higher probe wave power, and hence, the SNR at the receiver is enhanced.

In this thesis work, we have demonstrated that this technique also alleviates all the
impairments brought by the limited ER pump pulses. The experimental results show how
this technique gets rid of the pedestal depletion and also greatly ameliorate the impairments
of the EDFA transient response. It is worth mentioning that in order to do that, it is
mandatory not only to modulate in frequency the probe wave but also the pump wave.
Otherwise, the pulse pedestal would be composed of a single frequency, and hence, the
Brillouin interaction with each probe wavefront of a frequency detuning equal to the BFS
of the fiber would be exactly the same than in a conventional BOTDA sensor. This, in
turn, would increase the quantization noise, and reproduce the same impairments due
to the EDFA transient response than in a conventional BOTDA setup. However, the
constraints generated by both the depletion of the pulse and the pedestal depletion would
be clearly improved.

Additionally, we have presented a new technique that makes BOTDA sensors to com-
pletely compensate second-order NLE: the BFS tracking technique. This is based on adding
an optical frequency modulation to the probe wave so as to track the variations in average
BFS found along the fiber. In this way, the probe wave power limitation is the effective
Brillouin threshold of the sensing fiber. However, the probe-dithering technique pushes
this limit to higher powers than in standard BOTDA setups. Therefore, by combining the
tracking technique with the probe-dithering, we have proved that it is possible to deploy a
probe wave up to 15 dBm, which, to the best of our knowledge, is the largest probe power
injected in a long-range BOTDA setup.

Finally, to the best of our knowledge, the probe-dithering technique is the only approach
that can mitigate all known NLE in BOTDA sensors. In addition, this technique also
overtakes the Brillouin threshold limit of the fiber. This, in turn, allows the use of a
higher probe wave power levels, and hence, the SNR at the receiver is enhanced. The
improvement 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. In summary, the probe-dithering technique has been shown to
be an important contribution to long-range BOTDA sensors and a simple solution to the
impairments brought by BOTDA sensors that deploy MZ-EOMs to shape the pulses.

Coding techniques in BOTDA sensors

In this thesis, we have made two substantial contributions to the development of coded
pump wave BOTDA sensors. On the one hand, we have presented a study on the practical
limitations on the probe and pump power in BOTDA sensors that uses a coding technique.
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To carry out the experimental study of these limitations we have used a mono-color cyclic
coding technique. On the other hand, we have introduced an enhanced BOTDA sensor
that combines the mono-color cyclic coding and the probe-dithering techniques.

We have theoretically and experimentally demonstrated that the optical power of the
probe and pump waves is limited by three factors: the power fluctuations of the pulse
sequences, the onset of pump pulse depletion and the non-linear amplification of the probe
wave. Due to these impairments, in order to avoid errors in the decoded signal when
using a coding technique in BOTDA sensors, there is a trade-off between the maximum
pump and probe powers that can be injected in the fiber, the code length, the pump pulse
duration and the fiber length. Note that the use of coding techniques to enhance the SNR
is limited to cases in which the obtained coding gain has a real benefit in the measurement
in comparison with a single-pulse configuration. That is to say, if to properly decode the
signal it is mandatory to reduce the pump and/or the probe optical power, which in turn
entails a reduction of the effective SNR, the use of the coding technique ceases to be useful.
Based on these considerations, we can argue that mono-color cyclic coding is really more
useful in long-range loop configurations, considering that the probe wave power at the input
of the sensing fiber is reduced in this configuration, and hence, the studied limitations are
less significant.

It is important to point out that the different coding techniques presented so far in
the literature are affected differently by the presented limitations. For instance, color cod-
ing could alleviate the limitations regarding non-linear amplification, while the three-tone
bipolar coding technique could get rid of non-linear amplification and reduce the impact of
the pump pulse depletion, but at the cost of a great increase in setup complexity. In any
case, all the coding techniques must consider the presented limitations in order to improve
the sensor performance.

In addition, we have introduced an enhanced BOTDA sensor that combines mono-color
cyclic coding and a frequency modulated dual-probe wave configuration. Both techniques,
probe-dithering and mono-color cyclic coding, improve the SNR. Therefore, by combining
both methods it is possible to measure long distances. Note that, the dithering of the probe
waves alleviates the onset of the pulse depletion, and hence, a larger code length can be
deployed. The capabilities of the technique have been analyzed by performing distributed
temperature measurements over a 164 km loop length of fiber with high precision (3 MHz)
and spatial resolution (1 m). To the best of our knowledge, this is the longest sensing
distance demonstrated with a BOTDA sensor using mono-color cyclic coding.

Simplification of the BOTDA sensor

Another line of research in BOTDA sensors is focused on reducing the cost of the sensor
by simplifying its configuration. In this thesis we have presented a novel simplified-BOTDA
sensor based on passive optical filtering of the spectral components generated in a single
optical source. In this way, the number of the optical components required to implement the
sensor are reduced. Specifically, the sensor removes one or two optical devices compared to
other BOTDA setups. Therefore, the cost of the sensor can be reduced and, consequently,
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it becomes a cost-effective alternative to conventional BOTDA configurations.
The capabilities of the sensor were analyzed performing distributed temperature mea-

surements over a 20 km length of fiber, showing a performance comparable to more complex
setups. In addition, the factors that limit the performance of the simplified BOTDA sensor
was studied and the way to overcome them outlined. The most important limitation of the
technique is due to the optical residuals presented in both the probe and the pump waves,
which are generated in the filtering process of the output signal of the optical source. The
way to overcome them has also been outlined.

Finally, it is worth mentioning that this technique cannot be applied in a dual-probe
BOTDA sensor, which is the main disadvantage of the method. In any case, the great
advantage of the sensor is the possibility to employ it in industrial sectors where the cost
of the analyzer could be a problem.

7.2 Future research

The following lines present the resultant open research fields coming from the work
performed during this thesis:

Non-local effects

As noted, NLE are amongst the most significant limitations in BOTDA sensors. In
addition, the effects of the limited ER of the pump pulses have been shown to seriously
impact the BOTDA sensor performance. Therefore, it is of paramount importance that fu-
ture research work focuses on overcoming these effects, so that to improve the performance
of the BOTDA sensor.

Apart from that, further research should be focused on investigating the significance
of these effects in BOTDA systems deploying pump pulse coding. It is expected that the
degradations imposed by the pedestal depletion will have a more pronounced impact in
such systems than in a single-pulse configuration because of the use of large sequences of
pulses. This may impose even stringer constraints on the ER of the pulses deployed. In
addition, it should be checked whether the probe-dithering technique also improves the
limitations of coding techniques with respect to the ER of the pump pulses. Thus, as with
the pump pulse depletion, the pedestal depletion will also be ameliorated.

Coding techniques in BOTDA sensors

Future work in this line of research can be focused on three different branches. First,
the study of the limitations of the coding techniques applied to BOTDA sensors should be
completed. In addition, in order to assess how each of the coding techniques is affected by
these limitations, and hence, consider the advantages and disadvantages of the use of each
of them, it would be highly interesting to conduct an exhaustive study of the performance
of the different coding techniques presented to date.

Second, it is necessary to continue analyzing and studying different solutions to over-
come the limitations related to the use of coding techniques. Specifically those related to
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the pump pulse depletion and to the non-linear amplification of the probe wave, which
have been shown to severely degrade the sensor performance. In this way, longer code
lengths could be used, so that the SNR of the sensor will be improve.

Finally, we should study the possibility of combining the probe-dithering technique
with bipolar and color coding techniques. It is expected that the combination of these
techniques could improve the sensor performance, and hence, longer distances could be
monitored. This is due to the fact that both bipolar and color coding are less affected by
the pump pulse depletion and the non-linear amplification of the probe, so that combined
with the probe-dithering technique, which enables the use of a higher probe wave power,
the SNR of the sensor could be enhanced.

Simplification of BOTDA setup

An important limitation in real applications of BOTDA sensors is the cost of the
analyzer. Therefore, future work should focus on improving the performance of the sensor
and further simplifying its implementation, so that BOTDA sensors can reach applications
and industries from which they are now excluded because of cost concerns. In addition, due
to the advantages of dual-probe BOTDA configurations, it is important to find simplified
dual-probe BOTDA configurations.
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Symbols
Symbols

A Strain coefficient
A′ Normalized strain coefficient
Aeff Effective area
α Attenuation coefficient of the medium
αsnd Sound absorption coefficient
αS Attenuation coefficient at the Stokes wavelength
αP Attenuation coefficient at the pump wavelength
B Temperature coefficient
B′ Normalized temperature coefficient
C Compressibility of the medium
Cgain Coding gain
Cpeaks Correlation peaks
Cs Constant entropy of the compressibility
c Speed of light in vacuum
χ Dielectric susceptibility
d Depletion factor of the pump pulse
dP Depletion factor of the pump pedestal
dT Total depletion factor of the pump wave
δε Strain variation
∆χ Fluctuation of the dielectric susceptibility
∆PS Optical power variation of the probe wave
∆ε Fluctuation of the dielectric constant
∆ρ Density variations
∆ν Frequency detuning of probe wave from the Brillouin peak frequency
∆νL Frequency detuning of the lower-frequency probe wave from the Brillouin peak
∆νG Frequency detuning of the upper-frequency probe wave from the Brillouin peak
δν Frequency shift
∆νB Brillouin linewidth
∆Φ Phase difference between probe and Rayleigh backscattered signals
∆w Work per unit volume
∆z Spatial resolution
δ Frequency sampling step
E Electric field
E1 Young’s modulus
ERB Electric field of the Rayleigh backscattered signal
ES Electric field of the probe wave
ESi Input electric field of the probe wave
EP Electric field of the pump wave
EPi Input electric field of the pump wave
ε Relative dielectric constant
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ε0 Dielectric permittivity of free space
fm Wavelength modulation frequency
Γ Damping rate of acoustic wave
ΓB Phonon decay rate
γe Electrostrictive constant
g0 Brillouin peak coefficient
gB Brillouin gain coefficient
gprobe Reduction in probe gain
Gi Brillouin gain experienced by the probe wave
GT Brillouin gain experienced by the probe wave in coding system
GP Probe gain with no pulse in the fiber

G′P Probe gain due to the pedestal interaction
h Planck constant
HB−SBS Pulse optical frequency response due to the interaction of both probe waves
IP Intensity of the pump wave
IS Intensity of the Stokes wave
Ks Bulk modulus
k Wave vector
L Length of the optical fiber
LC Code length
Leff Effective length
µ0 Magnetic permittivity in vacuum
n Refractive index of medium
ν Optical frequency
νB Brillouin frequency shift
νe Brillouin frequency shift accuracy
νg Group velocity of light
νP Optical frequency of the pump wave
νRB Optical frequency of the Rayleigh backscattered signal
νS Optical frequency of the probe wave
νSL Optical frequency of the lower-frequency probe wave
νSU Optical frequency of the upper-frequency probe wave
νB0 Brillouin frequency shift measured at reference temperature
Ω frequency of the acoustic wave
ΩB Angular Brillouin frequency shift
ω Optical frequency of the incident field
ωP Optical frequency of the pump wave
ωS Optical frequency of the Stokes wave
P Polarization field
PNL Non-linear polarization field
PS Optical power of Stokes wave
PSi Input optical power of probe wave



PSLi Input optical power of the lower-frequency probe wave
PSUi Input optical power of the upper-frequency probe wave
PP Optical pump wave power
PP0 Optical pump pulse power in absence of Brillouin interaction
PPi Input optical power of pump wave
Pped Optical power of the pump pulse pedestal
pst Strictive pressure
Prx Optical power at the receiver
PSBSth Critical pump power defined as the stimulated Brillouin scattering threshold
pst Strictive pressure
q Acoustic wave vector
Q Acoustic wave field
R Autocorrelation function
ρ Density of medium
ρ0 Density of silica fiber
σBFS Brillouin frequency shift precision
σRB−S Standard deviation of the Rayleigh backscattered-probe beating noise
σ2
T Variance of the total noise of the sensor
σ2
th Variance of the thermal noise
σ2
sh Variance of the shot noise
τp Phonon lifetime
t Time
T Temperature
T0 Reference temperature
TP Temporal pulse duration
Θ Poisson’s ratio
u Interaction length of the probe wave with the pump pulse
υa Velocity of the acoustic wave
z Position of the fiber
ζ Fraction of peak level





Acronyms
Acronyms

AOM Acousto-optic modulator
ASE Amplified spontaneous emission
AWG Arbitrary waveform generator
BFS Brillouin frequency shift
BGS Brillouin gain spectrum
BLS Brillouin loss spectrum
BOCDA Brillouin optical correlation-domain analysis
BOFDA Brillouin optical frequency-domain analysis
BOTDA Brillouin optical time-domain analysis
BOTDR Brillouin optical time-domain reflectometry
BRL Brillouin ring laser
c.c. Complex conjugate
CW Continuous wave
DFB Distributed feedback
DFOS Distributed fiber optic sensors
DPP Differential pulse-width pair
DSF Dispersion shifted fiber
EAM Electro-absorption modulator
EDFA Erbium-doped fiber amplifier
EML Externally-modulated laser
EOM Electro-optic modulator
ER Extinction ratio
FBG Fiber Bragg grating
FM Frequency modulation
FoM Figure-of-merit
FOS Fiber optic sensors
FUT Fiber under test
FWHM Full-width at half-maximum
MI Modulation instability
MZ-EOM Mach-Zehnder electro-optic modulator
NLE Non-local effects
OF Optical filter
OSSB Optical single-sideband
OSSB-EOM Optical single-sideband modulator
PS Polarization scrambler
RB Rayleigh backscattered
RF Radio-frequency
RIN Relative intensity noise
SA Slope-assisted
SBS Stimulated Brillouin scattering
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SMF Single-mode fiber
SNR Signal-to-noise ratio
SOA Semiconductor optical amplifier
SpBS Spontaneous Brillouin scattering
SPM Self-phase modulation
TOSA Transmitter optical sub-assembly
VNA Vector network analyzer


