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Abstract

Infrastructures are key elements in our everyday lifestyle. They provide cities and towns
the quality of life that human being requires. Nevertheless, the vast majority are deaf, dumb
and blind since there is no a proper way to evaluate its integrity and state. In this context,
fiber-optics sensors can be an interesting solution since they can be embedded within the
structure and provide information of the stress, strain, temperature or deformation suffered by
the structure. Furthermore, the properties of the optical fiber such as immunity to electromagnetic interference, chemical passive, light weigh, small size, mechanical compatibility with
different materials or passive nature, make fiber-optics sensors an interesting technology, and
sometimes the only feasible solution for a wide range of applications. Just to mention some
of them, there is interest in monitoring structures such as roads, railways, bridges, tunnels,
damns, power lines or pipelines. Depending on the sensing application, it is possible to
use point sensors in which the measurand can only be retrieved at specific locations within
the infrastructure. However, these structures have in common large dimensions and may
need to monitor all the points of the structure since there is not way to predict the exact
location to install the point sensor. In this case, distributed optical fiber sensors present as
a disruptive technology in which, each point of the optical fiber becomes itself the sensing
element. Embedding it within materials and structures allows to create a nerve system that
monitor all the points of the structure. This feature makes this technology unique in the
world with no real competitors.
Distributed fiber sensors based on stimulated Brillouin scattering (SBS), particularly, the
configuration known as Brillouin optical time-domain analysis (BOTDA) sensors, are the
central object of this thesis dissertation. This configuration is the most promising technology
since it is able to resolve different scenarios such as long-range monitoring distances with
hundreds of kilometers using sub-meter spatial resolution or short-distances around a few
kilometers with centimeters spatial resolution. Furthermore, the technique can be also applied
to dynamic measurements being able to monitor vibrations of hundreds of kHz for relative
short distances.
The BOTDA technique is based on the counter-propagation of two optical signals, a
pulsed signal and a probe wave. When both waves have a frequency difference around the

vi
Brillouin frequency shift (BFS) of the fiber, they interact through SBS. This interaction only
occurs whenever the pulsed signal meets the probe wave, so that the power of the probe wave
is locally modified obtaining a distributed measurement. The variation of the optical probe
power is maximum, when the frequency difference between both waves matches with the
BFS. Therefore, in order to determine the BFS at each location of the fiber, the BOTDA
technique requires to sweep the frequency difference between both waves obtaining for
each location of the fiber, a power distribution known as the Brillouin amplitude spectrum.
The peak of the Brillouin spectrum provides the BFS measurement, which provides the
temperature or strain information of the scanned points.
Although the BOTDA technique has been thoroughly studied, there still exist some
limitations in these sensors. The uncertainty on the determination of the BFS basically
depends on the signal-to-noise ratio (SNR) of the measurements. This key parameter has a
linear relationship to the detected power of the probe wave, which must be limited at the
input of the fiber due to a detrimental effect known as non-local effects. As mentioned before,
when the frequency difference between the probe signal and the pump wave matches the
BFS, the interaction is maximum. In case that the BFS is uniform along the sensing fiber,
the energy given by the pulsed signal is considerably higher for that frequency difference
than for others. The non-local effects induce a distortion of the measured spectrum and
impairs the BFS measurement. Moreover, if non-local effects are negligible, there still exist
a probe power limitation given by the amplification of spontaneous Brillouin scattering
components, which results in noise added to the probe wave and hence, it impairs the SNR of
the measurement. Furthermore, another parameter directly related with the SNR is the peak
power of the pulsed signal. The input peak power is also limited by another effect called
modulation instability, which depletes the power of the pulsed signal along its propagation
reducing the interaction with the probe wave at certain locations of the sensing fiber.
In addition to these power limitations, the sensing range and the spatial resolution
(given by the number of points resolved by the sensor) also limit the available SNR of the
measurements. The first one is limited by the optical attenuation of the fiber, which turn to
be doubled in these systems due to the counter-propagation of the probe wave and the pulsed
signal. The second one is given by the temporal duration of the pulsed signal, which reduces
the effective interaction between both waves and broadens the measured Brillouin spectrum
for pulse durations lower than 10 ns.
This thesis dissertation concentrates on solving some of the limitations described by
proposing novel techniques. The first technique is based on using a phase-modulated
probe wave with self-heteroyne detection and RF demodulation in BOTDA sensors. The
self-heterodyne detection along with the RF demodulation allows to increase the SNR of
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the detected signal and to recover the amplitude of the Brillouin interaction as well as the
phase-shift. The phase modulation allows to measure a phase-shift spectrum that obviously
depends on the BFS measurement but also it is tolerant to changes of the pulse power and
the attenuation of the fiber. This technique is interesting for dynamic BOTDA sensors, i.e.
real-time monitoring sensors, in which attenuation of the optical fiber is a usual issue due to
the losses caused by mechanical stress. Furthermore, as the technique is tolerant to changes of
the peak power of the pulsed signal, it can tolerate non-local effects. This allows to increase
the SNR by the increment of the probe power.
Furthemore, this BOTDA sensor has been combined with a well-known technique, called
differential pulse-width pair technique. It allows to enhance the spatial resolution without
broadening the measured spectrum. In this case, the technique was applied to amplitude
and phase-shift measurements. In addition to it, new approaches of this sensor based on the
deployment of multiple pulsed signals with special features have been deployed to mitigate
the effect of modulation instability and to reduce the measurement time in dynamic BOTDA
sensors.
A second technique proposed during this thesis dissertation is the BOTDA sensor using
a probe wave whose optical frequency is modulated along the distance of the fiber. As
mentioned before, if the BFS of the fiber is uniform, the effect induced by non-local effects
is more detrimental. Consequently, if the probe wave changes along the fiber, the Brillouin
interaction is not longer uniform and the probe power can be increased. Moreover, this
technique also allows to reduce the noised added to the probe wave due to amplification of
spontaneous Brillouin scattering components overcoming both limitations of the probe wave.
Consequently, the proposed technique allows to considerably increase the precision of the
sensor.
In addition to it, the second technique is also useful to generate distributed Brillouin
amplifiers (DBA). Combining the DBA with a standard BOTDA sensor, the DBA can transfer
energy to the pulsed signal at the final kilometers of the fiber, i.e. the fiber section in which
the pulsed signal has a low power due to the suffered attenuation. Therefore, the system
allows to increase the detected SNR of the measurement.
Finally, the thesis presents a study of the different noise sources that could affect to
BOTDA sensors. Different noises sources such as double Rayleigh scattering generated by
the probe wave or phase-to-intensity noise conversion in the SBS process are theoretically
and experimentally analyzed. The study points out some guidelines of the importance of
each noise for the different distance ranges in BOTDA sensors.
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Introduction to the thesis
Motivation
The development of telecommunications based on optical fibers has actually allowed a
virtual world to emerge, one in which distance no longer represents a barrier to communicate
broadband signals. Since the decade of 1960, years of the invention of the laser and the
modern low-loss optical fibers, the available market has significant growth favoring not only
the development of telecommunications, but also the sensing based on fiber technology.
From that time, the field of optical fiber sensing has enormously developed, being able to
monitor parameters such as temperature, strain, gas concentration, acceleration or fluid level
among other solutions. Compared with other technologies, such as electric sensors, optical
fiber sensors offer a number of advantages, such as small size, immunity to electromagnetic
interference, a very wide operating range, chemical passivity or multiplexing capabilities.
These aspects make optical sensors an attractive and competitive solution for different
applications in which other technologies can not be installed.
Among the different optical sensors available in the market, there are point sensors,
such as fiber Bragg gratings or interferometric sensors, and distributed sensors, based on
phenomena such as Raman, Rayleigh or Brillouin scattering. The main difference between
both categories resides on the use given to the optical fiber, while the point sensors employ
the optical fiber as the link to propagate the signals between the intrinsic or extrinsic point
sensor and the interrogator, the distributed sensors transform the optical fiber in the sensing
element, i.e. it is the transducer. Consequently, the measurement is distributed along the
optical fiber. This may be considerably 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 reduces the cost per sensing point when monitoring large structures. This is the reason
behind the success of distributed sensors.
Consequently, distributed sensors have become a disruptive technology in the field of
structural health monitoring due to the ability to monitor long ranges with high spatial
resolutions. Among the different phenomena used in distributed sensors, stimulated Brillouin
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scattering has no competence, since measurements over more than 100 km have been done
with sub-meter spatial resolution. These features provide excellent results in many practical
fields such as in civil and structural engineering to monitor bridges, damns, pipelines or
tunnels, in harsh environments like nuclear power plants or oil and gas industries. Moreover,
Brillouin distributed sensors can also be useful in the energy sector to monitor the power
grid dynamically evaluating the local current load or the degradation of the line. In addition
to the long range applications, distributed Brillouin sensors also provide the possibility to
dynamically assess the state of short structures (from 100 meters length). This is the case of
wind turbine blades in which this technology can determine the correct operation of it during
the test of the prototype or in railway traffic monitoring to determine useful information,
such as train identification, axle counting, speed detection, and dynamic load calculation.
The numerous applications described above and the interest of other industries are the
main motivation to further improve the performance of these sensors.

Objectives of the thesis
This thesis dissertation concentrates on improving the performance of Brillouin optical
time-domain analysis (BOTDA) sensors, one of the most studied and developed Brillouin
distributed sensor. In particular, the thesis presents advanced techniques for improving
different aspects of dynamic and static BOTDA sensors. These approaches basically try to
improve the signal-to-noise ratio (SNR) of the detected Brillouin signal, which is the key
parameter determining the features of the sensor.
The factors limiting the ultimate signal-to-noise ratio achieved by BOTDA sensors are:
• The maximum optical power of the waves deployed in BOTDA sensors, i.e. the pump
and probe waves.
– The pump power is limited by modulation instability, an effect that depletes the
pump power along its propagation through the fiber and consequently, it reduces
the maximum sensing range of the sensor.
– The probe wave power is limited by the so-called non-local effects (NLE). This
effect induces an error of the estimated temperature or strain value determined by
the sensor, worsening its accuracy. In case that NLE are negligible, then Brillouin
induced noise in the detected probe signal limits the ultimate probe power used
in BOTDA sensors.
• The monitoring range of the BOTDA sensor sets the available amplitude signal at
the end of the fiber. The longer is the optical attenuation experienced by pump and
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probe waves, the smaller is the detected amplitude signal. Consequently, it reduces the
available SNR at the end of the fiber. Moreover, the effect of the optical attenuation
turns to be double since both waves counter-propagate along the fiber.
• The spatial resolution sets the number of points resolved by the sensor but it also
determines the temporal duration that probe and pump interact. For short pulse
durations, the obtained amplitude signal is lower than for longer pulse durations.
Consequently, it reduces the SNR of the measurement at the expense of increasing the
resolved number of points.
• The intensity of the noise sources of BOTDA sensors. The higher is the intensity of
the noise sources, the lower will be the SNR of the measurement.

Structure of the thesis
The content of this thesis dissertation is divided in five chapters:
The first chapter is an introduction to the different scattering phenomena and, in particular,
to Brillouin scattering, in order to understand the physical underpinnings of this effect. The
details of Brillouin scattering, such as the conservation of momentum and energy, the
Brillouin spectrum or the theoretical model in stimulated Brillouin scattering have been
described to later introduce the different techniques used to implement distributed optical
fiber sensors. Among the different configurations, special interest is devoted to the Brillouin
optical time-domain analysis sensor in which the theoretical model is presented to provide
a better understanding of the sensor behaviour. After that, the different factors limiting
the performance of BOTDA sensors are discussed along with the solutions proposed at the
current state of the art.
The second chapter is devoted to a novel BOTDA sensor that deploys a phase-modulated
probe wave and self-heterodyne detection. First, the theoretical model of the detected signal
affected by Brillouin scattering is described to find out that the detected phase-shift is tolerant
to variations of the local Brillouin gain suffered by the probe wave. This feature is particularly
important for dynamic and static BOTDA sensors. In the first case, the technique benefits
from measurements tolerant to variations of the attenuation of the optical fiber, which are
highly probable in a structure with dynamic deformation. While in static BOTDA sensor,
which comprises long monitoring distances, this feature allows to tolerate non-local effects
and hence, the probe power can be safely increased.
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Secondly, this technique is combined with well-known procedures to enhance the spatial
resolution of the sensor but, in this case, using the detected phase-shift signal without loosing
the tolerance to variations of the local Brillouin gain.
Finally, the sensor is used with multiple pump waves, instead of a single pump as it
is conventionally done, to decrease the measurement time of dynamic BOTDA sensors.
Furthermore, the deployment of multiple pump waves allows to increase the injected pump
power and hence, mitigating the effect of modulation instability.
In the third chapter, a novel technique based on frequency modulation of the probe
wave is proposed for BOTDA sensors. Since the Brillouin interaction depends on the
frequency difference between probe and pump waves, the frequency modulation of the probe
wave allows to reduce the Brillouin interaction experienced by the pump wave along the
fiber. Consequently, the technique allows to increase the injected probe power overcoming
non-local effects. Moreover, the same principle is used to mitigate the Brillouin induced
noise when the probe power is higher than the Brillouin threshold of the fiber. Consequently,
the probe wave reaches the optical receiver with a high enough optical power to enhance the
SNR of the measurements.
In the fourth chapter, a BOTDA sensor using a distributed Brillouin amplifier is introduced
and demonstrated. The technique is based on the deployment of an additional pump wave to
generate a distributed Brillouin amplifier (DBA), whose properties are controlled to properly
amplify the desired signal. Specifically, the DBA provides amplification to the pump wave
typically used in BOTDA sensor, so that, at the last kilometers of the fiber, i.e. where
the optical pump pulses have suffered a greater attenuation, the pulsed signal is amplified
obtaining (if it is desired) the same Brillouin gain than at the first kilometers of the fiber.
In the fifth chapter, a study of the different noise sources affecting the conventional
BOTDA sensor is presented. The study identifies the noise sources caused by the propagation
of the probe wave along the fiber and by the Brillouin interaction between probe and pump
waves. This study allows to update the signal-to-noise ratio parameter of BOTDA sensors
taking into account the additional noise sources considered in this thesis together with the
typical noise sources coming from the receiver stage, such as thermal and shot noises or the
relative intensity noise coming from the laser source.
Finally, the sixth chapter summarizes the conclusions obtained from the work done in
previous chapters and presents the open lines of this thesis.

Chapter 1
Distributed optical fiber sensors based on
Brillouin scattering
Distributed optical fiber sensors occupy an essential place in many monitoring applications.
Using an optical fiber as the sensing element, they are able to provide information about
the quantity to be measured at each location of an optical fiber. These sensors are based on
scattering phenomena caused by fluctuations in the optical properties of the medium, which
may be associated with local or temporal changes of the refractive index. Depending on
the scattering process, the sensor allows to measure a different measurands. In this thesis
dissertation, the different contributions focus on the distributed measurement of temperature
and strain using the Brillouin scattering nonlinear effect. Consequently, this chapter will
describe the working principles of distributed fiber sensors based on Brillouin scattering to
provide a deep understanding of this technique.
This chapter briefly introduces the different types of light scattering, to later present the
physics behind the Brillouin scattering for both process, the spontaneous and stimulated
regimes. All the relevant parameters such as the Brillouin frequency shift (BFS) or the
Brillouin linewidth are also defined during this chapter providing a complete theoretical
background. Then, the most common configurations based on stimulated Brillouin scattering
(SBS) are introduced, to finally focus on the Brillouin optical time-domain analysis (BOTDA)
sensor, as the improvement of these sensors is the main target of this thesis. The classical
model of stimulated Brillouin scattering based on three coupled differential equations is
solved to obtain the basic theoretical response of BOTDA sensors. Finally, the limitations
and state of the art are reviewed to provide the big-picture of BOTDA sensors.
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1.1

Scattering effects in optical fibers

An incident light beam may generate different types of scattering when it propagates in
matter. Depending on the intensity of the incident light beam, it is possible to differentiate
between spontaneous or stimulated scattering effects. Spontaneous light scattering occurs
when low intensities are injected into the media and hence, the light scattering occurs without
modifying the optical properties of the material system by the presence of this incident light
beam [1, 2]. Therefore, the spontaneous scattering effect is caused by the mechanical and
thermal excitation of the medium with an intensity that is proportional to the intensity of
the incident light beam. However, whenever the intensity of the incident light is sufficiently
larger than a certain threshold, the optical properties of the material are modified, becoming
a nonlinear process. In this case, the scattering effect becomes stimulated. This process will
be described in detail in forthcoming sections (1.3).
If the media is inhomogeneous, e.g. an optical fiber, the scattering process removes some
photons of the incident light generating scattered photons that might be shifted in direction,
frequency and phase. There are different scattering mechanisms depending on the energy
transfer of the medium to the scattered photon, existing two main types:
• Elastic scattering: the scattered photons maintain the same energy and hence, they
have the same frequency that the incident light.
• Inelastic scattering: as a result of an energy transfer between the photons and the
medium, the scattered photons have a different energy and consequently, they are
frequency-shifted. If the energy is taken by the media, then the scattered photons are
down-shifted in frequency and are called Stokes components. On the contrary, if the
energy is given from the medium, the scattered photons are up-shifted being called
anti-Stokes components.
Figure 1.1 depicts the various types of light scattering when a monochromatic wave of
frequency ν0 propagates through an optical fiber [1]. Four types of scattering effects are
shown:
• Rayleigh scattering: results from fixed density fluctuations of the medium, i.e.
from variations of the molecular organization state. The scattered light has no
frequency-shift, being an elastic phenomenon.
• Rayleigh-wing scattering: is caused by fluctuations in the orientation of the anisotropic
molecules in the medium.
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1.2 Spontaneous Brillouin scattering: a linear regime

• Brillouin scattering: is caused by the propagation of density fluctuations of the
medium resulting from propagating pressure waves. It is an inelastic scattering,
where the light is scattered by acoustic phonons with a frequency-shift resulting from
the Doppler effect and hence, determined by the acoustic velocity in the medium.
Depending on the propagation direction of the acoustic wave, the frequency of the
scattered light is down-shifted (Stokes component) when the acoustic wave is moving
away from the incident light, while the frequency is up-shifted for the other case.
• Raman scattering: results from the interaction between light and molecular vibrations
modes. The incident photons exchange energy with optical phonons, which have
considerably more energy than the acoustic waves involved in Brillouin scattering.
This makes Raman scattering a highly inelastic process characterized by a frequency
shift three orders of magnitude higher than in Brillouin scattering.

Stokes

Anti-Stokes
Rayleigh

Brillouin

Brillouin

Raman

Raman

ν0

Rayleigh wing

Frequency

Fig. 1.1. Spectral components resulting from light scattering in inhomogeneous
medium.

In the following sections, the spontaneous and stimulated Brillouin scattering will be
described, omitting the rest of scattering effects as the main contribution of this thesis
dissertation is based on Brillouin scattering.

1.2

Spontaneous Brillouin scattering: a linear regime

Spontaneous Brillouin scattering (SpBS) can be described by the analysis of the pressure
waves that induce fluctuations in the dielectric permittivity. The equation of motion for a
pressure wave is well known from the field of acoustics and is given by [1]:
∂ 2 ∆p
∂ ∆p
− Γ∇2
− υa ∇2 ∆p = 0
2
∂t
∂t

(1.1)
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where Γ is the damping rate and υa is the acoustic velocity in the medium expressed in terms
of thermodynamic variables as:
s
υa =

Ks
=
ρ

s

1
Cs ρ

(1.2)

where ρ is the density of the medium, Ks is the bulk modulus and Cs is the adiabatic
compressibility. As an illustration of the nature of the acoustic wave equation (1.1), the
following propagation wave can be considered [1]:
∆p = ∆p0 exp [i (q · r − Ωt)] + c. c.

(1.3)

where Ω = υa |q| is the frequency of the acoustic wave and q its wave vector. In order to study
the interaction between the incident beam light and the acoustic wave, a monochromatic
wave is assumed and given by [1]:
E = E0 exp [i (k · r − ωt)] + c. c.

(1.4)

where ω is its frequency and k is the wave vector. The scattered light can be described by
the use of the perturbed wave equation derived from the Maxwell’s equation [1]:
∇2 E −

n2 ∂ 2 E
∂ 2P
=
µ
0
c2 ∂t 2
∂t 2

(1.5)

where n is the refractive index of the medium, c is the speed of light in vacuum, µ0 is the
magnetic permittivity in vacuum, E is the electric field of the wave, P is the polarization field
induced by electric dipoles. In the case of linear optics, the induced polarization depends
linearly on the electric field [1]:
P = ∆χE = ∆εE
(1.6)
where ∆χ is the fluctuation of the dielectric susceptibility and ∆ε is the fluctuation of the dip
√
electric constant, which both affect the refractive index of the medium n = ε/ε0 = 1 + χ.
Assuming that the variations of the density are given by adiabatic density fluctuations i.e.
acoustic waves, then Eq. (1.6) yields [1]:

P = ε0

∂ε
∂ρ




∂ρ
∆p E = ε0 γeCs ∆p E
∂p

(1.7)

where γe is the electrostrictive constant and ε0 is the dielectric permittivity in the vacuum.
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By combining Eq. (1.3) through Eq.(1.5) and Eq. (1.7), the scattered light is given by [1]:

γeCs
n2 ∂ 2 E
∇ E − 2 2 = − 2 (ω − Ω)2 E0 ∆p∗0 exp [i (k − q) · r − i (ω − Ω)t]
c ∂t
c
2



2

(1.8)

+ (ω + Ω) E0 ∆p0 exp [i (k + q) · r − i (ω + Ω)t] + c. c.
The first term in Eq. (1.8) is the Brillouin Stokes component with frequency ω ′ = ω − Ω
and wave vector k′ = k − q. The second term is the Brillouin anti-Stokes component with
frequency ω ′ = ω + Ω and wave vector k′ = k + q.

1.2.1

Conservation of momentum and energy

The acoustic phonons of Brillouin scattering carry a momentum that grows proportionally
to the phonon frequency, the proportionally factor being given by the acoustic velocity of
the medium. The energy and the momentum must be conserved during the interaction,
consequently the observation of Brillouin scattering is subject to very strict phase-mismatch
condition due to the large momentum involved in the interaction. Simultaneously applying
energy and momentum conservation to the 3 interacting waves in the Stokes case (see
Table 1.1) is obtained [3]:
Energy conservation:

h
h
ω=
ω′ + Ω
2π
2π

(1.9)

h k = h k′ + q

(1.10)

Momentum conservation:


This translates into a set of coupled equations by making explicit each component of
Fig. 1.2 [3]:
(
|k′ | sin θ = |k′ | sin θ ′
|k| = |k′ | cos θ + |q| cos θ ′
After squaring and summing these coupled equations and using the relationships between
frequencies and wave vectors, the following relation is obtained considering that the acoustic
velocity is much smaller than the light velocity [3]:
 
2nωυa
θ
Ω=
sin
c
2

(1.11)

Note that the acoustic frequency depends on the angle of the scattered light, being zero for
forward scattering (θ = 0). On the other hand, the maximum frequency shift, known as
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Fig. 1.2. Relation between the wave vectors of the acoustic, incident and scattered
waves. The scattered light is considered a Stokes component as the acoustic wave
propagates in the same direction of the incident light.

Brillouin frequency shift, occurs for backward scattering (θ = π):
ΩB =

2nωυa
c

(1.12)

Note that in single-mode fibers (SMF), there are only two possible propagation directions for
the scattered light, the forward or backward. Consequently, Brillouin scattering signal is a
backscattered light, exhibiting the maximum frequency shift (νB = ΩB /2π) around 10.8 GHz
at 1550 nm.
Frequency

Wavevector

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 wavevector.

1.2.2

Brillouin spectrum and linewidth

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
that is considered to propagate along the axis of the fiber in Eq. (1.1), then q and Ω must

11

1.3 Stimulated Brillouin scattering: a nonlinear regime
satisfy the following dispersion relation:
Ω2 = q2 υa2 − iΩΓ



(1.13)

This relation can be expressed as [2]:
q≃

Ω iΓB
+
υa 2υa

(1.14)

where ΓB = Γq2 is the phonon decay rate. Substituting the latter expression in Eq. (1.3), it
can be demonstrated that the intensity of the acoustic wave varies spatially as [2]:
|∆p (z) |2 = |∆p0 |2 exp (−αs z)

(1.15)

being αs the sound absorption coefficient given by [2]:
αs =

ΓB
υa

(1.16)

1
ΓB

(1.17)

and hence, the phonon lifetime is defined as:
τp =

As a consequence of exponential damping shape of Eq. (1.15), it can be found that, in the
frequency domain, the Brillouin components are not monochromatic and exhibit a Lorentzian
spectral profile given by [2]:
gSBS (ν) = g0

(∆νB /2)2
(ν − νB )2 + (∆νB /2)2

(1.18)

where ∆νB = ΓB /2π is the full-width half-maximum (FWHM) Brillouin linewidth and g0 is
the Brillouin peak at resonance ν = νB .

1.3

Stimulated Brillouin scattering: a nonlinear regime

In the previous section, the analysis focused on the spontaneous Brillouin scattering caused
by a polarization field that has a linear proportional relation with the applied electric field
(see Eq. (1.6)). This effect is observed under low intensity conditions, where the incident
light is scattered by fluctuations of optical properties of a material induced by thermal or
quantum-mechanical zero-point effects. During this section, the analysis will study the effect
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caused when a high intensity is injected in the medium. It alters the optical properties of the
medium, becoming in a stimulated process, which are typically much more efficient than the
spontaneous scattering effects.
As a result of the high intensities used to stimulate the process, the polarization field
induced by the electric dipoles is now a nonlinear function of the electrical field given by:
.
PNL = χ3 ..EEE

(1.19)

where χ3 is the third-order susceptibility responsible of the stimulated scattering effects.
Taking into account the attenuation coefficient α and the non-linear polarization field, the
perturbed wave equation shown in Eq. 1.5 is now expressed as [4]:
∇2 E −

n2 ∂ 2 E αn ∂ E
∂ 2 PNL
−
=
µ
0
c2 ∂t 2
c ∂t
∂t 2

(1.20)

During the following sections, the details of nonlinear scattering resulting from induced
density variations of a material system will be described focusing on the most important
example of such processes: stimulated Brillouin scattering. This process can be stimulated
thanks to two different physical mechanisms that drive the acoustic wave: electrostriction and
optical absorption. The first mechanism will be described in detail in the following section.
The second is based on the heat induced by absorption in regions of high optical intensity,
which tends to cause the material to expand in those regions. The density variation excites
and acoustic disturbance generating SBS. However, absorptive SBS is less commonly used
than electrostrictive SBS, since it can occur only in lossy optical media. For this reason the
electrostrictive case will only be studied in this chapter.

1.3.1

Electrostriction

The tendency of materials to compress in the presence of an electric field is described as
electrostriction [2]. Electrostriction is of interest both as a mechanism leading to a third-order
nonlinear optical response and as a coupling mechanism that leads to stimulated Brillouin
scattering. The origin of the electrostrictive force can be described from a global point of
view as a consequence of the maximization of stored energy [2]. This force acts on each
individual molecule placed in the electric field, developing a dipole moment. Considering
this force and the energy stored in the polarization of each molecule, the strictive pressure is
obtained:
 
1
∂ε
1
pst = − ε0 ρ
⟨E · E⟩ = − ε0 γe ⟨E · E⟩
(1.21)
2
∂ρ
2
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where the angular brackets denote a time average over an optical period. Since pst is negative,
the total pressure is reduced in regions of high field strength inducing variations of the density,
which can be written (considering Eq. (1.21)) as:

∆ρ = −ρ

1 ∂ρ
ρ ∂p


pst = −ρCpst

(1.22)

where C = ρ −1 (∂ ρ/∂ p) is the compressibility of the material. Substituting Eq. (1.21) in
Eq. (1.22), it is found:
1
(1.23)
∆ρ = ε0 ρCγe ⟨E · E⟩
2
If the changes in the susceptibility in the presence of an optical field are represented as
∆χ = ∆ε, where ∆ε = (∂ ε/∂ ρ) ∆ρ and ∆ρ is given by Eq. (1.23), then it yields:
∆χ = ε0CT χe2 |E|2

(1.24)

where two monochromatic waves that differ by approximately the Brillouin frequency shift
have been assumed. Consequently, the complex amplitude of the nonlinear polarization fields
is given by [1]:
PNL = ε0CT χe2 |E|2 E
(1.25)
By inserting Eq. 1.25 into the perturbed wave equation presented in Eq. 1.20 for the two
optical waves involved in SBS and considering the acoustic wave, it is possible to obtain the
coupled-wave equations for SBS presented in the following section.

1.3.2

Stimulated Brillouin scattering induced by electrostriction

As shown in section 1.3.1, electrostriction is one of the necessary mechanism to generate SBS
in optical fibers. The effect is exploited by the interference generated between two signals,
a pump and a probe wave that counter-propagate in a section of an optical fiber. When
the interference frequency between both waves is approximately the Brillouin frequency
shift of the fiber, an acoustic wave is generated through electrostriction. This acoustic wave
modulates the refractive index of the fiber generating a moving Bragg grating that scatters the
pump signal. Due to the Doppler effect, the scattered light is down-shifted by the Brillouin
frequency shift when the acoustic wave propagates in the same direction than the pump signal,
or it is up-shifted on the contrary case. In the first case, the Stokes signal adds constructively
to the probe signal, reinforcing the acoustic wave. In the second case, the anti-Stokes signal
is depleted due to the energy transfer to the pump signal.
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1.3.3

Theoretical model of SBS (steady-state solution)

The complete process described above between the probe wave ES (z,t), the pump signal
EP (z,t) and the acoustic wave Q (z,t) can be modeled (under the assumption of plane-wave
interaction) by the following system of coupled equations [1]:




∂
n∂
iωP γe
+
+ αP EP (z,t) =
QES (z,t)
∂ z c ∂t
2ncρ0


n∂
iωS γe ∗
∂
+ αS ES (z,t) =
Q EP (z,t)
− +
∂ z c ∂t
2ncρ0



∂
2 ∂
2
−2iqυa − 2iΩ + ΩB − Ω − iΩΓB Q (z,t) = ε0 γe q2 EP (z,t) ES∗ (z,t)
∂z
∂t

(1.26a)
(1.26b)
(1.26c)

In order to obtain the evolution of ES (z,t), the previous system of equations can be
solved either directly, through numerical integration or analytically with some preliminary
simplifications. For instance, solving the three wave equations is only meaningful, whenever
the interaction is shorter than the acoustic lifetime (τ p ), while if the interaction is longer, the
steady state is reached and all time derivatives can be neglected [3]. Moreover, the acoustic
velocity is assumed to be much smaller than the light velocity, so that the acoustic wave is
taken 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 [3]). Consequently the spatial
derivative in Eq. (1.26c) is set equal to zero. After considering all these approximations,
Eq. (1.26c) can be directly solved, yielding [3]:
Q (z) = ε0 γe q2

EP (z) ES∗ (z)
Ω2B − Ω2 − iΩΓB

(1.27)

Assuming that the frequency difference between pump and probe is very close (ω = ωS ≈ ωP ),
so that the attenuation is considered approximately equal for both optical frequencies
(α = αS ≈ αP ), then Eq. (1.26a) and (1.26b) become, after substitution of Eq. (1.27), in:

d
iε0 ωγe2 q2 |ES (z)|2 EP (z)
EP (z) =
− αEP (z)
dz
2ncρ0 Ω2B − Ω2 − iΩΓB

(1.28a)

d
iε0 ωγe2 q2 |EP (z)|2 ES (z)
ES (z) = −
+ αEP (z)
dz
2ncρ0 Ω2B − Ω2 + iΩΓB

(1.28b)

Note that Eq. (1.28b) shows that SBS is a pure gain process, whose gain depends basically
on the pump or probe intensities. Defining the intensity as I (z) = 2nε0 c|E (z)|2 , it is possible
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to write the coupled intensity equations as:
d
IP (z) = −gSBS (ν) IP (z) IS (z) − αIP (z)
dz
d
IS (z) = −gSBS (ν) IP (z) IS (z) + αIS (z)
dz

(1.29a)
(1.29b)

where IP and IS are the intensities of pump and probe, respectively and gB is the Brillouin
gain transfer given by Eq. (1.18). Assuming that no depletion is observed on the pump wave,
the pump intensity exponentially decays along the fiber (IP (z) = IP (0) e−αz ), being IP (0) the
intensity at the input of the fiber (z = 0). Substituting the previous expression in Eq. (1.29b),
the following solution for the Stokes wave is obtained:
IS (z) = IS (L) exp [−α (L − z)] ·


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

(1.30)

where IS (L) is the Stokes signal at the input of the fiber (z = L) and the expression in brackets
of the second exponential term represents the whole interaction length of IS to the location
z. This expression is the known parameter of the effective length of the fiber, which is
conventionally defined from z = 0 obtaining:
Le f f ≡

1 − exp (−αL)
α

(1.31)

Note that Eq. (1.30) shows that the Stokes signal exponentially grows due to SBS along its
propagation and logically, it is also attenuated due to the absorption coefficient of the optical
fiber. While this solution has been obtained for a gain-based BOTDA configuration, the
system of equations in (1.29) could be also valid for a loss-based BOTDA sensor. This can
be modelled by simply changing the sign for the Brillouin interaction term in both equations.

1.3.4

SBS threshold

As shown in Eq. (1.30), the injected signal grows in the backward direction because of
Brillouin amplification occurring as a result of SBS [2]. However, when this signal is
not used, the Stokes wave grows from spontaneous Brillouin scattering that is initiated by
phonons resulting from thermal agitation in the fiber. This effect can be modelled by injecting
a fictitious photon per mode at a distance where the gain exactly equals the fiber loss, i.e. the
power of the Stokes components at the input of the pump wave is equal to the pump power at
the output of the fiber. This is defined as the SBS threshold, which occurs for a critical pump
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power [2]:
PthSBS ≈ 21

Ae f f
g 0 Le f f

(1.32)

where Ae f f is the effective area. Using the typical values for fibers in 1550 nm optical
communication systems, Ae f f =80 µm2 , Le f f ≈20 km and g0 =1.5·10−11 m/W, the critical
power is approximately 5.6 mW, what makes SBS a dominant nonlinear process.

1.4

Distributed fiber sensors based on Brillouin scattering

Stimulated Brillouin scattering can be employed for making distributed fiber sensors capable
of sensing temperature or strain changes. The basic idea of using this phenomenon relies
on the linear dependence of the Brillouin frequency shift with the acoustic velocity and
the refractive index of the optical fiber (see Eq. (1.12)). These quantities vary with the
temperature or the strain, and hence, the BFS value is modified. Moreover, the BFS variations
have been demonstrated to shown an excellent linearity for both measurands over a wide
range. This relationship can be described with the following expression [5]:
νB (T, δ ε) − νB0 = A · δ ε + B · (T − T0 )

(1.33)

where νB0 is the BFS measured at room temperature (T0 =25◦ C) and in loose state of the fiber,
δ ε is the strain difference and T is the temperature. The constants A and B are given by [5]:
A
∂ρ
∂ E1
∂n
−
+
=
νB0 n∂ ε 2ρ∂ ε 2E1 ∂ ε
B
∂ρ
∂ E1
∂n
B′ =
−
+
=
νB0 n∂ T 2ρ∂ T 2E1 ∂ T

A′ =

(1.34a)
(1.34b)

where E1 is the second-order nonlinear coefficient of Young’s module. In addition to the
BFS parameter, there exist another relation between the Brillouin gain and linewidth with the
temperature or strain that could be useful to monitor or distinguish the quantities of these
variables [6]. However, the Brillouin frequency shift is the parameter measured with highest
resolution and hence, the most convenient for distributed Brillouin fiber sensors.

1.4.1

Types of Brillouin distributed sensors

There are different kinds of distributed fiber sensors based on stimulated Brillouin scattering.
They are classified depending on the principle used to retrieve the Brillouin spectrum distribution along the fiber. Basically, there are analysis based on: correlation domain, denominated
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Brillouin optical correlation-domain analysis (BOCDA) sensor, frequency domain, named
Brillouin optical frequency-domain analysis (BOFDA) and time domain, called Brillouin
optical time-domain analysis (BOTDA) sensor.
During the following subsections, the BOFDA and BOCDA will be described to finally
focus in the BOTDA sensor, which is the technique studied and developed during the
development of this thesis.

1.4.2

Brillouin optical correlation-domain analysis

Brillouin optical correlation-domain analysis sensor was proposed for the first time in 2000
as a very attractive solution to achieve high spatial resolution (around 40 cm) over short
distances [7]. Since then, this technique has been improved being able to detect variations of
temperature or strain with a length of a few milimeters [8].
The BOCDA technique is based on the counter-propagation of quasi-CW pump and probe
waves that are identically frequency-modulated by a sinusoidal function. When both waves
counter-propagate through the fiber, the frequency difference stays constant for some points
of the fiber (called nodes), while it continuously varies for the other positions as shown in
Fig. 1.3. Considering that both waves are frequency-shifted by the BFS of the fiber, the SBS
occurs exclusively at these nodes denominated here as correlation peak positions. In the rest
of the fiber, the frequency difference varies much more rapidly than the time required to
excite the acoustic wave and hence, the Brillouin transfer is negligible. Therefore, only at
the correlation peaks positions, the acoustic wave is properly created transferring the gain
between the pump and probe waves. Then, sweeping the frequency difference between both
signals, the Brillouin spectrum 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 scan only one point of the fiber. Otherwise, the technique would be scanning different
points at the same time being impossible to determine the Brillouin spectrum of each location.
Once there is a correlation peak along the fiber, the location of this point can be adjusted to
scan other positions by simply varying the modulation frequency and repeating again the
frequency swept. In this way, the whole length of the fiber is scanned.
This technique has remarkable performance regarding the achieved spatial resolution.
This parameter is given by the modulation depth and the Brillouin intrinsic linewidth and
consequently, as it has been mentioned before, it can reach higher spatial resolutions than
other techniques. Moreover, the measured linewidth of the Brillouin spectrum does not
broaden since the acoustic wave is continuously excited. However, each point of the sensing
fiber must be individually scanned before continuing with the next point. Consequently, the
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measurement time is lineal proportional to the number of points resolved by the system being
excessively high compared to BOTDA sensors.

Fig. 1.3. Operation principle of BOCDA; ν represents optical frequency ©2008,
IEEE [9].

1.4.3

Brillouin optical frequency-domain analysis

Brillouin optical frequency-domain analysis sensors were firstly presented in 1996 [10]. The
technique relies on the measurement of the complex transfer function of the fiber given by
the relation between the amplitudes of the pump and probe waves. The technique deploys
two counter-propagating signals, a CW pump signal and a probe wave frequency-shifted
by the BFS that is amplitude-modulated by a sine function. The resulting interaction of
both signals is detected by two separate photoreceivers that fed a network analyzer. The
procedure is repeated by changing the frequency modulation of the sinusoidal function. Once
the frequency modulation is swept, the network analyzer provides the transfer function of the
fiber, which is inverse Fourier transformed to retrieve the Brillouin response for each section
of the fiber.
This technique can provide measurements with high spatial resolution, which depends
on the frequency range swept. However, in contrast to the BOCDA technique, the spatial
resolution is limited by the lifetime of the acoustic phonon and hence, by the Brillouin gain
spectrum (BGS) linewidth. Consequently, the interaction results very weak leading to a low
signal-to-noise ratio (SNR). Furthermore, if long distances and high spatial resolutions are
required, the number of frequencies needed to measure the transfer function of the fiber is
larger, and hence it considerably increases the measurement time. Finally, the performance
of this sensor has been worse than other Brillouin distributed fiber sensors, although recently,
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a post-processing method has allowed to monitor 5.5 km with 3 cm of spatial resolution,
proving them as a valid solution [11].

1.4.4

Brillouin optical time-domain analysis

Brillouin optical time-domain analysis sensors were first demonstrated in 1990 for temperature [12] and strain [13] monitoring. Since then, BOTDA technology has been the most
widely used Brillouin distributed sensor with applications in numerous fields [14–16]. The
principles of the technique are depicted in Fig. 1.4. It is based on the Brillouin interaction
Brillouin
spectrum
Pump
pulse

CW probe
wave

BFS(z)

Optical
frequency

Optical
fiber
Pump pulse

CW probe

Fig. 1.4. Operation principle of BOTDA: a pulsed signal and a CW signal
counter-propagates through an optical fiber with a frequency difference around
the BFS.

between two counter-propagating signals: a pulsed pump and a CW probe signal with a
frequency difference around the BFS of the fiber. During the propagation of the pulsed signal,
an acoustic wave is locally generated, whose characteristics depend on the fiber section where
both signals meet. This acoustic wave couples energy between both signals; depending on
the relative frequency of the probe wave regarding the pulsed signal, the probe wave suffers
amplification (νP − νS ≈ νB ) or depletion (νS − νP ≈ νB ) at each location of the fiber. The
time-dependent information retained by the probe signal serves as reference to measure the
Brillouin gain/loss for a given frequency detuning (see Fig. 1.5). This temporal evolution
of the probe wave can be directly translated to a position-dependent information using the
round-trip time relation:
c
z=
t
(1.35)
2n
where t is the measured time since the pulse signal enters the fiber and z the location where
pulse and probe waves meet. In order to measure the BFS, it is necessary to determine the
frequency difference at which the gain is maximum for each location of the fiber. Therefore,
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Fig. 1.5. Evolution of the probe signal in BOTDA sensors along the fiber for a
given frequency difference between probe and pump waves.

a frequency swept of the frequency difference between pump and probe wave must be done
and each time-domain trace saved. Sorting the different traces with the frequency difference,
the Brillouin spectrum distribution is reconstructed (see Fig. 1.6). The accurate BFS of the
fiber is then obtained by fitting these measurement spectra to the theoretical model for the
Brillouin gain presented in Eq. (1.18).
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Fig. 1.6. Reconstructed Brillouin distribution spectra along the fiber.
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Theoretical model for BOTDA sensors

As it was previously mentioned, while the pulsed signal propagates through the fiber, it
transfers energy to the probe wave being amplified at each location. The amplification of the
probe wave shown in Fig. 1.5 can be modeled by solving the steady-state equation system
shown in Eq. 1.28 and repeated here for clarity using the notation for BOTDA sensors used
in [17]:


d
g0
i∆νB
α
2
EP (z) = −
|ES | −
EP
(1.36a)
dz
2 i∆νB + 2∆ν
2


g0
α
d
i∆νB
2
ES (z) = −
|EP | +
ES
(1.36b)
dz
2 i∆νB − 2∆ν
2
where EP and ES are the optical field of pump and probe waves, respectively, g0 is the
Brillouin gain coefficient, ∆ν = νS − νP + νB is the frequency detuning of the probe signal
regarding the Brillouin peak frequency, νS and νP are the optical frequencies of probe and
pump signals, respectively, being νS < νP . The pump pulse propagates to z = L and the
probe wave to z = 0. Assuming that the pulsed signal only experiences the fiber attenuation
through its propagation, i.e. the Brillouin interaction is negligible, then Eq. (1.36a) can be
directly solved obtaining:
h α i
(1.37)
EP (z) = EPi exp − z
2
where EPi is the input pump optical field. This result can be directly used in Eq. (1.36b) to
calculate the Brillouin interaction suffered by the probe wave at a given location z when both
waves interact.
"
#
g0 (∆νB /2)2 − i (∆ν∆νB /2)
ES (z − ∆z) = ES (z) exp
|EP (z)|2 ∆z
(1.38)
2
2
2
(∆νB /2) + ∆ν
where ∆z = TP · c/ (2n) is the spatial resolution of the system and TP is the temporal pulse
duration. Note that in Eq. (1.38), it has been assumed that the attenuation of the pump pulse
during the Brillouin interaction is negligible due to the short interaction length between
both waves, and hence the pulsed signal maintains its amplitude. Note also that Eq. (1.38)
shows that at a given location z, the probe field changes in amplitude and phase due to SBS
process, but until that location, the probe wave only attenuates and after Brillouin interaction,
it continues attenuating until it reaches the receiver, yielding:
 α 
ES (z) = ESi exp − L exp
2
rx

g0 (∆νB /2)2 − i (∆ν∆νB /2)
|EP (z)|2 ∆z
2
2
2
(∆νB /2) + ∆ν

!
(1.39)
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where ESi is the input probe optical field at the input of the fiber (z = L). Substituting
Eq. (1.37) in Eq. (1.39) and calculating the detected optical power at the output of the
receiver, the following expression is obtained:
PS (z)

= PSi exp (−αL) exp
rx

g0
(∆νB /2)2
PPi exp (−αz) ∆z
Ae f f (∆νB /2)2 + ∆ν 2

!
(1.40)

where PPi and PSi are the input optical powers of the pump and probe waves, respectively,
and Ae f f is the effective area of the fiber. Note that Eq. (1.40) shows the measured response
of the BOTDA sensor for any location of the fiber, which can be further simplified assuming
that the BOTDA sensor operates in a small signal regime, yielding:
"

g0
(∆νB /2)2
PPi exp (−αz) ∆z
PS (z) ≈ PSi exp (−αL) 1 +
Ae f f (∆νB /2)2 + ∆ν 2
rx

#
(1.41)

where the second term in the bracket represents the Brillouin gain of the sensor. Note that
the Brillouin gain is proportional to the gain coefficient, the local pump power and the pulse
duration [18]. Moreover, if the Brillouin frequency is uniform along the fiber, then the trace
shows an exponential decrease as a function of the distance of the fiber. However, if the
Brillouin gain is not uniform, then the position dependence of ∆νB (z) will determine a gain
profile different from the exponential decay. This will also be the case if the pump is subject
to distributed amplification or any type of nonlinear interaction [18]. Considering that both
waves only suffer the attenuation along the fiber, it is evident that the larger the sensing fiber,
the smaller is the Brillouin interaction at the end of the fiber (z = L). Consequently, under
standard BOTDA conditions, the worst-case sensor precision must be demonstrated with
measurements performed at the end of the fiber, where the sensor response is [18]:
≈ PSi exp (−αL) +

PS (L)
rx

g0
(∆νB /2)2
PPi PSi exp (−2αL) ∆z
Ae f f (∆νB /2)2 + ∆ν 2

(1.42)

Note that in Eq. (1.41) the Brillouin gain at a distant L is scaled by a factor exp (−αL).
However, this signal must propagate back to the receiver and hence the effect of the fiber
attenuation turns out to be doubled (exp (−2αL)) as shown in Eq. (1.42). This fact is essential
to grasp how the sensing distance impacts on the detected signal of BOTDA traces at the far
end of the fiber [18].

Once the theoretical model of BOTDA sensors has been explained, the following section
discusses the fundamental limitations of the technique.

1.5 State of the art and limitations of BOTDA sensors

1.5

23

State of the art and limitations of BOTDA sensors

The objective of BOTDA sensors is to retrieve the Brillouin frequency shift distribution
profile of the fiber, i.e. the temperature and strain profiles, with the higher precision and
the larger number of points along the fiber. Recently, the relation between the standard
deviation of the BFS, which is defined as the precision of the sensor, and the parameters
of the measured Brillouin spectrum has been established by calculating the propagation of
errors on the parameters obtained from a least-square parabolic fit [18]:
s
σBFS (z) =

1
3 · δ · ∆νB
√
SNR (z) 8 2 (1 − ζ )3/2

(1.43)

where δ is the frequency step, ζ is the fraction of the peak level over which the quadratic
least-square fitting is carried out and SNR is defined as the quadratic relation between the
measured response of the Brillouin spectrum (see the second term of Eq. (1.41)) and the
total noise power of the system. As shown in Eq. (1.43), the accuracy of the sensor basically
depends on the signal-to-noise parameter, the Brillouin linewidth and the data used for the
parabolic fit. Therefore, the standard deviation of the BFS can be improved by:
• Increasing the probe power: firstly limited by the apparition of non-local effects and
secondly by the onset of intense amplified spontaneous Brillouin scattering.
• Increasing the pump power: limited by depletion induced by modulation instability or
Raman effect.
• Incrementing the number of points scanned of the Brillouin spectrum: limited by the
measurement time.
During the following subsections, each different issue will be further explained and the
solutions proposed to solve or alleviate them will be reviewed.

1.5.1

Probe power limitations: non-local effects and spontaneous Brillouin scattering

When a pump pulse and a probe wave counter-propagate through an optical fiber, the pump
pulse provides amplification to the probe wave as shown in section 1.4.4. Simultaneously,
the Brillouin interaction slightly depletes the amplitude of the pump signal at each section of
the fiber (as conveyed by Eq. (1.36a)). Due to the continuous interaction of the pulse with
the probe wave, the impact becomes much higher on the pump pulse than on the probe wave,
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which, for each time-resolved interval, only interacts once with the pump over a restricted
length of the fiber determined by the pulse duration. As a consequence, in order to calculate
the effect of the Brillouin interaction over the pulsed signal, it can be assumed that the probe
signal only attenuates through the optical fiber. This assumption allows to directly solve
Eq. (1.36a), yielding:
 α 
g0 (∆νB /2)2 − i (∆ν∆νB /2)
EP (L) = EPi exp − L exp −
|ESi |2 Le f f
2
2
2
2
(∆νB /2) + ∆ν

!
(1.44)

Note that this equation shows the amplitude variation and phase-shift of the pump field
induced by the Brillouin interaction. Calculating the optical power from Eq. (1.44), the pump
power at the output of the fiber is:
(∆νB /2)2
g0
PSi Le f f
PP (L) = PPi exp (−αL) exp −
Ae f f (∆νB /2)2 + ∆ν 2

!
(1.45)

Note that the previous expression assumes that the BFS of the fiber is uniform. As shown in
Eq. (1.45), the power of the pulsed signal attenuates by the fiber losses but also due to the
Brillouin interaction, which displays a frequency dependence given by the natural response of
the Brillouin interaction. Due to the fact that Brillouin interaction is distributed along the fiber
and is cumulative for the pump pulse, the effect is more severe at the far end of the fiber [19].
Consequently, the Brillouin spectra at those locations will be scanned with a pump pulsed
signal that has a power dependent on the pump and probe frequency detuning, δnu . Due to the
Brillouin gain dependence with the pulse power, non-local effects may distort the retrieved
Brillouin gain spectrum at a section whose BFS differs from the uniform BFS section of the
fiber. This would induce a bias of the peak frequency and hence, an error on the estimated
BFS as shown in Fig. 1.7. It must be pointed out that both configurations, loss and gain, lead
to a distorted Brillouin spectrum and hence, none of these configurations offers a decisive
advantage [19]. The only difference resides on the biasing direction of the peak: while a gain
configuration biases the peak to higher BFS values in Fig. 1.7, a loss configuration biases it
to lower values. Analyzing the gain configuration, then the amount of depletion (d) suffered
by the pulsed signal can be characterized by a dimensionless coefficient:
d=

PP0 − PP (L)
PP0

(1.46)

where PP0 and PP (L) is the pump power in the absence and presence of Brillouin interaction
at the output of the fiber, respectively. Using Eq. (1.45), this factor can be analytically
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Fig. 1.7. Effect of pump depletion at the measured Brillouin gain spectrum, when
the pump power is reduced by a fraction d at a frequency difference between both
signals and the BFS given by δ ν. PP0 represents the pump power affected only
by attenuation of the fiber. ©2013 Optical Society of America [19].

calculated as a function of the input probe power and the effective length of the fiber [19]:


PP (L)
g0
1−d =
= exp −
PS (L) Le f f
PPo (L)
Ae f f

(1.47)

Note that the previous expression considers the maximum depletion of the pump signal,
which occurs at the peak frequency of the Brillouin spectrum. Using Eq. (1.47), the maximum
input probe power for a given depletion factor is given by [19]:
PS (L) < − ln (1 − d)

Ae f f
g0 Le f f

(1.48)

This equation shows that the maximum probe power for a given depletion factor has no
dependence with the pulse power or pulse duration, and it only depends on the properties of
the optical fiber. Moreover, the error induced by a given depletion factor can be calculated
using the following relation [19]:
dδ ν
νB,e ∼
=


 2 2
 2 
δν
δν
1 + 4 ∆νB
− 2d 1 + 2 ∆ν
B

(1.49)

where δ ν represents the frequency difference between the maximum depletion frequency of
the pump pulse and the BFS of the scanned fiber section. Note that to obtain Eq. (1.49), it
has been assumed that the error is much smaller than the Brillouin linewidth and the minus
sign reflects that the Brillouin gain peak is biased to higher frequencies when the depletion
peak of the pump pulse is situated at lower frequencies [19].
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Fig. 1.8 shows the error induced by non-local effects at the estimation of the BFS for the
worst-case scenario, which occurs when δ ν = ∆νB /3 [19]. Note that for a 1-MHz error in
the BFS value, the depletion factor must not exceed 0.17, which means an input probe power
of -14 dBm for a long sensing fiber (L > Le f f = 22km).

Maximal tolerable depletion (a.u.)
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Fig. 1.8. Relation between the depletion factor and the error induced on the
determination of the BFS for the worst-case scenario.

The first model capable of estimating the BFS error induced by non-local effects was
presented in 1995 [20]. This effect has been thoroughly studied to reduce or even eliminate
its influence on the measurements. Different methods have been introduced in the literature:
• An algorithm for temperature/strain profile reconstruction [21]: this numerical technique is based on a multidimensional minimization that allows to reconstruct the BFS
profile through its expansion in harmonic functions. This method has demonstrated to
be able to monitor long fibers under the previous knowledge of some characteristic of
the sensing fiber and it has been experimentally demonstrated on a 7-km sensing fiber.
Unfortunately, the post-processing time of this technique grows with the number of
harmonics and in addition to it, the needed number of harmonics depends on the BFS
profile. Therefore, the required time may substantially change from one fiber to the
next.
• Pulsing the probe wave [22]: this technique is based on pulsing both waves, the pump
and the probe waves. In this case, both waves only interact at a given section of the fiber
instead of the whole fiber length. Consequently, the Brillouin interaction accumulated
by the pump pulse is lower and hence, the resulting probe power can be increased.
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Although the technique is very useful, it increases the measurement time, depending
on the number of sections in which the fiber is divided.
• Optimizing the system parameters [23]: this technique experimentally checks the
influence of non-local effects on a temperature-controlled hot-spot by swapping the
fiber inputs of probe and pump waves. This defines the maximum probe power
injected to the fiber, which, for a particular case, was experimentally demonstrated to
be -10 dBm for a 25 km fiber length. This value is relatively close to the proposed
theoretical model, which limits the probe power to -14 dBm for fibers much longer
than 22 km. This technique is very useful to observe the influence of non-local effects,
if the hot-spot is exactly located at the correct position where the impact of non-local
effects is higher i.e., the end of the fiber.
• Balanced interaction between the pulsed wave and a Stokes and anti-Stokes components [24]: this technique was proposed for a BOFDA sensor but it is equally applied
and is valid for BOTDA sensors. It is based on the generation of two complementary
Brillouin interactions over the pulsed wave, so that the pulsed wave is not affected
by the Brillouin interaction. Further research has shown that an unbalanced double
sideband probe wave allows to better improve the tolerance to non-local effects [25].
Among the different techniques presented above, the balanced double-sideband probe
wave has been the most exploited since it allows to inject a high probe power limited by
the Brillouin threshold (around 5-6 dBm for long fibers) [19] and it does not increase the
measurement time. However, it has been recently demonstrated that a second order non-local
effect that occurs with this configuration limits the probe power to around -3 dBm for
an induced error of about 1 MHz. The limitation is given by a spectral distortion of the
pump pulse, when the frequency difference between both probe waves does not match the
BFS of the fiber. For this frequency detuning, the net interaction between both Brillouin
interactions is not further compensated and hence, the pulsed spectrum is distorted, turning
into an assymetrical and spectrally shifted upwards or downwards depending if the frequency
difference between the probe and pump signals is higher or lower than the BFS [26]. This
problem has been solved using two different methods. One is based on setting the frequency
difference given by the average BFS of the fiber and modify the frequency of both probe
waves in the same direction instead of opposite direction to scan the Brillouin spectrum.
This allows to tolerate the non-local effects for uniform BFS allowing to inject a high probe
power limited by SpBS. The other method is also based on a double-sideband probe wave,
whose sidebands are frequency modulated along the fiber. This generates two net Brillouin
interactions that are complementary and flat over the pulse spectrum. Consequently, it does
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not induce amplitude or frequency distortion of the pump pulse. Thanks to the frequency
modulation of both probe waves, the probe power injected is higher than in the previous
cases and more important, the method overcomes the typical Brillouin threshold of the fiber.
This method will be further explained in chapter 3 since it is a contribution of this thesis
dissertation.

1.5.2

Pump power limitations: modulation instability, Raman effect
and self-phase modulation

In BOTDA sensors, a high pump power must be launched into the sensing fiber to compensate
the fiber attenuation and hence, increase the detected Brillouin gain. However, modulation
instability (MI) appears in optical fibers when the pump pulses are very powerful. This effect
induces depletion on the pump power [27, 28] and it can distort the sensor response [29].
This effect is the consequence of the interplay between anomalous dispersion and the Kerr
effect in fiber [30]. It generates two symmetric sidebands around the frequency of the pump
pulse, whose spectrum can be expressed as [30]:
s
sinh2 2γPPi L
GMI (ΩP ) = 1 +
2
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(1.50)

where γ is the nonlinear coefficient of the fiber, PPi is the input pump power, ΩP is the
frequency detuning around the pump frequency and Ωc is the cutoff frequency. During
the propagation of the pump signal along the fiber, there is a power exchange between the
sidebands and the pump pulse leading to power fluctuations of the pump pulse, which are
directly translated into the BOTDA trace as shown in Fig. 1.9. Consequently, some sections
of the fiber are not correctly monitored due to the low SNR.
Furthermore, in a BOTDA, the pump pulse is typically amplified by an erbium-doped
fiber amplifier (EDFA), which may increase considerably the amplified spontaneous emission
(ASE) co-propagating with the pulsed signal. This background noise seeds the apparition of
MI as shown in Fig. 1.10. Therefore, a suitable filter before launching the pump pulse into
the fiber may reduce this effect [31].
The limitation on the pump power induced by MI can be calculated using the following
expression, which gives the critical power, Pcrit , for the onset of this effect [30]:
Pcrit =

σcrit
2γLe f f

(1.51)
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Fig. 1.9. Evolution of the Brillouin gain signal affected by modulation instability
when increasing the peak pump power.

where σcrit is the critical gain that can be calculated as a function of the noise power spectral
density (Sn ) and the depletion ratio (RD,MI ) [30]:

ln (2)
Sn
+ 9 ln (10) +
σcrit − ln (σcrit ) = ln (RD,MI ) −
10
2


(1.52)

The limitation imposed by MI determines the maximum pump power injected into a fiber
around 22 dBm. This power limitation can be overcome by utilizing dispersion shifted fibers
(DSF) with normal dispersion [32]. However, the reduced effective area and lower dispersion
of DSF favours the apparition of other nonlinear effects at higher power thresholds, such
as Raman scattering [28]. In this case, a rapid pump depletion is observed when Raman
scattering occurs, severely limiting the distance range. This effect is caused by the less
strict phase matching condition in Raman scattering that makes possible forward scattering.
Consequently, the Raman signal co-propagates with the pump pulse and may interact over
long fibers or even the whole fiber length. For very long fibers, the maximum value of the
pump pulse that avoids spontaneous Raman scattering is around 30 dBm [28].
Another limitation related, in this case, to the power of the pump pulse and also to the
temporal shape of the pump pulse, is self-phase modulation. This nonlinear effect induces
a phase-shift on the transmitted signal caused by the intensity dependence of the refractive
index that leads to spectral broadening of the pump pulse [2]. In order to study this effect, the
nonlinear Schrödinger equation (NLSE) must be solved after assuming some simplifications.
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Fig. 1.10. Output pump power as a function of the inpup pump power for different
values of ASE noise. ©2015 Optical Society of America [30].

For instance, it is considered a time-scale with a reference point that travels at the same
velocity as the envelope wave of the pulse signal. This time-scale is also normalized by the
pulse duration (TP ) leading to the following relation for the pulsed signal [2]:
A (z, τ) = PPi U (z, τ)

(1.53)

where PPi is input optical power, U (z, τ) is the normalized pulsed signal and τ = (t − z · n/c)/TP
is the normalized time-scale. Neglecting the dispersion of the group velocity, then the NLSE
yields:
∂U
= iγPPi exp−αz |U (z, τ)|2U (z, τ)
(1.54)
∂z
At the output of the fiber, the solution of Eq. (1.54) is expressed as:
U (L, τ) = U (0, τ) exp (iφNL )

(1.55)

where φNL is the nonlinear phase introduced by SPM and expressed as [2]:
φNL (L, τ) = γPPi |U (0, τ)|2 Le f f

(1.56)

Note that SPM does not affect the pulse shape as shown in Eq. (1.55) but it gives rise to an
intensity dependence phase-shift that takes its maximum value at the center of the pulsed
signal (τ = 0) as shown in Eq. (1.56). However, the temporal dependence of the phase
induced by SPM gives rise to a spectra broadening. This can be understood by considering
that any temporal variation of the phase implies a variation of the instantaneous frequency
across the pulse from its central value ωP . This difference of the instantaneous frequency is
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given by:

∂ φNL
∂
= −γPPi Le f f |U (0, τ)|2
(1.57)
∂τ
∂τ
This time dependence is equivalent to a chirp, whose magnitude increases with the distance,
i.e. new frequency components appear during the propagation of the pulsed signal. This
effect depends on the shape of the deployed pulsed. For example, using a super-Gaussian
pulse pulse, the SPM-induced chirp comes determined by:
∆ω (τ) = −

∆ω (τ) = γPPi Le f f

2m
TP



τ
TP

2m−1

"   #
τ 2m
exp −
TP

(1.58)

where m =1 for a Gaussian pulse and for higher values becomes a rectangular pulse shape.
As shown in Eq. (1.58), the SPM-induced chirp is reduced when m tends to higher values [33].
Consequently, this effect can be easily solved by using perfectly shaped rectangular pump
pulses with sharp rising and falling edges.

1.5.3

Number of resolved points: the spatial resolution

The spatial resolution (∆z) and hence the number of points resolved for a certain length of
fiber is determined by the temporal pulse duration (TP ), which are related by:
∆z = TP · c/ (2n)

(1.59)

The previous expression, which is valid for any reflectometry technique, shows that the
shorter the pulse duration, the better the spatial resolution obtained. For instance, for a given
pulse duration of 10 ns, which occupies 2 m at the optical fiber, the spatial resolution of the
system is 1 m since the scattered signal counter-propagates the pulsed wave, halving the
effective interaction length of the pulse.
However, the use of short pulses has two serious problems. One of them is the shorter
Brillouin interaction and hence, the reduced Brillouin gain detected as shown in Eq. (1.41).
On the other hand, when the duration of the pulsed signal is shorter than the phonon lifetime,
the linewidth of the Brillouin spectrum considerably broadens from 30 MHz to more than
100 MHz, since the measured Brillouin spectrum is given by the convolution of the pulse
spectrum with the natural Brillouin spectrum presented in Eq. (1.18) [34, 35]. Consequently,
the broadening of the Brillouin linewidth leads to a reduction in the accuracy of the BFS
evaluation. For these reasons, the spatial resolution of conventional BOTDA sensors is
typically limited to 1-meter spatial resolution.
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During the last years, this issue has been analyzed and different methods have been
proposed to obtain high-spatial resolution. The vast majority are based on a pre-excitation of
the acoustic wave, which allows to reach an steady-state response and a reduced linewidth of
the Brillouin spectrum.
• Bright pulse [36]: this technique is based on counter-propagating a CW probe signal
with a pulse combined with a small CW component. The latter pre-pumps the phonon
field before the arrival of the pulse, resulting in an increased Brillouin interaction for
the duration of the pulse and a lower linewidth of the Brillouin spectrum.
• Dark pulse [37]: this technique benefits from the immediate interruption of the Brillouin scattering when one of the waves, either the pump or the probe wave, is switched
off. It employs two CW signals that continuously excite the acoustic wave and hence,
interact over all the fiber. Then, one of the optical waves, e.g. the Stokes wave is briefly
turned off, ceasing the depletion over the pump pulse. After this brief interruption of
the Stokes wave, which is called darked pulse, the probe wave is turned on again and
the the Brillouin transfer continues without significantly modifying the acoustic wave
due to the short dark pulse duration. Measuring the absence of Brillouin interaction, it
is possible to reconstruct the Brillouin spectrum with the natural Brillouin linewidth
and with higher Brillouin amplitude than in the conventional technique.
• Pulse pre-pump [38]: the technique is very similar to the bright pulse but instead of
using a CW, it uses a pulse of low intensity to pre-activate the acoustic wave before a
stronger interrogating pulse arrives. Consequently, the system allows to enhance the
spatial resolution while reaching a narrow Brillouin spectrum.
• Brillouin echoes [39]: this technique deploys two continuous waves but the phase of
one of them is abruptly and briefly shifted by a π value during a time-frame shorter than
the phonon lifetime. During this π phase-shifted pulse, the pump wave is completely
reflected and generates a destructive interference on the signal. This is observed as a
small apparent loss on the signal waveform.
• Differential pulse-width pair [35]: this technique is based on the subtraction of two
different Brillouin spectra, which are measured using pulses with a slightly different
duration. The temporal duration of both pulses is set to be wide enough to measure
a narrow Brillouin linewidth. Meanwhile, the subtraction of both spectra removes
the fraction of the response that is common to both pulses and hence, it only retains
the differential part, which contributes to measure the differential Brillouin spec-
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trum. Therefore, the temporal difference between both pulses defines the new spatial
resolution of the system.

1.5.4

Sensing range

As shown in section 1.4.4, specifically in Eq. (1.42), the fiber losses affect twice the measured
Brillouin response at the far end of the fiber: once due to the attenuation of the probe wave
and other by the attenuation of the pump power, which also reduces the amplification of the
probe wave. This double attenuation suffered by the detected Brillouin signal considerably
reduces the detected SNR at the end of the fiber, leading to a poor performance of the sensor
as shown in Eq. (1.43).
As mentioned at the previous sections 1.5.1 and 1.5.2, the fiber attenuation can not be
compensated by indefinitely increasing the probe or pump power. Consequently, the SNR can
only improve by increasing the number of averages, which also increases the measurement
time, not being at all the perfect solution.
During the last years, great effort has been done to further improve the sensing range of
BOTDA sensors, reaching sensing distances around 150 km in fiber loop configuration [40]
or 200 km using a leading fiber to monitor the the farthest point at 100 km [41]. Among the
different configurations, it is possible to find the following methods in the literature.
• First-order Raman amplification [42]: the technique is based on the distributed gain
amplification generated by stimulated Raman scattering that amplifies separately or
simultaneously the probe or pump power. Therefore, the probe and/or pump powers
are increased along the fiber, which allows to enhance the sensor response.
• Second order Raman amplification [43]: this method is based on injecting a Raman
pump at 1365 nm in both inputs of the fiber and generate a cavity at the fiber so that, it
starts to lase at 1455 nm, where gain overcomes losses in the cavity. This produces a
stable Raman pump along the fiber at 1455 nm that will be used to amplify the signals
involved in the SBS process at 1550 nm. Consequently, the level of the different waves
is maintained along the fiber so that the Brillouin transfer does not decrease with the
fiber length reaching a virtual transparency in the sensing fiber.
• Coding techniques [44]: the method is based on launching into the fiber pulse sequences
with some particular properties, which allow to obtain the impulse response of the fiber
using a particular decoding process.
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• Discrete amplification [40]: the BOTDA sensor deploys EDFAs at a given location of
the sensing fiber to amplify both signals. Consequently, the fiber losses are compensated at this point and the measurement distance is increased.
• Self-heterodyne detection [45]: the method is based on co-propagating a probe wave
with a powerful local oscillator, so that he probe interacts with the pulsed signal but
not with the local oscillator. The latter is used to amplify the probe wave when both
signals beat at the receiver, consequently, the SNR is enhanced.

The previous techniques could be combined to further enhance the SNR of the system. This
is the case of the proposed solution based on Raman amplification and pulse coding [46].
Another point of view to enhance the SNR and hence, increase the sensing distance, is to
reduce the noise level of the system. Some numerical simulations suggest that the response
of the BOTDA sensor is limited by relative to intensity noise (RIN) and point out that the
sensing distance could be considerably increased when this noise is reduced [47]. Recently,
it has been identified that Raman-assisted BOTDA sensors are limited by RIN transfer of
the Raman laser [48]. Since then, two different solutions have been proposed to reduce
this noise. One of them is based on the deployment of a balanced receiver that detects and
subtracts both probe waves deployed in a balanced BOTDA sensor [49]. Consequently, the
common noise suffered by both probe waves, such as RIN transfer from the Raman pump, is
considerably reduced. The other one is based on transferring the detected probe wave from
baseband, where the RIN transfer is maximum, to a higher electric frequency. In this way the
noise affected by the probe signal is reduced around 20 dB [50]. In chapter 5, the different
contributions to the noise level of a conventional system will be described, analyzing the
dominant noise source for different fiber lengths.

1.5.5

Measurement time

As mentioned in section 1.4.4, the process to measure the Brillouin spectra distribution
requires to sweep the frequency difference between probe and pulse waves. This is a time
consuming procedure that restricts the use of BOTDA sensors to static measurements.
During the last years, the possibility to extend this technique to dynamic measurements
has been thoroughly studied due to the growing interest to monitor vibrations in different
structures. Consequently, different solutions were proposed:
• Slope-assisted (SA) BOTDA sensor with constant probe frequency [51]: the technique
is based on setting the probe frequency to the skirt of the Brillouin spectrum and detect
the amplitude variations of the Brillouin signal along time. Any amplitude variation
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is interpreted as a change of the Brillouin frequency shift. The relation between both
parameters is given by the shape of the Brillouin gain spectrum. Consequently, the
system needs a calibration measurement, i.e. a standard measurement of the Brillouin
spectra distribution, before being able to dynamically monitor the BFS variations.
• Slope-assisted BOTDA sensor with tailored probe wave [52]: the previously described
technique is valid when the BFS of the fiber is uniform. However, there are fibers with
different BFS sections along its length. If the BFS of a fiber’s section is larger than
the available measurement range of the previous technique, then that section will not
be monitored. The proposed method solves this problem, since the frequency of the
probe wave varies along the fiber, so that the probe frequency is set at the skirt of the
Brillouin spectrum even if the BFS changes along the fiber.
• Slope-assisted BOTDA sensor with comb probe wave [53]: the measurement range
of the SA-BOTDA is bounded by the linear section of one of the Brillouin spectrum
slopes. This range is approximately half of the measured Brillouin linewidth, being
very limited to properly monitor large variations of the BFS. The method proposes to
use three probe waves (multiplexed in time) with a different and constant frequency, so
that the Brillouin skirt is scanned at three different points. This allows to increase the
measurement range of this sensor by scanning different frequency points.
• Double slope-assisted BOTDA sensor [54]: the previous methods translate amplitude
variations into changes of the BFS. However, all the amplitudes changes may not be
related to changes of the BFS. For example, if the attenuation of the sensing fiber
changes due to deformation of the monitored structure, then the pulse power and the
detected Brillouin gain is modified. The variation of the detected amplitude will be
misinterpreted as a BFS variation. This method proposes to use the information of two
measurements: one taken from the positive slope and the other from the negative, so
that the difference between the two measurements divided by their sum is immune to
variations of the detected amplitude.
• Fast BOTDA sensor [55]: the technique is based on the fast switching that provides
an arbitrary waveform generator (AWG) compared to a slow sweeping electronic
synthesizer, when the frequency difference between probe and pump is swept. Each
frequency of the probe wave is launched one after the other with a period given by the
round-trip time. Consequently, the measurement time is only given by the product of
the round-trip time, the number of frequencies used to scan the Brillouin spectrum and
the number of averages.
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• Swept-free BOTDA sensor [56]: the technique counter-propagates a comb probe and
pump waves. Each pair of probe and pump waves scan a different point of the Brillouin
spectrum, so that the acquisition of the Brillouin distribution is only limited by the
round-trip time (without including the post-processing).

Chapter 2
BOTDA sensors using heterodyne
detection
Direct detection is the most common technique deployed in Brillouin optical time-domain
analysis (BOTDA) sensors to recover the Brillouin gain or loss information contained at the
probe wave. The detection is made in base-band converting the optical signal directly to
the electrical domain tipically using a high-transimpedance receiver to enhance the system
response. However, even using this kind of receiver, the gain or loss generated by stimulated
Brillouin scattering (SBS) is rather limited (typically less than 1% in BOTDA sensors using
long monitoring distances and high spatial resolutions) being the detected signal very close
to the noise floor of the system. This makes it very challenging to obtain clean measurements,
hence, the accuracy of the sensor worsens. Furthermore, the use of direct detection only
allows to detect the magnitude of the optical field but not the phase-shift response, limiting
the available options.
During this chapter, the benefits of applying self-heterodyne detection and radio frequency
(RF) demodulation in BOTDA sensors are introduced, not only to improve the signal-to-noise
ratio (SNR) of the system, but to exploit the possibility to measure either the magnitude or the
phase-shift of a different spectral shape affected by SBS with special features. Furthermore,
a novel BOTDA sensor based on phase-modulated (PM) probe wave and self-heterodyne detection is presented. The technique measures the interference generated at the optical receiver
between the beating of the first sidebands with the carrier, which provides a RF phase-shift
spectrum with tolerance to variations of the local gain suffered by the phase-modulated probe
wave. As it will be discussed later, the tolerance to variations of the local gain has major
implications for research fields such as dynamic sensing or long-range systems limited by
non-local effects (NLE). Moreover, making use of both sidebands of the phase-modulated
probe wave, it is possible to enhance the detected signal by a 3 dB factor, deploy a new
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polarization diversity technique that does not need from any average at the oscilloscope to
avoid polarization fluctuations or mitigate the apparition of modulation instability.

2.1

Introduction

Figure 2.1 schematically represents the Brillouin interaction at a given location of the
fiber between a probe wave and a pump pulse and the typical detection technique used in
conventional direct-detection BOTDA sensors.

Fig. 2.1. Schematic of the conventional BOTDA interaction and detection using
direct detection.

As mentioned previously in section 1.4.4 and repeated here for clarity, the probe wave
reaches the receiver once it has interacted with the pulsed signal, being its detected optical
power:
g0
∆νB2
PS (z, ∆ν) = PSi exp (−αL) exp
PPi exp (−αz) ∆z
Ae f f ∆νB2 + 4∆ν 2




g0
∆νB2
≈ PSi exp (−αL) +
PSi exp (−αL) PPi exp (−αz) ∆z
Ae f f ∆νB2 + 4∆ν 2

(2.1)

where PSi and PPi are the input probe and pump power, respectively, α is the attenuation of
the optical fiber, L is the length of the fiber, Ae f f is the effective area of the fiber, g0 is the
Brillouin coefficient, ∆νB is the Brillouin linewidth, ∆ν is the frequency detuning from the
center of the Brillouin spectrum with reference to the probe’s frequency and ∆z is the spatial
resolution. The approximation in the second term is obtained assuming a small gain, which
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is the case for BOTDA sensors. Note also that pump pulses longer than the acoustic lifetime
have been assumed and hence, the spectrum is Lorentzian. However, for pump pulses shorter
than the acoustic lifetime, the effective interaction spectrum is given by the convolution of
the natural Brillouin spectrum with the pulse spectrum [57]. As shown by the approximation
of Eq. (2.1), the second component of the right-hand side reflects that the Brillouin energy
transfer to the probe wave is directly proportional to the detected probe power. Accordingly,
with a stronger probe power, the detected Brillouin gain increases but at the expense of the
apparition of non-local effects, which can be noticeable with powers as low as -14 dBm in
long-range measurements, as shown in section 1.5.1 [19]. Therefore, the maximum probe
power launched to the fiber in long range BOTDA measurements must be kept at this level,
limiting significantly the performance of these systems.
Another configuration, proposed by our research group, is the BOTDA sensor depicted in
Fig. 2.2, which deploys a self-heterodyne detection [45]. Instead of a single probe signal,

Fig. 2.2. Schematic of the BOTDA interaction and self-heterodyne detection with
synchronous demodulation.

two signals arrive to the receiver: a local oscillator and the probe wave. Both signals have a
different frequency, so that the probe wave is the only one to interact with the pulse wave via
SBS and the local oscillator propagates along the fiber together with the probe wave until
they reach the receiver. In this case, the optical field at the input of the photodetector coming
from the interaction between pump and probe at a particular location, z, can be expressed
as [45]:


L
E (t) rx = E0i exp (i 2πν0 t) exp −α
2


(2.2)
L
+ ESi exp (i 2π (ν0 + fRF )t) HSBS (z, ∆ν ) exp −α
2
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where E0i and ESi are the complex optical fields of the local oscillator and the probe wave,
respectively, ν0 is the optical frequency of the local oscillator and fRF is the frequency
difference of the probe wave from the local oscillator and HSBS is the complex Brillouin
spectrum given by:



g0
∆νB
HSBS (z, ∆ν) = exp
PP (z) ∆z = GSBS exp (i ϕSBS )
Ae f f ∆νB + 2i ∆ν
∆νB2
g0
PP (z) ∆z
GSBS (z, ∆ν) = exp
Ae f f ∆νB2 + 4∆ν 2


ϕSBS (z, ∆ν) = −

(2.3)



g0 2∆νB ∆ν
PP (z) ∆z
Ae f f ∆νB2 + 4∆ν 2

(2.4)
(2.5)

being PP (z) = PPi exp (−αz) the evolution of the pump power assuming that there is no
pump depletion. Note that, depending on the BOTDA configuration, the equation above can
represent a Brilloguin gain spectrum (g0 > 0) but also a Brillouin loss spectrum (g0 < 0).
The detected optical power at the heterodyne frequency is given by [45]:
P (t)

fRF

=2

p

P0i PSi exp (−αL) GSBS cos (2π fRF t + ϕSBS )


p
g0
∆νB2
PP (z) ∆z
= 2 P0i PSi exp (−αL) exp
Ae f f ∆νB2 + 4∆ν 2


g0 2∆νB ∆ν
· cos 2π fRF t −
PP (z) ∆z
Ae f f ∆νB2 + 4∆ν 2

(2.6)

As shown in Eq. (2.6), the detected optical power is given by the product of the power of both
optical signals, the probe wave and the local oscillator. In the case that the local oscillator
has the same power that the probe wave, then the signal power is double than the base-band
detection. However, if the local oscillator power is even higher, the detected signal is much
greater than in the base-band detection. This is the reason behind the improvement of the
sensitivity of the detector obtained in a coherent detection, because the lower power signal of
the probe wave is amplified considerably by the local oscillator. Therefore, the maximum
performance of the system is obtained by setting the probe power to the limit defined by the
non-local effects and the local oscillator power to the Brillouin threshold of the fiber. This
maximizes the product of the power between both signals offering an improved performance
regarding the conventional technique [45].
Furthermore, we can see that the signal expressed in Eq. (2.6) is not only an amplitudemodulated signal but also a phase-modulated signal, since the phase-shift contribution is not
lost in the optical to electrical conversion. This allows to recover the Brillouin gain spectrum
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(BGS) as well as the Brillouin phase-shift distribution as shown in Fig. 2.3. Note that for this
particular case, i.e. using a local oscillator and a probe wave, the detected magnitude and
phase-shift are directly related to the Brillouin gain and phase-shift spectra, exactly following
the same spectral shape.
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Fig. 2.3. Brillouin (a) amplitude and (b) phase-shift measured with the
self-heterodyne detection technique using a OSSB probe.

2.2

BOTDA sensors using a phase-modulated probe wave
and heterodyne detection

In the previous section, we have observed that heterodyne detection shows a better performance compared to typical baseband detection techniques due to the amplification of the
probe signal when it beats with a powerful local oscillator. In this case, the technique is
able to retrieve both the Brillouin gain and phase-shift spectra. However, the self-heterodyne
technique can also be applied to other probe modulation techniques, such as phase modulation, where the recovered RF phase-shift has a different spectral shape than the Brillouin
phase-shift. This spectrum presents different features that makes it interesting for dynamic
and long-range BOTDA sensors as it is shown below.
In Fig. 2.4, the fundamentals of the BOTDA sensor using a phase-modulated probe wave
are depicted. As shown, a narrow band phase-modulated probe wave is injected into one end
of the optical fiber under test, while a pump pulse is introduced at the other end. The first
upper-sideband of the phase modulation acts as a probe wave interacting with the pump pulse
along the fiber via stimulated Brillouin scattering and is finally directed to the receiver using
a circulator. Considering that SBS interaction only affects one component of the modulation,
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Fig. 2.4. Schematic representation of SBS interaction and the received signal.

then the optical field at the input of the photodetector coming from the interaction of pump
and probe at a particular location in the fiber, z, is given by the following expression:
 α 
ET (t) rx = −ESBi exp (i2π (ν0 − fRF )t) exp − L
2
 α 
+ E0i exp (i2πν0 t) exp − L
2
 α 
+ ESBi exp (i2π (ν0 + fRF )t) HSBS (z, ∆ν) exp − L
2

(2.7)

where E0i and ESBi are the amplitudes of the input optical fields of the carrier and first
sidebands of the phase-modulated probe wave, ν0 is the optical frequency of the carrier, fRF
is the frequency modulation and ∆ν = ν0 + fRF − νP + νB (z), is the frequency detuning of
the Brillouin spectrum from the probe wave and νP is the pump frequency. The detected
optical power is the square of the received optical field presented in Eq. (2.7). For this case,
three components are obtained at the output of the receiver: a base-band component and two
RF tones. Among them, the RF signal interesting for this study is the one at the frequency
modulation fRF , which can be expressed:
P (t)

p
=
2
P0i PSBi exp (−αL) GSBS (z, ∆ν) cos (2π fRF t + ϕSBS (z, ∆ν))
fRF
p
− 2 P0i PSBi exp (−αL) cos (2π fRF t)

(2.8)

where P0i and PSBi are the input powers of the carrier and sidebands, respectively. Note
that Eq. (2.8) represents the subtraction of two sinusoidal signals coming from the beating
between each sideband and the carrier. In case that there is not SBS interaction, the result of
this equation will be zero as corresponds to a phase-modulated signal. If Eq. (2.8) is written
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in phasorial form to easily operate, then the resultant signal is:
P

fRF

p
= 2 P0i PSBi exp (−αL) [HSBS (z, ∆ν) − 1]

(2.9)

Assuming small signal in Eq. (2.3) and substituting in Eq. 2.9, then it yields:
P

p
=
2
P0i PSBi exp (−αL)
fRF


g0
g0 2∆νB ∆ν
∆νB2
·
PP (z) ∆z − i
PP (z) ∆z
Ae f f ∆νB2 + 4∆ν 2
Ae f f ∆νB2 + 4∆ν 2

(2.10)

Calculating the amplitude and the phase-shift of Eq. (2.10) and writing it again in the
temporal form, it is obtained:
P (t)

fRF

=2

p

P0i PSBi exp (−αL) q

g0 ∆νB

∆νB2 + 4∆ν 2



∆ν
· cos 2π fRF t − arctan 2
∆νB

(2.11)

Note that in contrast to the baseband signal or the detected RF signal detailed in section 2.1,
the RF signal in Eq. (2.11) does not present a constant baseline. This effect is caused by
the intrinsic phase properties of the modulation, whose result in the absence of Brillouin
intercation is zero as shown in Eq. (2.11). Thanks to this feature, the detected Brillouin signal
using the phase-modulated probe wave can be measured using the maximum resolution of
the analog-to-digital converter following the demodulator.
In addition, note that Eq. (2.11) also displays the same multiplication factor of the probe
signal with the local oscillator demonstrated in section 2.1 but using a phase-modulated probe
wave, whose carrier is the local oscillator. For this particular case, the index of the phase
modulation is kept low enough to generate a narrow band phase modulation, whose carrier is
powerful enough to amplify the low probe sideband limited by non-local effects [45].
Furthermore, another significant difference is the resultant spectral shape measured
using a phase-modulated probe wave. The amplitude follows a Lorentzian profile as shown
in Fig. 2.5(a). However, the RF phase-shift spectrum recovered from a phase-modulated
probe wave clearly differs from the typical Brillouin phase-shift (see Fig. 2.5(b)). While the
Brillouin phase-shift starts and finishes at zero value, the RF phase-shift spectrum goes from
−π/2 rad to π/2 rad. This difference between both phase-shift spectra can be further clarified
representing Eq. 2.8 in the form of a phasor diagram (see Fig. 2.6). It depicts the interference
between the two beat terms that results from the phase-modulated probe wave affected by SBS
interaction. Assuming small gain approximations, such as the amplitude of Brillouin gain is
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Fig. 2.5. Detected RF (a) amplitude and (b) phase-shift measured with the
self-heterodyne detection technique using a phase-modulated probe

small (GSBS << 1) and the small-angle approximations of the basic trigonometric functions,
then the real and imaginary parts of the phasor represent the Brillouin gain and phase-shift,
respectively. Taking into account that the tails of the Brillouin phase-shift spectrum are much
longer than the Brillouin gain spectrum, which drops at the nearby of the Brillouin resonance
due to its Lorentzian shape (see Fig. 2.3), then the resultant phasor tends to ±π/2 depending
on the sign of the Brillouin phase-shift. In addition, the RF phase-shift spectrum exhibit an
almost linear behaviour near the Brillouin frequency shift (BFS) and hence, it can be very
interesting to be exploited in dynamic measurements. However, even more interesting is
the absence of the local Brillouin gain/loss parameter in the detected RF phase-shift. This
peculiar result is only true for small gain scenarios, which are the typical case for BOTDA
sensors.
φSBS E0 ESB
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Fig. 2.6. Phasor diagram of the detected RF signal.

Furthermore, it is interesting to remark that Fig. 2.4 only represents one of the possible
Brillouin interactions produced between a phase-modulated probe wave and a pulse wave.
However, other components of the phase modulation could be employed to generate the SBS
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interaction, for example, using the lower sideband as the probe wave and the same gain-based
BOTDA configuration, the resultant RF signal is equal to the one shown in Eq. (2.11) but
with an offset added to the detected phase-shift. However, more interesting is to analyze
the loss-based BOTDA configuration, i.e. when the pulsed wave interacts with the lower
sideband of the phase-modulated probe wave. Following the same calculation steps described
along this section, it is possible to obtain exactly the same RF signal shown in Eq. (2.11).
As it is described in section 2.3.2, the RF signal for both Brillouin interaction is identical
because the Brillouin loss transfer is compensated by the π phase difference between both
sidebands of the phase modulation and besides, the Brillouin phase-shift experienced for each
sideband is also equal. This feature allows to generate two Brillouin interactions with the
phase-modulated probe wave, a loss and a gain Brillouin transfer with the lower and upper
sideband, respectively, yielding to a 3-dB improvement as the same RF signal is measured
twice (see section 2.3.1).
In this thesis, we have worked in solutions using the presented technique for two different fields: dynamic and long-range BOTDA sensors. For dynamic sensors based on the
slope-assisted technique, we have proposed:
1. Dynamic sensing based on the slope-assisted technique using the RF phase-shift
spectrum. In contrast to the techniques based on the detected amplitude, this system
benefits from the tolerance to variations of the attenuation of the fiber or the local
Brillouin gain to provide dynamic measurements without error induced by these factors.
2. Polarization diversity technique using orthogonal pump pulses. The technique is
based on the use of two orthogonal pump pulses which simultaneously interact with the
phase-modulated probe wave. The orthogonallity of the two pump pulses guarantees
that two complementary Brillouin interactions take place at each position of the fiber,
so that polarization independent measurements are performed throughout the fiber.
While for long-range BOTDA sensors, we have proposed:
• BOTDA sensor tolerant to non-local effects. The system benefits from the tolerance
to changes of the Brillouin local gain, but in this case the variations of the pump pulse
are caused by the continuous Brillouin interaction of the pump with the probe wave.
• Phasorial subtraction to enhance the spatial resolution and long-range measurements using the RF phase-shift spectrum. The application of differential pulse-width
pair is deployed in this kind of sensor showing not only an improved spatial resolution
but also tolerance to non-local effects of the resultant differential RF signal.
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• Mitigation of modulation instability by using orthogonal pump pulses. The use of
orthogonally-polarized pulses at different wavelengths not only mitigates the impact of
modulation instability, but also the four-wave mixing occurring in systems using pumps
with parallel polarization; thus, providing an important sensing range enhancement
with a reduced pump depletion

During the following sections, each research topic is put in context, briefly explaining
the difficulties of each technique and the solutions proposed by other researchers. Then, the
fundamentals of the proposed technique are explained to finally present the experimental
demonstration.

2.3

Dynamic measurements using BOTDA sensors

In Brillouin optical time-domain analysis sensors, the Brillouin spectra distribution is determined by measuring the probe power variation as a function of the time-of-flight of the pulse
for successive frequency detuning between probe and pump waves. After the completion of
the frequency sweep, the different measurements are arranged as a function of the frequency
detuning. This allows to reconstruct the Brillouin spectrum at each location of the fiber in
order to finally obtain the Brillouin frequency shift using a curve fitting procedure. The
complete process is a time-consuming procedure, mainly caused by the need for scanning the
probe frequency to recover the Brillouin gain spectrum. Consequently, the BOTDA technique
is traditionally limited to static measurements. However, the possibility of using distributed
fiber sensor to perform dynamic measurements could be of great interest for some application
fields, such as the measurement of vibrations in civil or aeronautic structures [51].
During the last few years, a great effort has been done to extend the use of Brillouin
distributed sensors to perform dynamic measurements [55, 58–62]. Among them, the first to
be introduced was a simple technique known as the slope-assisted BOTDA (SA-BOTDA)
technique [55, 59], which does not require to modify the experimental setup but changes the
measurement process to obtain the Brillouin frequency shift measurement. The technique
is based on tuning the probe wave to the skirt of the BGS, so that variations of the BFS
are translated to changes of the amplitude of the detected probe wave, as shown in Fig. 2.7.
In order to perform this calculation, the technique requires a first calibration measurement
to retrieve the complete Brillouin gain distribution. Then, one of the skirts of the BGS is
fitted using a polynomial function. The coefficients of this fitting are used to calculate the
variation of the BFS induced by a change of the detected amplitude. Consequently, the
BFS distribution can be obtained using a fixed frequency of the probe wave reducing the
acquisition time from minutes to seconds or less.
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Fig. 2.7. Principle of operation of the slope-assisted technique ©2009 Optical
Society of America [51].

2.3.1

Benefits of phase-modulated probe wave in SA-BOTDA technique

The slope-assisted technique is one of the simplest procedures to perform dynamic measurements using Brillouin distributed sensors. However, it faces some key challenges when
making measurements tolerant to variations of the detected probe wave amplitude that are
unrelated to strain changes, such as changes of the attenuation along the sensing fiber or
of the pump power. Any variation of the attenuation caused by bending of the optical fiber
modifies the detected amplitude of the probe wave, being directly interpreted by the system
as a variation of the BFS. This issue has been thoroughly studied reaching smart solutions
that simultaneously [63] or periodically [54] probe both slopes of the BGS, so that using
the ratio between both readings, it is possible to tolerate pump power variations as large as
6 dB [54].
Another issue with SA-BOTDA sensors is its limited dynamic measurement range, i.e.
the maximum temperature/strain variations that the system can measured dynamically. As the
technique uses one of the skirts of the BGS to translate variations of the BFS to changes of
the detected amplitude, any variation of the BFS larger than the effective Brillouin linewidth
can not be properly measured. This problem has been alleviated by broadening the measured
Brillouin gain spectrum using shorter pump pulses [64]. However, the reduction of the
pump pulse also reduces the detected amplitude of the Brillouin gain spectrum, which in
turn decreases the precision of the sensor. Therefore, in order to keep the same sensor
performance, this effect must be compensated by increasing the pulse amplitude. However,
this is again limited by modulation instability or small variations of the measured Brillouin
linewidth [39, 65].
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Finally, other key challenges faced by this dynamic SA-BOTDA sensors are the ability to
handle longitudinally inhomogeneous BFS fibers, since there are always differences due to
different concentration of dopants, to pre-strain applied while embedding or gluing the fiber
to the structure, or to temperature differences in different sections. Assuming that the sensing
fiber has two sections with a different BFS, then it may not be possible to simultaneously scan
the skirt of the Brillouin gain spectra of both sections due to the fixed frequency difference
between probe and pump waves in SA-BOTDA sensors. Consequently, it is necessary to
change the probe frequency doubling the measurement time to scan the whole fiber. An
intelligent solution to avoid this reduction is to generate a probe wave comprised by different
optical frequencies, as many as different BFS sections can be found along the fiber, so that
all sections are properly scanned [52].
In the following section, the benefits of using a SA-BOTDA based on a phase-modulated
probe wave and RF demodulation are explained. The system is independent of the Brillouin
peak gain experienced by the probe wave and of the optical power detected. Therefore,
BFS measurements based on the RF phase-shift are immune to attenuation variations in the
fiber or changes in the power level of the pump pulses. Furthermore, the optical detection
deployed can lead to an enhanced precision, to the broadening of the measurement range and
to the enhancement of the measurement time.
Fundamentals
Figure 2.8 schematically depicts the fundamentals of the proposed system.
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Fig. 2.8. Schematic representation of double SBS interaction with a phasemodulated probe wave and detected RF signal.

A phase-modulated probe wave is injected in one end of the optical fiber under test, while
two symmetrical pump pulses are introduced at the other end. Each sideband of the phase
modulation interact with its respective pump pulse along the fiber via stimulated Brillouin
scattering and the signal is directed to the receiver. The optical field at the input of the
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photodetector coming from the interaction of pump and probe at a particular location in the
fiber, z, is given by the following expression:
 α 
E (t) rx = −ESBi exp − L exp (i2π (ν0 − fRF )t) HSBS,Loss (z, ∆ν)
 α 2
+ E0 exp − L exp (i2πν0t)
 2α 
+ ESB exp − L exp (i2π (ν0 + fRF )t) HSBS,Gain (z, ∆ν)
2

(2.12)

where HSBS,Gain and HSBS,Loss are the Brillouin gain and loss spectrum defined in Eq. 2.3.
Then, the resultant RF signal for a certain location of the fiber z can be obtained following
the same procedure explained in section 2.2 yielding:
P (t)

fRF

=4

p

P0i PSBi exp (−αL) q

g0 ∆νB

∆νB2 + 4∆ν 2



∆ν
· cos 2π fRF t − arctan 2
∆νB

(2.13)

Notice that the detected optical power is doubled compared to Eq. (2.11) due to the double
Brillouin interaction generated by the second pump pulse. Furthermore, as it is shown in
Eq. (2.13), the detected RF phase-shift is independent of the particular Brillouin gain peak
experienced by the probe wave and of the received optical power. This effect is highlighted
in Fig. 2.9, where the RF phase-shift in our system and the amplitude in a conventional
gain-based BOTDA are calculated and represented for different values of g0 . As it is shown,
the RF phase-shift traces are identical for the different values of g0 . This fact has major
implications for dynamic sensing. The strain measurements of conventional dynamic BOTDA
are based on setting the probe wave to a wavelength on the slope of the amplitude spectrum
and translating changes in the detected probe amplitude to variations in BFS. The amplitude
spectrum is sensitive to variations in pump power or attenuation in the fiber. Therefore, these
measurements are susceptible to errors, which are highly probable in a structure with dynamic
deformation, where they would be misinterpreted as strain changes. In the method proposed
in this paper, these errors are avoided by employing the phase-shift spectrum of the detected
RF signal, instead of the amplitude spectrum. As it is schematically depicted in Fig.2.9(b),
the probe wave is set to the slope of the detected phase-shift, obtaining a measurement that
is immune to variations of the pump power (via g0 ) and of the received probe power.
This tolerance of the RF phase-shift to changes of the Brilloin gain can be further clarified
by representing the RF signal in the phasor diagram. As shown previously in Eq. 2.10, the
real and the imaginary axis of the phasor representing the resultant RF signal are proportional
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Fig. 2.9. Calculated (a) amplitude at conventional BOTDA and (b) RF phase-shift
of the proposed technique for different values of g0 . In (b) the effect of a variation
in BFS on the detected RF phase-shift is schematically depicted (black sinusoids)
to highlight the dynamic measurement principle.

to the Brillouin gain and phase-shift, respectively, which in turn are both directly proportional
to the Brillouin peak gain or pump/probe power as it is shown in Eq. (2.3). Therefore, any
change in these parameters will just modify the detected RF amplitude, but not its phase-shift,
as it is depicted in Fig. 2.10. This is found to be valid for Lorentzian interaction as well as
for other Brillouin spectra resulting from the use of narrow pump pulses.

φSBS E0 ESB

φ'SBS E0 ESB
θRF
GSBS E0 ESB

Variation of g0

θRF
G'SBS E0 ESB

Fig. 2.10. Tolerance of RF phase-shift (θRF ) to variations of the Brillouin gain.

Another important issue to consider in dynamic sensing is the precision of the measurement. According to the measurement principle explained above, this can be calculated taking
into account the received noise and the slope of the function used to translate BFS variations
into amplitude (in conventional BOTDA) or phase-shift changes (in our scheme). Fig. 2.11
compares the precision of our technique to that of the conventional BOTDA. This error has
been calculated at each frequency as the standard deviation of repeated measurements. These
simulations were performed calculating the error in phase and in amplitude produced by a
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given Gaussian noise at each point of the spectral profile, and translating this noise, using
the slope of the employed spectral shape, into errors of the BFS measurement. Moreover,
Gaussian pulses of short duration has been used, whose effective interaction spectrum can
be approximated to a Faddeeva function [66]. It is possible to observe that the maximum
accuracy is better when using phase measurements, and it is because we can center the
measurement in the maximum value of the Brillouin gain spectrum, unlike in amplitude
measurements. In addition, just one of the two possible sides of the amplitude spectrum for
conventional BOTDA is depicted in Fig. 2.11.
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Fig. 2.11. Calculated BFS precision for the conventional SA-BOTDA (dotted
line) and phase-shift technique (dashed line), both with an equal SNR of 44dB,
and for the phase-shift technique with 6-dB SNR enhancement (solid line).

As it is shown in the figure, the phase-shift technique obtains greater measurement range
for a given precision than that of the conventional BOTDA. Note that the measurement range
has been defined as the total measurable span within a maximum error. For instance, for a
precision of at least 1 MHz (around 20 µε for standard single mode fiber) the measurement
range would be 88 MHz (1760 µε) for the phase-shift technique, while the conventional
SA-BOTDA cannot even reach this precision for the same conditions. Furthermore, note
that Eq. (2.13) shows that the detected signal and its SNR can be enhanced simply by
increasing the carrier power, while keeping the sidebands power low enough to avoid
non-local effects [45]. For example, if this feature is exploited to achieve a 6-dB SNR
improvement, this would result in a enhanced measurement range of 127 MHz (2540 µε)
with 1-MHz precision, as it is highlighted in Fig. 2.11. Furthermore, according to the
measurement principle followed in dynamic BOTDA sensors, there is a direct dependence of
the measurement range on the spectral shape employed to translate variations of BFS into
amplitude or phase-shift changes. Therefore, the use of shorter pump pulses broadens the
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interaction spectrum and hence increases the measurement range. Fig. 2.12 illustrates this
procedure by comparing the RF phase-shift spectrum and BFS measurement precision for
two pump pulses of different temporal duration. As it is shown, the measurement range of
the sensor is enlarged from 74 MHz (1480 µε) to 88 MHz (1760 µε) for a 1 MHz (20 µε)
target precision. However, this assumes constant SNR, which in practice requires additional
averaging.
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Fig. 2.12. Calculated (a) RF phase-shift of the proposed technique for two Gaussian pulses of different temporal duration with a equivalent Brillouin linewidth of
90 and 100 MHz and (b) precision of both pulses for a SNR equal to 44dB.

Experimental setup and measurements
The experimental setup shown in Fig. 2.13 was assembled in order to demonstrate the
capabilities of the system. The output of a laser source is divided in two optical branches
with an optical coupler. In the upper branch, the optical pump pulses of 10-ns duration are
formed using a Mach-Zehnder electro-optic modulator (MZ-EOM) by the RF pulse-shaping
technique so as to obtain clean and leakage-free pulses [67]. After amplification in an erbium
doped fiber amplifier (EDFA), the resulting pump pulses are directed via a circulator to a
160-m-long fiber. In the lower branch, the probe wave is generated with an electro-optic
phase modulator driven by a 850-MHz RF signal. After interacting both sidebands with the
pump pulses via SBS, the probe signal is directed to a receiver and the resultant RF signal is
demodulated. Finally, the BOTDA signal is captured in a digital oscilloscope.
In order to prove experimentally that the detected phase shift is independent to amplitude
changes of the BOTDA signal, several spectra were measured varying the attenuation of the
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Fig. 2.13. Experimental setup of the BOTDA sensor based on PM probe wave
used for dynamic sensing.
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probe and pulse signals. Fig. 2.14 shows that, indeed, the detected RF phase-shift remains
unaltered while the amplitude suffers severe attenuation.
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Fig. 2.14. (a) Amplitude and (b) phase-shift spectra for different attenuation
values of the pulse and probe signals.

In addition to this, the measurement range achieved by the phase-shift technique was measured for two different pulse durations of 9 ns and 10 ns. This is represented in Fig. 2.15(a).
The measurement range achieved for a precision of 1 MHz is 76 MHz (1520 µε) for the
10 ns pulse in contrast to 84 MHz (1680 µε) for the 9 ns pulse. These results were derived
from the measurement of twenty five successive RF phase-shift spectra using 64 averages at
the oscilloscope capture. As it is shown in Fig. 2.15(b), the effective interaction spectrum
is broadened by employing shorter pulses and a greater measurement range is obtained.
Furthermore, the precision achieved for a given pulse duration can be enhanced by increasing
the SNR of the detected signal, simply by increasing the averaging at the oscilloscope. For
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instance, for a 9 ns pulse and a minimum precision of 1 MHz, the measurement range is
128 MHz (2560 µε) when using 128 averages.
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Fig. 2.15. (a) BFS precision achieved for the phase-shift technique using pulses
of 9 ns with 64 averages (red dashed line) and 128 averages (blue dotted line),
and for pulses of 10 ns with 64 averages (black solid line). (b) RF phase-shift
spectra for pulses of 9 ns (red dashed line) and 10 ns (black solid line).

Finally, a 1-meter section of the fiber was affixed by epoxy resin onto the surface of a 1-m
cantilever beam. The cantilever beam was made to vibrate so that dynamic measurements
of the induced strain could be performed (Fig. 2.16). The pulse duration was set to 10-ns,
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Fig. 2.16. Fast-acquisition measurement of the induced strain at the cantilever
beam.

with a measurement rate of 1.66 kHz, achieving a precision of 20 µε with an averaging
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of 64 samples. Notice that this sampling rate was limited by the available acquisition
instrumentation, so that higher measurement rates maintaining the same precision should be
possible.

2.3.2

Polarization diversity technique based on double orthogonal Brillouin interaction

Once the distributed Brillouin sensors was adapted to perform dynamic measurements, the
next target was to further improve the acquisition time of these systems. In SA-BOTDA
sensors, the measurement time is basically limited by the repetition rate of the pump pulses
and its time-of-flight, which are ultimately determined by the length of the sensing fiber.
In addition to this, the precision and measurement range are limited by the available SNR
at reception, which may not be enough requiring an averaging process. Finally, another
important issue is the required compensation of the polarization dependence of Brillouin
interaction.
The polarization dependence of BOTDA is usually overcome by performing a time
domain polarization scrambling of the probe wave or of the pump pulses. Other possibility
is to use a polarization switch, so that two orthogonal SOPs are sequentially launched into
the fiber [68]. A third approach is to implement a passive polarization scrambler using an
unbalanced Mach-Zehnder interferometer [69]. Assuming that a SA-BOTDA sensor requires
few averages to perform the measurement due to the deployment of optical fibers of short
length and hence, high injected pump and probe powers, then the use of a polarization
scrambler forces a higher averaging in the measurement than necessary, as a large number
of states of polarization (SOP) must be averaged in order to reduce polarization-induced
noise. Furthermore, the measurement time linearly increases with the number of averages.
On the other hand, a polarization switch only doubles the acquisition time compared to an
acquisition of a single trace (if the switching time is not considered), being a better option
than the polarization scrambling technique although it also adds additional complexity to the
system. Finally, the third approach provides an excellent polarization scrambling with no
time penalty in the measurement but it’s limited to sensor setups deploying single wavelength
CW probe signals.
In this section, we propose an improved setup of the SA-BOTDA technique based on the
use of a double orthogonal pulsed pumps. The technique is valid for SA-BOTDA sensors
based on the phase-modulated probe wave, which retains the advantage of performing
measurements largely immune to attenuation in the optical fiber and adds a new one: the
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capability to perform polarization independent measurements throughout the fiber even if no
averaging is applied.

Fundamentals
Stimulated Brillouin scattering process has its origin in the interference between two optical
waves which generates a traveling longitudinal acoustic wave. This acoustic wave, in turn,
couples the optical waves to each other. As the process is coherent in the optical domain, its
efficiency is dependent on the relative states of polarization of the two waves involved in the
process. This polarization dependence of SBS interaction can be mathematically modeled
by the real factor η which determines the mixing efficiency of the counter-propagating
signals [70]. In general, this mixing efficiency factor η (0 ≤ η ≤ 1) can be described as a
function of the SOP of probe and pump signals as:
η=

1
(1 + s1P s1S + s2P s2S − s3P s3S )
2

(2.14)

where ŜS = (s1S , s2S , s3S ) and ŜP = (s1P , s2P , s3P ) are the normalized Stokes vectors representing the SOP of the counter-propagating probe and pump signals, respectively, at a given
position of the sensing fiber. Therefore, for a differential length of fiber, SBS interaction
between pump and probe waves is optimal (η = 1) when the orientation, the ellipticity
and the sense of rotation of their polarization ellipses are the same when seen from one
direction, as shown in Fig. 2.17(a). Conversely, no SBS interaction takes place (η = 0) when
the polarization ellipses of pump and Stokes waves are similar to the first case, but with
orthogonal orientation (their long axes are orthogonal to each other, see Fig. 2.17(b)) [70, 71].

(a)

(b)

Fig. 2.17. Schematic representation of probe (gray line) and pump waves (red
and blue lines) for (a) equal and (b) orthogonal states of polarization.
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In the most usual scenario for distributed fiber sensors, the measurement is performed
over standard single-mode fiber, where the SOP of the counter-propagating waves will vary
randomly and dynamically. Therefore, it is not possible to guarantee a proper alignment
between them for every position of the fiber. As a result, the signal to noise ratio (SNR) of
the measurement will be very low in some positions of the fiber, being zero for those where
there is no Brillouin interaction. As a consequence, in Brillouin-based sensors it is necessary
to apply some kind of polarization averaging or polarization diversity technique.
If we now consider the case where the state of polarization of the pump wave is orthogonal to the previous one (ŜP ), then its normalized Stokes vector will be given by
ŜP⊥ = (−s1P , −s2P , −s3P ) and the mixing efficiency will yield:
η⊥ =

1
(1 − s1P s1S − s2P s2S + s3P s3S )
2

(2.15)

Therefore, by simply adding η and η⊥ represented in Eq. (2.14) and (2.15), respectively, it
is found that both interactions will be complementary:
η + η⊥ = 1

(2.16)

Furthermore, due to the unitary nature of the fiber, the two orthogonal polarization states
entering the fiber will keep their relative orthogonallity, even though the states themselves are
continuously changing along the fiber [71]. As a consequence, the complementarity of the
two Brillouin interactions will be guaranteed throughout the whole length of fiber, even for
relatively long fibers, where the orthogonalization error induced by polarization dependent
loss is still negligible [72].
In our technique, we take advantage of this property by generating two simultaneous
and complementary Brillouin interactions along the sensing fiber. Fig. 2.18 schematically
depicts the fundamentals of the proposed system. A single tone phase-modulated probe
wave is injected into one end of the optical fiber under test, while two orthogonal pump
pulses are introduced at the other end. Each sideband of the phase-modulated probe wave
interacts with its respective pump pulse via stimulated Brillouin scattering. The resulting
phase-modulated probe wave affected by both quadrature polarization Brillouin interactions
is directed to the receiver. Finally, the detected RF electrical signal is demodulated in a
synchronous demodulator so that both the amplitude and the phase-shift of the detected RF
signal can be recovered [73]. As schematically shown in Fig. 2.18, the wavelengths of the
pump pulses are adjusted so that each of the two orthogonal pumps interacts with one of the
modulation sidebands of the phase-modulated probe wave. The aim of this double interaction
is to produce a Brillouin gain over one of the sidebands, while a Brillouin loss is generated

58

BOTDA sensors using heterodyne detection

HLoss
Loss
Pump

HGain

EO
fRF

fRF

ESB

Gain
Pump

νB

νB

Optical
frequency

Fiber
1
2

Phase Modulated
Probe Wave

3

PD

RF
Demodulator

Pulsed Orthogonal
Double Pump

Fig. 2.18. Schematic representation of the fundamentals of the double orthogonalpump SBS interaction, where each of the two orthogonal pump pulses (red)
interacts with a different modulation sideband of the phase-modulated probe wave
(blue).

over the second one. Notice that these two optical interactions of opposite sign will not
cancel each other once the phase-modulated probe wave is detected, due to the fact that the
two sidebands of the modulation have a phase-shift of π radians [73]. If the modulation
frequency of the probe wave is much higher than the Brillouin bandwidth, we can consider
that each SBS interaction only affects one sideband of the modulation, leaving the other
sideband and the carrier unaffected. Then, the optical field at the input of the photodetector
coming from the interaction of pump and probe at a particular location in the fiber, z, is given
by the following expression:
 α 
E (t) = −ESBi exp − L exp (i2π (ν0 − fRF )t) HSBS,Loss (z, ∆ν)
 α 2
+ E0i exp − L exp (i2πν0 t)
 2α 
+ ESBi exp − L exp (i2π (ν0 + fRF )t) HSBS,Gain (z, ∆ν)
2

(2.17)

where HSBS,Gain and HSBS,Loss are, respectively, the complex Brillouin gain and loss spectra
at position z defined in Eq. (2.3) and repeated here for convenience to include the mixing
efficiency factor:


g0 ∆νB
HSBS (z, ∆ν) = exp η
PP (z) ∆z
∆νB + 2i∆ν
 

g0 ∆νB2
2g0 ∆νB ∆ν
PP (z) ∆z − i 2
PP (z) ∆z
= exp η
∆νB2 + 4∆ν 2
∆νB + 4∆ν 2
≈ 1 + η (gSBS − i ϕSBS )

(2.18)
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where, g0 is the Brillouin gain (g0 > 0) or loss (g0 < 0) depending on the described SBS
interaction. The approximation in the last term of Eq. (2.18) is obtained assuming a small
gain (or loss). Note also that, GSBS and ϕSBS represent, respectively, the Brillouin gain (or
loss) factor and the Brillouin phase-shifts of each interaction shown in Fig. 2.18. Furthermore,
the symmetry of both Brillouin interactions is so, that the phase-shift induced over both
sidebands will be equal (ϕSBS = ϕG = ϕL ), and the gain factor will be of identical magnitude
but opposite sign (gSBS = GG = −GL ). In that case, the detected optical power signal at the
demodulation frequency fRF can be expressed as:
P (z, ∆ν)

fRF

p
= 2 P0i PSBi exp (−αL) cos (2π fRF t)
· [(1 + ηG (GG + iϕG )) − (1 + ηL (GL − iϕL ))]
p
= 2 P0i PSBi exp (−αL) (ηG + ηL ) (GSBS + iϕSBS ) cos (2π fRF t)

(2.19)

If we now consider that both sidebands of the phase-modulated probe wave have the same
SOP, then Eq. (2.16) can be applied so that ηG and ηL can be removed from the equation.
Therefore, the technique removes the need for polarization scrambling, as the detected signal
for any given position of the fiber will be independent of the SOP of the probe wave. As
a consequence, no averaging is required to eliminate the polarization induced fluctuations.
Substituting Eq. (2.18) in Eq. (2.19), we finally obtain the expression of the detected RF
signal using the presented technique:
P (t)

p
g0 ∆νB
PP (z) ∆z
P0i PSBi exp (−αL) q
fRF
∆νB2 + 4∆ν 2



∆ν
· cos 2π fRF t − arctan 2
∆νB
≈2

(2.20)

Equation (2.20) shows that the detected RF phase-shift is independent of the particular
Brillouin gain peak experienced by the probe wave and of the received optical power as
shown in section 2.2. This is a key feature for dynamic measurements, as the sensor will not
be susceptible to errors caused by changes in pump power or attenuation in the fiber, which
are highly probable in a structure with dynamic deformations [73]. Therefore, the same
technique described in section 2.3.1 can be deployed to perform dynamic measurements, but
with the additional advantage of having polarization independent BOTDA traces.
Experimental setup and measurements
The experimental setup shown in Fig. 2.19 was assembled in order to demonstrate the system.
The output of a 1550.5 nm laser source is divided in two optical branches with an optical

60

BOTDA sensors using heterodyne detection

coupler. In the upper branch, the optical beam is pulsed using a semiconductor optical
amplifier (SOA). This pulsed beam is directed to a Mach-Zehnder electro-optic modulator
driven by a microwave signal of 9.6 GHz and biased in minimum transmission, so that
two pulsed sidebands are generated, while the optical carrier is suppressed. In order to
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Fig. 2.19. Experimental setup for the polarization diversity BOTDA sensor
based on a phase-modulated probe wave, a double orthogonal pump and RF
demodulation.

orthogonalize the SOP of the two pulsed sidebands of the optical double-sideband with
suppressed-carrier (ODSB-SC) modulation, an all optical, passive and simple technique is
implemented. This is performed by the use of a differential group delay (DGD) module, which
provides a group delay between two linear orthogonally polarized waves. The technique is
schematically described in Fig. 2.20. The linearly polarized light coming from the MZ-EOM
is launched into the birefringent material at 45º or 135º with the axis of the DGD module.
This feature can be provided by the manufacturer, so that the connection of the DGD module
to the output of a MZ-EOM with polarization maintaining fiber is straightforward, requiring
no additional polarization control. After going through the DGD module, the differential
phase-shift suffered by the light travelling through the two principal axis of the DGD depends
on its wavelength (λ ):
2πL (ne − no )
θ (λ ) =
(2.21)
λ
where L is the length of the DGD module, and ne and no are, respectively, the extraordinary
and ordinary refraction indexes of the DGD module. Therefore, depending on the wavelength
of the incident beam, the birefringent material provides different polarization states at its
output [74]. Notice that if the wavelengths of two waves are tuned in such a way that the
difference between the relative phase-shifts suffered by them is made equal to π, their SOP
will be orthogonal at the output of the DGD.
∆θ = 2π · ∆ f · ∆τ = π

(2.22)
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Fig. 2.20. Schematic representation of the procedure deployed to orthogonalize
the sidebands of the optical modulation at the output of the MZ-EOM. The optical
carrier and the modulation sidebands have the same SOP when they impinge the
DGD module, but the differential delay suffered by each of them makes the two
modulation sidebands orthogonal.

where ∆τ is the differential group delay introduced by birefringence and ∆ f is the frequency
difference between both waves. As a result, in order to obtain linear orthogonal polarizations
between both sidebands of the ODSB-SC modulation, the ∆τ needed is 1/(4 f µ ), where f µ
is the frequency of the microwave signal driving the MZ-EOM. In this way, the two pump
waves are made orthogonal by simply inserting in the setup an inexpensive, passive and easy
to deploy component. In our experiment, a DGD module with ∆τ=26 ps was used, so that
the two pulsed sidebands of the modulation, separated by 19.2 GHz, were made orthogonal.
In order to verify the orthogonallity of the generated pump pulses, a polarization controller and a polarization beam splitter (PBS) where inserted after the DGD module in the
experimental setup. Fig. 2.21 shows the spectra at the two outputs of the PBS, measured in
an optical spectrum analyzer (OSA), when the SOP of one of the sidebands at the input of
the PBS is aligned with one of its principal axis. A sideband suppression of more than 30 dB
is observed, showing an excellent orthogonallity between both sidebands. The modulation
was not pulsed during this measurement so that the spectrum could be properly acquired
in the OSA. Once the double orthogonal pump is generated, this is amplified by an erbium
doped fiber amplifier, and the resulting pump pulses are directed via a circulator to a 930 m
long fiber. In the lower branch of the setup in Fig. (2.19), the probe wave is generated with
an electro-optic phase modulator driven by a 1.3 GHz RF signal. The modulation frequency
is chosen so that the upper sideband of this modulation interacts via SBS with the lower
sideband of the ODSB-SC modulated pump pulse, while the lower sideband of the phase
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Fig. 2.21. Measured spectra at the outputs of a PBS inserted after the DGD
module, when the state of polarization of one of the sidebands of the modulation
is aligned with the principal axis of the PBS (red-solid line and black-dashed
line).

modulation is affected by the higher frequency pulsed pump. After interacting with the
orthogonal pump pulses via SBS, the probe signal is directed to a receiver and the resultant
RF signal is demodulated. Finally, the BOTDA signal is captured in a digital oscilloscope.
The BOTDA trace captured in the oscilloscope is depicted in Fig. 2.22(a), showing negligible
polarization dependence, as compared with a conventional BOTDA trace (Fig. (2.22(b))).
The trace in Fig. 2.22(b) was obtained by removing the DGD module from the setup. Both
traces have been acquired using a 128 averaging rate, but deploying no further technique to
compensate the polarization dependence of SBS interaction.
In order to perform dynamic measurements, a 1-meter section at the end of the 930-m
fiber was affixed by epoxy resin onto the surface of a 1 m cantilever beam. The cantilever
beam was made to vibrate so that dynamic distributed measurements of the induced strain
along the fiber could be performed. The pulse duration was set to 10 ns to obtain 1-m spatial
resolution. Moreover, a BOTDA trace was captured every 12 µs and 128 averages were
used, achieving a 651 Hz measurement rate. Fig. 2.23 shows the measured strain in the
final locations of the fiber when the cantilever beam is made to vibrate. The distributed
measurement is also demonstrated, as only the section of the fiber attached to the cantilever
beam is suffering strain, while the adjacent sections of fiber remain steady. The estimated
uncertainty was 2 MHz for a 145 MHz (2900 µε) measurement range measured using the
guidelines given in [73]. These parameters can be enhanced by increasing the SNR parameter
of the sensor or reducing its phase noise [75].
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Fig. 2.22. Measured BOTDA trace (a) when the polarization diversity technique
is implemented and (b) when the DGD module is removed from the setup.
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Fig. 2.23. Fast-acquisition polarization-compensated measurement of the strain
induced at the last locations of the fiber (grey traces), where the cantilever beam
(red-solid line) is made to vibrate.
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2.4

Long-range measurements using BOTDA sensors

Brillouin optical time-domain analysis sensors are bound to become a fundamental tool for
monitoring in a number of structures ranging from oil and gas pipelines to electric power.
This wide variety of applications is stimulating a very important research effort into these
sensors. One of the main trends is the development of long-range BOTDA sensors, where
the ultimate distance is constrained by several effects:
• Non-local effects: as discussed in section 1.5.1, they limit the maximum probe power
injected into the fiber in order to avoid distortion of the measured Brillouin spectra at
the end of the fiber, which may induce to BFS errors [19]. Consequently, the optical
power reaching the receiver is limited, degrading the performance of the sensor.
• Modulation instability: limits the maximum pump power injected into the fiber to
avoid excessive depletion of the pulsed wave and hence, a limited Brillouin gain at the
end of the fiber [30] (see section 1.5.2).
• Spatial resolution: defines the number of resolved points along the fiber. This parameter is increased reducing the pulse duration, which leads to a limited SNR and a
broadening of the measured Brillouin linewidth, as explained in section 1.5.3. Both
aspects make it very difficult to precisely determine the Brillouin peak spectrum and
hence, the BFS value [35].
During the following sections, the aspects described above will be studied when using a
phase-modulated probe wave in BOTDA sensors.

2.4.1

Mitigation of non-local effects

In a conventional BOTDA setup, a probe wave and a pump wave are counter-propagated
through an optical fiber with a frequency difference near the BFS (around 10.8 GHz for a
standard single mode fiber). As a result, the pump pulse generates a local Brillouin gain or
loss (depending on the sensor’s configuration) in the probe wave, whose magnitude depends
on the pump pulse power. The spectrum of this interaction, and hence the BFS, can be
measured by scanning the frequency difference between the two waves as the probe wave
is detected. However, the pump pulse is also affected by SBS interaction, either being
slightly amplified (loss configuration) or attenuated (gain mode) at each location of the fiber.
Therefore, as the pulse propagates along the fiber, this energy transfer is accumulated and
can significantly modify the pulse power, as it is schematically depicted in Fig. 2.24. More
specifically, this amplification of the pump pulse power changes with the frequency difference
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between the two waves. Therefore, the gain or loss spectrum is scanned with different pump
pulse powers, which can distort the recovered spectrum, particularly at the final locations
of the fiber (z ≈ L). This is a non-local effect as the measurement at a particular location is
affected by Brillouin interaction at all the preceding locations along the fiber.

Fiber
Probe wave
z сL

Pump wave
z с0

νProbeͲνPump ~ 10.8 GHz
Fig. 2.24. Schematic representation of the amplification of the pump pulse along
its propagation at a conventional loss based BOTDA sensor.

This fact is a major restriction for long-range sensing distances because, as the probe
wave optical power increases to achieve larger monitoring distances, the energy transfer
between the pump pulse and the probe wave is greater at each location of the fiber and hence,
non-local effects become more detrimental [19].
The most popular solution to reduce this effect is to employ a balanced Brillouin interaction between a pulse wave and equally frequency spaced probe waves. As a consequence,
the pump pulse suffers the same gain and loss at the frequency of maximum interaction [24].
However, the use of balanced BOTDA sensor limits the use of other possible configurations to
create other techniques more advanced. Therefore, it is necessary to study other approaches,
where the power of a single probe component can be increased without being affected by the
generation of frequency-dependent pump power variations.
During this section, the advantage of using a phase-modulated probe wave in BOTDA
sensor regarding non-local effects is presented. As in the previous section, the system benefits
from the special features of the RF phase-shift in relation to tolerance to variations of the
Brillouin gain. Therefore, the proposed technique allows to increase the probe power and
hence, enhance the amplitude of the detected signal at the receiver.
Fundamentals
In contrast to conventional BOTDA sensors, we propose a configuration scheme based on
the RF phase-shift used for dynamic sensing [73] (shown in the previous section 2.3.1). The
difference with respect to the configuration proposed in section 2.3.1 is the suppression of
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one pulsed sideband to avoid depletion of the pulses due to four wave mixing. As shown
in Fig. 2.25, the upper optical frequency pulse has been removed in order to implement a
loss-based BOTDA sensor although the technique equally applies to a gain configuration.
Brillouin spectrum
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RF
Demodulator
Phase-shift

Fig. 2.25. Schematic representation of SBS interaction and the received RF signal.

Considering that SBS interaction only affects the first sideband of the modulation, the
optical field at the input of the photodetector coming from the interaction between the pump
and probe waves at a particular location in the fiber, z, is given by the following expression:
E (t)

 α 
=
−E
exp
− L exp (i2π (ν0 − fRF )t)
SBi
rx
 α 2
+ E0 exp − L exp (i2πν0t)
 2α 
+ ESB exp − L exp (i2π (ν0 + fRF )t) HSBS (z, ∆ν)
2

(2.23)

where HSBS is the complex Brillouin loss spectrum at position z (see Eq. (2.3)).
The resultant RF signal after detection of the optical field in Eq. (2.23) can be described
as:
p
g0 ∆νB
P (t) f = 2 P0i PSBi exp (−αL) q
RF
∆νB2 + ∆ν 2
(2.24)



∆ν
· cos 2π fRF t − arctan 2
∆νB
Notice in Eq. (2.24) that the detected RF phase-shift remains independent of the pump
pulse power. This feature, which has already been discussed in the context of dynamic
measurements, has major implications regarding the tolerance of the technique to non-local
effects, as the measurements of the RF phase-shift are not going to be affected by frequency
dependent changes of the pump pulse power.
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In order to study theoretically the potential of the technique, we consider the worst-case
scenario for non-local effects. This arises when a long sensing fiber with a uniform BFS
profile is followed by a short section at the far end of the fiber, where the BFS is shifted
from the rest of the fiber by ∆νB /3 [19]. As the pump pulse propagates along the fiber, it is
amplified by the energy transferred from the probe wave. This amplification of the pump
pulse has a direct dependence on the injected probe power into the fiber and the properties of
the fiber itself, but not on the injected pump pulse power [19]. As shown in section 1.5.1 for a
gain-based BOTDA configuration, the change of the pump power due to Brillouin interaction
is useful to estimate the maximum BFS error. Here, the gain factor can be analogously
calculated for a loss-based BOTDA configuration by:


g0
d = exp
PSi Le f f
Ae f f


−1

(2.25)

In order to present general results independent of the particular parameters of a system, we
consider the effects of different gain factors at the end of the long fiber section (L > Le f f ).
These are shown in Fig. 2.26, where gain factors from 0% (no change of the pump pulse
power) to a maximum amplification of 171.8% have been represented. Notice that the
pump pulse amplification depends on the frequency difference between pump pulse and
probe waves (∆ν), following a Lorentzian profile corresponding to SBS interaction. As
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Fig. 2.26. Gain factor as a function of the frequency difference between pump
and probe waves, for several probe wave optical powers. A Brillouin interaction
with a linewidth equal to 30 MHz has been assumed.

a consequence, at the last positions of the fiber, the Brillouin spectrum will be scanned
deploying a frequency dependent pump pulse power, resulting in a distorted Brillouin
spectrum. This is depicted in Fig. 2.27(a), where the recovered Brillouin loss spectra at
a conventional BOTDA sensor have been calculated considering the frequency dependent
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RF phase-shift (0.5 rad/div)

Amplitude (a.u.)

pump pulses of Fig. 2.26. Arbitrary units are used in the figure, as the focus here is on
highlighting the general trends of this effect. As it is shown, the distortion of the measured
Brillouin spectrum leads to a systematic error in the measurement of the BFS (∆BFS ). This
biasing effect of the peak at the recovered Brillouin loss spectrum can be explained by the
increment of the pump pulse power at those frequencies, which generates a higher Brillouin
interaction that reduces to a greater extent the magnitude of the probe wave at that location.
In contrast to the conventional BOTDA sensors, if the same conditions are applied to the
proposed technique, the recovered RF phase-shift spectra remain unaltered to changes of the
pump pulse power. This is highlighted in Fig. 2.27(b), where the calculated RF phase-shift
spectra are superposed independently of the injected probe power. Consequently, larger
probe wave power than in conventional BOTDA sensors can be injected into the optical
fiber, because the limitation due to non-local effects is mostly removed. This enables a rise
in SNR, which could enhance the system performance. Notice that the magnitude of this
enhancement depends on the actual noise sources at the particular receiver deployed. For
instance, for ideal shot noise limited performance, the SNR improvement would be directly
proportional to the increment in the detected power. Moreover, this SNR increment adds to
that already provided by the heterodyne detection deployed in our technique [45]. Therefore,
our system enhances the SNR due to two factors: the possibility to inject large probe wave
optical powers into the fiber and the demodulation technique.
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Fig. 2.27. Calculated (a) amplitude spectra for a conventional loss-based BOTDA
and (b) RF phase-shift spectra of the proposed technique for different probe wave
powers, at the last section of the fiber.
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Experimental setup and measurements

The experimental setup assembled to validate the capabilities of the system is depicted in
Fig. 2.28. The setup is very similar to the one shown in section 2.3.1. The only differences
reside on the incorporation of a fiber Bragg grating to remove one of the double sidebands of
the pump wave and the setting of the pulse duration to 50 ns that is a typical duration for
long-range systems based on differential pulse-width pair BOTDA [35]. Measurements were
performed over a 20 km long standard single mode fiber, whose last 200 m (the closer to the
probe wave input) were introduced in a climatic chamber while the rest of it was maintained
at room temperature. The peak pump power was 20.5 dBm.
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Fig. 2.28. Experimental setup for the BOTDA sensor based on phase-modulated
probe wave and RF demodulation.

In order to determine the amplification suffered by the pump pulse during its propagation
through the optical fiber, the pump pulse power was measured for several probe wave powers
at the end of the fiber for ∆ν = 0 MHz. This is depicted in Fig. 2.29(a), where the measured
pulse power is doubled for the largest probe wave optical power in relation to the pump pulse
only affected by the attenuation of the fiber. In addition, the experimental pump gain factor
was calculated as a function of the frequency difference between the pump and probe waves
as shown in Fig. 2.29(b). Notice the frequency dependent nature of this amplification as the
probe power is increased.
This energy transfer from the probe wave to the pulsed pump is clearly reflected in the
amplitude of the BOTDA trace in Fig. 2.30. The amplitude of the BOTDA trace depends
on the pulse power, which is being amplified through its propagation along the fiber. This
amplification compensates the attenuation of the fiber (0.2 dB/km) giving rise to an almost
flat BOTDA trace.
In addition, in order to create a propitious scenario for the emergence of non-local effects,
the temperature of the fiber section placed at the climatic chamber was shifted from that of
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Fig. 2.29. (a) Measured pulses for different probe wave optical powers (blue solid
line 0.67mW, red long dashed line 0.56mW, green short dashed line 0.47mW
and orange dashed dot line 0.37mW) and without Brillouin interaction (black
dashed dot dot line). (b) Experimental calculated gain factor at the end of the fiber
for several probe wave powers (blue circle symbol 0.67mW, red triangle symbol
0.56mW, green square symbol 0.47mW and orange diamond symbol 0.37mW).
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Fig. 2.30. Measured amplitude of a BOTDA trace at ∆ν = 0 MHz (blue solid line)
and theoretical BOTDA trace not affected by pump wave amplification (black
dashed line).
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Amplitude (a.u.)

RF phase−shift (0.5 rad/div)

the rest of the fiber [19]. In this situation, measurements of the RF phase-shift and amplitude
spectra were performed at the heated section, injecting different probe wave powers into
the optical fiber. As it is depicted in Fig. 2.31(a), the RF phase-shift spectra remain largely
independent of probe power in contrast to the amplitude spectra in Fig. 2.31(b), which are
clearly distorted by non-local effects as the probe wave power increases.
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Fig. 2.31. Measured (a) RF phase-shift spectra and (b) amplitude spectra for
different optical powers of the probe wave (blue solid line 0.67mW, red long
dashed line 0.56mW, green short dashed line 0.47mW and orange dashed dot line
0.37mW) at the heated section with a 30ºC temperature difference from the rest
of the fiber.

Finally, the temperature of the climatic chamber was modified in order to evaluate the
performance of the technique for temperature measurements. These measurements were
performed setting the probe wave power to a level high enough to induce a large frequency
dependent amplification to the pump pulse. The spectra measured at the heated section of
the fiber are depicted in Fig. 2.32. As it is shown, the RF phase-shift spectra are shifted in
frequency as the temperature is risen. However, their shape remains unaltered in contrast to
the amplitude spectra, which suffer the detrimental impact of non-local effects. Furthermore,
as it is shown in the inset, there is a good agreement between the changes of temperature at
the climatic chamber (5o C per measurement) and the frequency shift of the RF phase-shift
spectra. In addition, the BFS corresponding to the RF phase-shift and the amplitude spectra
were obtained by performing a mathematical fit based on Eq. (2.24). This is depicted in
Fig. 2.33, where the linear regression performed to the BFS data obtained from the RF
phase-shift spectra shows a clear linear relation with temperature, in contrast to the data
obtained from the amplitude spectra.
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Fig. 2.32. Measured (a) RF phase-shift spectra and (b) amplitude spectra injecting
a 0.67mW probe wave power into the fiber for different temperatures at the
climatic chamber from 24C (blue solid line) to 54C (black short-long dashed line)
in 5C steps.
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Fig. 2.33. BFS measurement given by the amplitude spectra (red triangle symbol)
and by the RF phase-shift spectra (blue circle symbol). The linear regression to the
BFS data obtained from the RF phase-shift (black solid line) gives a 1.08ºC/MHz
coefficient.
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2.4.2
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Differential pulse-width pair technique for phasorial BOTDA traces

The improvement of the spatial resolution in BOTDA sensor has been deeply researched in
order to increase the number of resolved points along the optical fiber. The spatial resolution is
directly related to the pump pulse length. However, as shown in section 1.5.3, decreasing the
temporal duration of the pump pulses to enhance the spatial resolution has a negative impact
on the Brillouin frequency shift (BFS) measurement precision because it leads to broadening
of the measured Brillouin linewidth [35]. There are different proposals to overcome this
limitation [35, 76, 77]. However, one of the most effective and easy to deploy in long-range
BOTDA sensors is the differential pulse width pair (DPP) technique [35], which is based on
the subtraction of the time domain Brillouin signals measured by sequentially injecting two
pump pulses with slightly different pulse durations. This enhances the spatial resolution of
the measurement, which is given by the pulse-width difference, and simultaneously preserves
the BFS precision, as the Brillouin linewidth is defined by the comparatively long duration
of the individual pulses.
In this section, we introduce a novel phasorial differential pulse-width pair (PDPP)
technique for BOTDA sensors whose supplied output is a phasorial signal (amplitude and
phase-shift). The technique performs a full phasorial subtraction of the responses to two
sequential pump pulses with differential duration, which allows to enhance the spatial
resolution while keeping the Brillouin linewidth of long pulse durations. Specifically, the
phasorial subtraction technique is applied to a BOTDA sensor with phase modulation, which
has demonstrated to perform correct measurements under the influence of non-local effects
(see section 2.4.1) [78]. Moreover, the differential signal keeps the same properties regarding
non-local effects. In addition, the influence of chromatic dispersion in modulated probe
waves is analyzed, specifically for the case of phase modulation.

Fundamentals
As shown previously in section 2.4.1, BOTDA sensors based on phase-modulated probe wave
are tolerant to non-local effects. This feature along with the improvement on the detected
SNR (see section 2.2) make this technique as a very interesting tool to perform long-range
measurements. Nevertheless, when long-range distances are the objective of these sensors,
an extra phase-shift term (φ ) caused by chromatic dispersion has to be considered at the
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optical field reaching the receiver. This extra-term modifies Eq. (2.23) yielding:
E (t)

 α 
=
−E
exp
− L exp (i2π (ν0 − fRF )t) exp (−iφ )
SBi
rx
 α 2
+ E0i exp − L exp (i2πν0 t)
 2α 
+ ESBi exp − L exp (i2π (ν0 + fRF )t) HSBS (z, ∆ν) exp (−iφ )
2

(2.26)

The resulting modulated wave is detected, giving rise to an RF signal (amplitude and
phase-shift) that can be expressed for a given location of a long sensing fiber, z, as:
P (t)

fRF

=2

p

P0i PSBi exp (−αL) cos (φ ) q

g0 ∆νB
∆νB2 + ∆ν 2




∆ν
· cos 2π fRF t − arctan 2
∆νB


p
∆νB2
g0
PP (z) ∆z
+ 2 P0i PSBi exp (−αL) sin (φ ) exp
Ae f f ∆νB2 + 4∆ν 2


g0 2∆νB ∆ν
π
· cos 2π fRF t +
PP (z) ∆z −
Ae f f ∆νB2 + 4∆ν 2
2

p
π
+ 2 P0i PSBi exp (−αL) sin (φ ) cos 2π fRF t −
2

(2.27)

where φ is the relative phase difference between carrier and sidebands caused by chromatic
dispersion at the fiber [79]:
2
LπcD fRF
(2.28)
φ=
ν02
where L is the length of the fiber, c is the velocity of light in free space, D is the fiber dispersion
parameter, ν0 is the optical frequency of the carrier and fRF is the modulation frequency.
Eq. (2.27) incorporates the well-known effect of phase to intensity modulation conversion
through chromatic dispersion in long fibers [79]. This is clearly shown in Eq. (2.27), where
the first term on the right hand side is the detected phasor originated by SBS interaction
with a phase-modulated probe wave (see Eq. (2.11) in section 2.2), the second term is that
originated using an intensity-modulated probe wave (see Eq. (2.6) in section 2.1) and the
third term corresponds to the beating signal between the lower-sideband and the carrier for
an intensity-modulated wave. Therefore, the detected spectra for both the amplitude and the
phase-shift are a combination of the PM and AM modulations, whose contribution to the
detected RF signal depends on φ . Considering that we have small chromatic dispersion or
that it is compensated making φ = 0, the detected RF signal is then given by the first term of
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Eq. (2.27), whose RF phase-shift signal has no dependence with the particular local Brillouin
gain associated to the SBS process, as previously shown in section 2.4.1.
The signal represented in Eq. (2.27) is deployed in a novel PDPP scheme where instead
of simply subtracting two consecutive time domain BOTDA traces to obtain the differential
amplitude signal, we perform a full phasor subtraction of the complex responses (amplitude
and phase-shift) obtained by sequentially injecting two pulses with different duration. This
process is illustrated in Fig.2.34 that schematically depicts the measurement at location z0
of a fiber section that has a given BFS (BFS1 ) followed by a short section with a different
BFS (BFS2 ). A first pulse with a spatial length of u is injected in the fiber, yielding, for the

∆u
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Pulse1
Pulse2

BFS1

BFS2

Im
ࡵ Ͳࡵ

∆θRF

BFS1

Phase-modulated probe
Re
Fig. 2.34. Schematic representation of SBS interaction and the received RF signal
using the PDPP technique.

measurement at location z0 , an RF signal represented by phasor I1 . This resultant RF signal is
affected by the integrated Brillouin gain and phase-shift (characterized by BFS1 ) experienced
by the probe wave over the length covered by this first pulse. Then, a second pump pulse of
differential duration (∆u) is injected and the RF signal measured for the same location will
be affected by the complex Brillouin spectra of both consecutive fiber sections (characterized
by BFS1 and BFS2 ), leading to a change in the amplitude and phase-shift of a second phasor
I2 that represents this second RF signal. Finally, the two phasors are subtracted to obtain the
differential RF signal, which corresponds to the Brillouin interaction in the differential length
∆u (characterized by BFS2 ). Therefore, enhanced spatial resolution is obtained. Moreover,
the RF phase-shift, ∆θRF , of this differential signal retains the tolerance to non-local effects.
The scenario described above has been analyzed by numerically solving the coupled
ordinary differential equation system that gives the evolution of the optical fields of the probe
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ES and pump waves, EP , along the fiber [17]:


d
α
g0
i∆νB
2
EP (z) = −
|ES | −
EP
dz
2 i∆νB + 2∆ν
2


i∆νB
α
d
g0
2
ES (z) = −
|EP | +
ES
dz
2 i∆νB − 2∆ν
2

(2.29a)
(2.29b)

where α is the fiber attenuation. The solution of these equations gives the optical field of the
upper sideband of the modulated wave, while the carrier and lower sideband are assumed
to only attenuate along its propagation. Moreover, the calculations are simplified assuming
steady-state conditions for long pulse lengths of 5 m and 6 m.

Amplitude (a.u.)

RF phase-shift (0.5 rad/div)

Figure 2.35(a) shows the RF amplitude and phase-shift spectra at position, z0 , for each
pump pulse and the resulting differential RF spectra. Notice that the calculated spectra using
a 6 m pulse length clearly display the combined response to the two consecutive fiber sections
with different BFS, while the amplitude and phase-shift of the differential phasor signal just
retains the response to the second section (BFS2 ), as expected. Therefore, the proposed
technique presents an enhanced spatial resolution and BFS accuracy in RF magnitude and
phase-shift measurements.
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Fig. 2.35. (a) Calculated magnitude and RF phase-shift spectra for 5 m (red
dashed line), 6 m (blue dot dashed line) pulse lengths and the differential RF
spectra (black solid line) for a BFS difference of 50 MHz between sections. (b)
Calculated magnitude and RF phase-shift spectra for a BFS difference of 10 MHz
and different injected probe powers: 20 µW (black solid line), 45 µW (blue
dashed line), 100 µW (red dotted line) and 200 µW (green dot dashed line).
Simulations parameters are g0 = −1.5 · 10−11 m/W, ∆νB = 30 MHz, L = 30 km,
effective area is 7.18 · 10−11 m2 and the injected optical pump power is 100 mW.
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Furthermore, it has also been found that the differential RF phase-shift signal keeps
the same properties regarding non-local effects than the individual responses to each pulse.
Figure 2.35(b) presents the calculated differential RF spectra for several probe powers considering the worst case situation for non-local effects, which occurs when the BFS2 has a
frequency difference of ∆νB /3 with the rest of a uniform BFS fiber [19]. In these simulations,
the peak of the magnitude spectra are clearly biased from the real BFS measurement for
increasing probe power, meanwhile the differential RF phase-shift spectra remain unaltered.
A loss-based BOTDA is assumed in these calculations, but the distortion induced to the measured spectra is independent of the sensor’s configuration (loss or gain), the only difference
resides in the direction of the Brillouin spectrum biasing.

Experimental setup and measurements
The experimental setup sketched in Fig. 2.36 was assembled in order to evaluate the potential
of the technique. The light from a distributed feedback (DFB) laser diode at 1560 nm is
coupled into two optical branches. In the upper branch, a double-sideband suppressedcarrier modulation is generated using a Mach-Zehnder electro-optic modulator driven by a
microwave tone whose frequency is tuned around 9.5 GHz. The resultant signal is pulsed
using a semiconductor optical amplifier and then amplified by an erbium-doped fiber amplifier.
The lower-sideband of the pulsed signal is selected using a narrowband fiber Bragg grating
(FBG) obtaining the desired pump wave. Its state of polarization is randomized with a
polarization scrambler to reduce polarization-mismatching induced fluctuations on the signal,
before being launched into the sensing fiber via a circulator. In the lower branch, a probe wave
is generated with an electro-optic phase modulator driven by a 1.3 GHz RF signal. Once the
probe wave has interacted with the pump pulse via SBS, the chromatic dispersion phase-shift
is corrected using a dispersion compensating module (DCM) prior to signal detection. Finally,
the resultant RF signal is demodulated and captured in a digital oscilloscope. The deployed
RF demodulator’s bandwidth is 220 MHz, so that changes faster than 10 ns in the demodulated
signal can be resolved (1 m resolution). For higher spatial resolutions, the needed bandwidth
should be adjusted to 1.5/τ, where τ is the pulse duration [80]. Note that for the low fRF used
in this setup, the sensing fiber length needed to completely convert the phase modulation into
an intensity modulation is around 2000 km. For the deployed 50 km long fiber, chromatic
dispersion only induces a slight phase-shift at the sidebands, which has no real impact in the
measurements because the second term in Eq. (2.27) becomes merely a DC baseline. The
DCM was simply used to reduce this DC in order to fully exploit the dynamic range of the
RF demodulator and oscilloscope.
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Fig. 2.36. Experimental setup for the PDPP-BOTDA sensor based on phasemodulated probe wave and RF demodulation.

In order to evaluate the detrimental impact of non-local effects in long-range measurements, the probe wave power is set to a value, 0.54 mW, that clearly outreaches the maximum
power (45 µW) for which the pump power modifies by a factor of 17% (see Eq. (2.25)). This
huge optical power results in amplification of the pump pulse power due to the energy transfer
from the probe wave to the pump pulse in a loss-based BOTDA sensor. Figure 2.37(a) shows
this effect, where the optical power of the pump pulse is amplified to more than double
its original value (a factor of 115%) for the frequency difference between both waves that
matches the average BFS of the optical fiber (set as ∆ν = 0). This value largely exceeds
the maximum tolerable factor (17%), which induces, as described in section 1.5.1, a measurement error of 1 MHz at the worst case scenario, i.e. when a long fiber with a uniform
BFS is followed by a small section at the end of the fiber with a BFS change [19]. Such
scenario was simulated by inserting a 13 m length section at the end of the fiber in a climatic
chamber at 61◦ C. Figure 2.37(b) depicts the amplitude and RF phase-shift spectra for that
section, using 50-ns pump pulses for two measurements performed by swapping the fiber
input ends of pump and probe waves, which is an effective method to observe the influence of
non-local effects [23]. Notice that when the hot-spot is located at the probe end of the fiber,
the amplitude spectrum is distorted and there is a biasing effect that introduces a measurement
error. In contrast to the amplitude spectra, the shape of the RF phase-shift spectra remains
unaltered for both measurements.
A similar experiment was performed but, this time, deploying the full-phasor subtraction
of the time-domain BOTDA traces measured by sequentially injecting two pump pulses of 50
and 60 ns. The experimental results shown in Fig. 2.38(a), match those obtained using 50-ns
pulses, apart from the expected reduction of SNR due to the enhanced spatial resolution.
The precision achieved in the BFS measurements based on RF phase-shift was 1.3 MHz
(1.3ºC/26 µε) at the worst-contrast position. Finally, in order to demonstrate the spatial
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Fig. 2.37. (a) Measured pump pulse amplification at the end of the fiber. (b)
Measured amplitude and RF phase-shift spectra at the hot spot section when
that section is located at the probe input (red-dashed line) or at the pump input
(black-solid line).
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section, when that section is located at the probe input (red-dashed line) or at the
pump input (black-solid line). (b) Differential RF phase-shift distribution.
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resolution enhancement, one meter was extracted from the final section located at the
climatic chamber and placed at room temperature in a loose state. Figure 2.38(b) depicts the
color coded RF phase-shift distribution along the final section of the fiber. At the location
corresponding to the room temperature one-meter section, a shift from ∆ν ≈30 MHz to ≈5 MHz, which fits the temperature change for that section, is clearly appreciable.

2.4.3

Mitigation of modulation instability by using orthogonal pump
pulses

In long-range BOTDA sensors, optimizing the system actually requires launching high probe
power (as shown previously) but also high pump powers into the sensing fiber to provide a
sufficient SNR on the measurements at the far end of the fiber. However, increasing the input
power above a critical level excites undesired nonlinear effects such as modulation instability
and stimulated Raman scattering (SRS), which deplete the pump and reduce the maximum
sensing range of the system [28, 81]. Compared to SRS, MI shows a lower threshold and
thus imposes a more restrictive limitation to the maximum pump power in BOTDA schemes
[28]. As a consequence, MI has been further studied.
Recently, the influence of the background noise level has been analyzed. It seeds
the apparition of MI, depleting faster the pulse power when the noise level is high [31].
Consequently, a narrow bandwidth filter is required to remove the amplified spontaneous
emission coming from the EDFA and hence, increment the length of the sensing fiber.
Furthermore, different techniques based on multi-wavelength pulses have been recently
proposed to extend the measurement range [82], to provide high spatial resolution [77] or
to enable fast dynamic sensing [56]. However, it has been identified in all these cases that
nonlinear cross Kerr-effect interactions between the different spectral lines would take place
if high-power pulses are simultaneously launched into the sensing fiber, leading to severe
distortions of the measured time-domain traces [56, 82].
In this section, an effective method to reduce the pump power depletion in systems with
two pulses is presented. The technique relies on the use of orthogonal-polarized pulses at
different wavelengths, which has theoretically and experimentally demonstrated to mitigate
the impact of Kerr nonlinearities in comparison to the use of a single pump or parallel pump.
Although the improvement is significant, the technique is still limited by nonlinear-cross
interactions that obey a Manakov model [83, 84].
This work was done in collaboration with the research Group for Fibre Optics of the
École Polytechnique Fédérale de Lausanne led by Prof. Luc Thévenaz.
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Fundamentals
The limitations imposed by modulation instability in standard BOTDA systems have been
investigated thoroughly using the scalar nonlinear Schrödinger equation (NLSE) [81]. To
take into account the interaction between orthogonally-polarized pumps, the scalar analysis
of MI needs to be extended to its vector counterpart, where the vector NLSE (VNLSE)
governs the polarization components of the lightwave. The form of the VNLSE depends on
the birefringence characteristics of the fiber. Conventional single-mode fibers are categorized
as randomly varying birefringent fibers, meaning that their birefringence changes randomly
over a length scale of around 10 m in both value and axes [83]. The random fluctuations in
the degree of modal birefringence and the orientation of birefringence axes force the Stokes
vector to sweep the entire surface of the Poincaré sphere over a approximately 1 km length
scale. For optical fibers longer than this length scale, averaging the VNLSE over the Poincaré
sphere leads to the following coupled nonlinear Schrödinger equations referred to as the
Manakov system for the two orthogonal polarization components u (z,t) and v (z,t) [83, 84]:
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(2.30a)
(2.30b)

where α is the fiber attenuation and β2 < 0 is the group-velocity dispersion (GVD) coefficient.
Note that to take into account the randomness of polarization [83], the nonlinear coefficient
γ is obtained by multiplying the linearly-polarized Kerr nonlinearity by the factor 8/9. It is
evident from the right-hand side of Eq. (2.30) that both polarization components (u (z,t) and
v (z,t)) contribute equally to the nonlinear phase modulation of the optical waves. Therefore,
under the same total power conditions, the MI spectral bands originated by a single pump
and a double orthogonal pump scheme are the same. However, since in the latter case the
total power is split into two polarizations at different wavelengths, the peak power and thus
the MI gain turn out to be reduced.
To verify the above-described situation, a numerical analysis of Eq. (2.30) has been
carried out using the split-step Fourier method for solving the VNLSE and a Monte Carlo
simulation for considering the background noise as a seeding signal for the onset of MI.
Fig. 2.39(a) depicts the MI gain spectrum originated in a 25 km-long standard SMF with a
total input pump power of 250 mW, under three different scenarios: the standard single pulse
case at zero-frequency detuning (blue curve) is compared with the use of two pulses at around
10 GHz having parallel (green curve) and orthogonal (red curve) states of polarization. It
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should be noticed that the pumps lines are removed from the plots for the sake of visibility.
It is possible to observe that while the MI gain in the single pump case is higher than the one
of the orthogonal polarizations, an efficient four-wave mixing (FWM) process dominates the
interaction between the pulses with parallel polarizations. Fig. 2.39(b) shows the evolution of
the total pump power along the fiber for the three scenarios (note that the fiber attenuation has
been compensated for a better visualization). While the single pump power is substantially
depleted by MI (about 70-80% of depletion), the case of parallel pumps suffers from strong
FWM, leading to abrupt pump power oscillations along the fiber. On the other hand, it
is interesting to observe the behavior of the double orthogonal pumps, which shows a
considerable improvement in terms of MI pump depletion compared to the standard single
pump configuration, but also offers a significant suppression of FWM when compared to the
parallel pumps. Note also that the hypothetical case of orthogonal polarizations with only
scalar MI is plotted for comparison.
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Fig. 2.39. (a) MI gain spectrum and (b) longitudinal pump power evolution
along the fiber, for a 25 km-long SMF with α = 0.2 dB/km, γ = 1.8 W− 1/km
and β2 = −22 ps2 /km, in three different pump scenarios: single-wavelength
pump (blue curves), two parallel pumps (green curves), and two orthogonal
pumps (red curves). The frequency spacing between pumps is 20 GHz, the noise
power spectral density is -118 dBm/Hz, and total power is 250 mW. In (b) the
hypothetical case of two orthogonal polarizations with scalar MI is also depicted
(brown curve).

Experimental setup and results
Fig. 2.40 depicts the experimental setup assembled to demonstrate the reduction of Kerr
nonlinearities by using orthogonal pump pulses in BOTDA sensors. The output of a laser
source is divided in two optical branches with an optical coupler. In the upper branch,
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optical pump pulses are shaped using a Mach-Zehnder electro-optic modulator driven by
a 9.55 GHz pulsed microwave signal and biased in minimum transmission. This way, two
pulsed optical sidebands are generated, while the optical carrier is highly suppressed. This
optical signal goes through a polarization controller (PC), a differential group delay module
and a programmable optical filter (POF) shown inside a dashed box in Fig. 2.40. These optical
components actually allow setting the three-above mentioned scenarios for the study of MI,
i.e. orthogonal pump pulses, parallel pulses and single pulse. The polarization controller
allows the linearly-polarized light at the output of the MZ-EOM to be properly aligned into
the DGD module. This birefringent material generates a wavelength-dependent phase-shift
difference between its axes given by ∆θ = 2π · ∆ f · ∆τ, where ∆τ is the differential group
delay introduced by birefringence in the DGD module and ∆ f is the frequency spacing
between the optical waves, as shown in section 2.3.2 [85]. Therefore, depending on the
wavelength difference and the incident angle, the birefringent material can provide different
polarization states at its output (see section 2.3.2 for a detailed explanation). On the one hand,
two orthogonally-polarized pulses can be obtained if the incident angle into the birefringent
material is set to 45◦ and ∆θ = π. In our setup, this last condition is easily fulfilled by
choosing a DGD module with ∆τ = 26 ps. On the other hand, the generation of pulses with
parallel polarizations only requires to adjust the incident angle to one of the principal axes
of the DGD module. Finally, for a standard single-wavelength pulse, the programmable
optical filter is adjusted to select only one of the sidebands. Once the desired pump signal is
generated, this is amplified by an erbium doped fiber amplifier, whose amplified spontaneous
emission noise is filtered out by a 1-nm optical filter.
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Fig. 2.40. Experimental BOTDA sensor using the orthogonal pump pulses.

In the lower branch, the probe wave is generated with an electro-optic phase modulator
driven by a 1.3 GHz RF signal. This modulation frequency is chosen so that the upper
(lower) sideband of the phase modulation interacts with the lower (higher) pulsed sideband,
so that a cross interaction between the different sidebands occurs. After interacting via
stimulated Brillouin scattering, the probe signal is directed to a photodetector, where the
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resulting RF signal is then demodulated [85]. Finally, the BOTDA signal is captured in a
digital oscilloscope.

Fig. 2.41 shows the measured and simulated time-domain traces obtained in a BOTDA
sensor using: a single pulse, parallel pulses and orthogonally-polarized pulses for a total
input power of 300 mW. As it is evident from the figure, the numerical simulations of the
coupled nonlinear Schrödinger equations (2.30) follows accurately the experimental results
demonstrating the validity of the model. Fig. 2.41(a) compares the single-pump BOTDA
with the double parallel pumps. This clearly shows more than 50% pump depletion at the end
of the fiber in both scenarios when compared to the undepleted exponential decay. The deep
power oscillation for the parallel pumps at 5 km distance confirms that the FWM between
parallel pumps dominates the sensor response. As a comparison, Fig. 2.41(b) shows the trace
evolution obtained with orthogonal polarizations and single pulse for the same power as in
Fig. 2.41(a). Clear differences in the pump power evolution can be observed, especially in
the last 10 km of fiber, where the power of the single pump is depleted by approximately 50%
as a result of scalar MI, while the total power in the two orthogonal pulses is only depleted
by 12% due to vector MI. This represents a ∼3 dB improvement in the sensor response at the
end of the fiber, enabling a sensing range extension of ∼7.5 km while maintaining the same
SNR. It is interesting to remark that another advantage of using orthogonal polarizations is
the mitigation of FWM [84]. In addition, small differences in the polarization fading should
be observed between the traces depicted in Fig. 2.41(a); however this is only caused by the
polarization diversity method used in each scheme. Thus, while a polarization scrambler
is required in the cases of single and parallel pulses, the use of orthogonal pulses does not
require additional polarization scrambling since it ensures two complementary Brillouin
interactions taking place at each position of the sensing fiber [85].

In order to evaluate the performance improvement provided by the use of orthogonal
pulses, the measured depletion ratio at the end of the fiber is compared with the single pulse
case for different input pump powers. As shown in Fig. 2.42, the depletion ratio using a
single pulse is clearly much higher than when using orthogonally-polarized pulses. For
instance, tolerating a depletion ratio of ∼15%, the input pump power can be increased from
about 220 mW to 320 mW using pulses with orthogonal polarizations, representing a 1.5-fold
improvement in the input pump power supported by the sensor before inducing distortions in
the time-domain traces. Under a pump power of 320 mW, the depletion ratio grows from
15% using orthogonal polarization up to 53% using the single pulse, which also reaffirms the
advantage of using pulses with orthogonal polarizations.
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Fig. 2.41. Measured (continuous line) and simulated (dashed line) time-domain
Brillouin traces in a 25-km SMF for an input power of 300 mW for three cases: (a)
single pump (red solid line and green dashed line) and parallel pulses (blue solid
line and yellow dashed line), and (b) single pump (red solid line and green dashed
line) and double orthogonal pumps (blue solid line and yellow dashed line). The
parameters used to solve Eq. (2.30) are: α = 0.2 dB/km, γ = 1.0 W−1 /km and
β2 = −23 ps2 /km. The frequency difference between pumps is 19.1 GHz and the
noise power spectral density is -109 dBm/Hz.
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Conclusions

During this chapter, different solutions based on BOTDA sensors using phase-modulated
probe wave and heterodyne detection have been proposed and demonstrated, solving some
of the fundamental limitations in dynamic and long-range measurements.
In the first place, a novel dynamic Brillouin sensor based on the slope-assisted technique
using the detected RF phase-shift spectrum was introduced. The technique has demonstrated
to be largely immune to variations of the Brillouin peak gain, attenuation on the fiber, or
changes in the power of the pump pulses that may be produced by mechanical stress induced
losses. This is an important advantage regarding other techniques based on the detected
amplitude, which misreads the measured temperature/strain due to changes of the amplitude
not connected with variations of the BFS.
Furthermore, the application of the RF phase-shift as the tool to translate variations of
the phase-shit into changes of the BFS has other benefits. The shape of the RF phase-shift
spectrum approximately covers both skirts of the Brillouin gain spectrum. This means that,
in identical noise conditions, the measurement range of the phase-shift is larger since the
technique based on the amplitude only uses one of the skirts. In addition, the technique
deploys a self-heterodyne detection, which has previously demonstrated to increment the
detected amplitude and hence, enhance the precision. Therefore, the measurement range of
the system for a certain precision can be simply increased by incrementing the power of the
carrier of the phase modulation.
Moreover, the BOTDA sensor based on phase modulation of the probe wave is perfectly
applicable to the use of double orthogonal pump pulses without loosing any of the features
described above. The proposed polarization diversity technique relies on the fact that for
any given location of the fiber, both Brillouin interactions remain complementary, so that
their sum is always equal to a single Brillouin interaction with aligned SOP for probe and
pump waves. Therefore, the technique removes the need for polarization scrambling or
for any other polarization compensating technique performing polarization independent
measurements throughout the fiber even if no averaging is applied. This feature allows to
reduce the measurement time of dynamic sensors.
A theoretical model has been developed and the capabilities of these schemes have been
experimentally demonstrated, performing a fast dynamic distributed strain measurement in a
cantilever beam with high measurement range and precision. For this case, the performance
is similar to the state of the art in dynamic sensors in terms of measurement rate, spatial
resolution, precision or length of fiber. Besides, the practical implementation of the double
orthogonal pump, relies on the use of a DGD module, which is an inexpensive optical
component that can be introduced in the setup without requiring any polarization control.
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This makes it very robust to environmental changes, so that it can be considered as a solution
for commercial sensors. However, when practical applications are considered, the optical
fiber may be made by sections with different BFSs. In this case, dynamic slope-assisted
BOTDA sensors cannot be deployed even if the dynamic strain changes are small, due to
their limited measurement range. This limitation can be overcome by deploying a probe wave
that varies its frequency along the fiber in order to fit the Brillouin profile. This technique is
compatible with the SA-BOTDA based on phase-modulation so that the advantages of both
can be combined.
The proposed technique has been also applied in long-range measurements. Firstly,
the technique allows to inject a higher probe power due to the tolerance of the detected
RF phase-shift spectrum to changes of the pump power. While in a conventional setup, the
maximum probe power is limited to -14 dBm for long fibers (> 20 km), the proposed technique
has demonstrated to be able to inject around -3 dBm of probe power for a 50 km fiber without
deleterious influence of non-local effects on the measured shape of the RF phase-shift
spectrum. In addition, the injected probe power is comparable to the maximum probe power
injected in the BOTDA sensor using double-sideband probe wave [26]. Consequently, it
would be interesting to combine both techniques to further increase the input probe power.
In addition, the proposed technique has been successfully combined with the differential
pulse-width pair technique. The use of the DPP technique has been extended to BOTDA
sensors with phasorial signals, obtaining not only the BGS with high spatial and spectral
resolution but also a phase-shift spectrum with the same characteristics. Furthermore, the
differential RF phase-shift spectrum measured using the phasorial DPP technique keeps the
same properties regarding the tolerance to non-local effects than the original RF phase-shift
spectrum. An experimental proof-of-concept has been performed with a 50-km long fiber to
validate the unaltered phase-shift spectra in presence of non-local effects. Moreover, a 1-m
section has been detected by using the RF phase-shift of the differential Brillouin signal.
Finally, the modulation instability effect has been theoretically and experimentally mitigated by using pulses with orthogonal states of polarization at different wavelengths. The
results indicate that Kerr nonlinearities between orthogonally-polarized pulses are not completely nulled, and the maximum pump power allowed by a BOTDA system is in this case
determined by the Manakov model for the Kerr effect. However, the MI threshold for pulses
with orthogonal polarizations states is higher than for conventional single-pulse schemes.
Furthermore, the proposed technique not only mitigates the impact of modulation instability,
but also the four-wave mixing occurring in systems using pumps with parallel polarization.
In conclusion, BOTDA sensors with phase-modulated probe wave and orthogonal Brillouin interactions are a promising tool able to enhance the monitoring distances, as they
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allow to increment the power of both waves involved in the stimulated Brillouin scattering
effect. Moreover, they also provide an efficient mechanism for dynamic measurements.

Chapter 3
Modulation of the probe wave
wavelength in BOTDA sensors
The extension of the monitoring distance in Brillouin optical time-domain analisys (BOTDA)
sensors has been one of the fundamental research topics since the first sensor was assembled
in 1990 [12, 13]. One of the main solutions to improve the sensing range is the reception of
a powerful probe wave to increase the signal-to-noise ratio (SNR) of the detected electrical
signal. However, this requires to inject an optical probe power that is large enough to excite
other detrimental effects for the operation of the sensor, such as, the so-called non-local
effects (NLE) or noise transferred to the probe wave when its power reaches the Brillouin
theshold of the fiber. Both effects manifest for lower probe powers when the deployed optical
fiber presents a uniform Brillouin frequency shift (BFS) distribution. This is the typical case
unless the sensing fiber is previously designed with fiber sections of different properties, e.g.
using different fibers or periodically stressing some sections of the same fiber. However, in
some cases, the fiber is already attached to the structure and hence, there is not possibility
to replace or modify it. Furthermore, the modification of their properties is a cumbersome
procedure that should be done during the installation process of the fiber, increasing the cost
of the solution. Therefore, it would be very interesting to be able of modifying the profile of
the Brillouin frequency shift as the user requires in order to improve the performance of the
sensor.
During this chapter, a novel technique for BOTDA sensors is introduced. The solution
is based on the modulation of the optical frequency of the probe wave, so that the effective
Brillouin interaction induced by the pulsed wave is equivalent to that of an optical fiber with
a virtual BFS profile, configurable by the user, instead of the real BFS profile of the fiber.
This solution has been developed to mitigate non-local effects and noise added to the probe
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signal by amplified spontaneous Brillouin scattering components. The basic principle of the
technique has been implemented by two different approaches:
• Wavelength modulation of the optical source of a BOTDA sensor, which is a valid
implementation method for most configurations used in BOTDA sensors.
• Frequency modulation of the optical probe wave, which can be applied to balanced
BOTDA sensors to suppress the effect of non-local effects (first and second order) even
when using probe powers higher than the Brillouin threshold of the fiber.

3.1

Introduction

One of the main limitations to increase the probe power in BOTDA sensors is given by the
apparition of non-local effects (see section 1.5.1). These effects arise from the continuous
Brillouin interaction of the probe signal with the pulsed pump wave that considerably modifies
its peak power along its propagation. Moreover, as the pump power variation is generated by
Brillouin transfer, it also has a frequency dependence related to the Brillouin frequency shift
of the entire fiber. The worst-case scenario takes place when the distribution of the Brillouin
frequency shift is uniform and hence, the amplitude of the pulsed wave as a function of the
frequency detuning acquires a Lorentzian shape whose peak matches the BFS. Recalling
that the measured Brillouin gain has a linear dependence with the pump power, if the BFS
at a certain location is slightly shifted from the uniform part of the fiber, then the measured
Brillouin spectrum can be distorted and hence, the determination of the BFS would not be
accurate. The maximum error induced by this non-local effect can be quantified as a function
of the probe power level. It is found that a -14 dBm probe power could generates a 1-MHz
BFS error (1 ◦ C or 20 µε) in a long-range BOTDA system [86].
For BOTDA systems using a double-sideband configuration, non-local effects should be
negligible whenever the probe power is lower than the Brillouin threshold of the fiber [19].
However, another study found out the apparition of a second order non-local effect capable
of distorting the measured Brillouin spectrum without reaching the Brillouin threshold of
the fiber [26]. This effect is generated by a pulse spectrum distortion taking place when the
frequency of both probe waves differs from the BFS of the fiber and hence, the Brillouin
gain and loss spectra are not overlapped on the pulse spectrum to be compensated [26].
Consequently, this effect occurs when the Brillouin spectrum is scanned, generating a 1-MHz
BFS error when the probe power reaches a level of -3 dBm [26].
Furthermore, even though non-local effects were completely overcome, another limit for
the probe power would remain: the Brillouin threshold of the fiber. This threshold defines
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the maximum power that can be launched into the sensing fiber before the amplification of
thermally-induced spontaneous Brillouin scattering (SpBS) leads to depletion of the probe
wave and addition of noise to the detected signal.
In the following section, the fundamentals of the generation of virtual BFS will be
explained to mitigate both effects: non-local effects and noise induced by SpBS.

3.2

Fundamentals of the BOTDA sensor based on source
wavelength modulation

The principle of the proposed technique is schematically depicted in Fig. 3.1.
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Pulse
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Optical
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Probe wave
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Detector
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Fig. 3.1. Fundamentals of the laser wavelength dithering technique for virtual
BFS synthesis.

This figure describes a conventional BOTDA setup based on a single source, although
the technique is also applicable to double-laser setups. The laser source is divided in two
branches. As it is well-known, a basic BOTDA setup requires the generation of a pump pulse
and a CW probe that have a controlled frequency difference, which should be tunable around
the Brillouin frequency shift of the deployed fiber. In Fig. 3.1, the upper branch is used to
generate the pump pulses by pulsing the laser source signal and the lower branch is used
to generate the probe wave. Depending on the particular type of BOTDA setup deployed,
the frequency translation of the laser source signal required to have the tunable wavelength
difference between pump and probe that is needed for Brillouin interaction may be performed
either in the upper or lower branch, typically by the sideband generation technique, i.e. using
modulation in the microwave range to generate sidebands of the narrow laser source.
The only difference to a conventional BOTDA resides on the addition of a frequency
modulation of the optical source using a low frequency periodic wave that is synchronized to
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the pulse generator. This is performed using a small current modulation that modifies the
instantaneous optical frequency of the optical source through the semiconductor laser’s chirp
(mostly adiabatic or thermal, depending on the modulation frequency [87]). Furthermore, the
frequency modulation shape is directly translated to a synthesized virtual BFS profile along
the fiber as it is explained below. A sinusoidal wave is depicted in the figure as an example,
but any other modulation shapes are possible.
In the upper branch, a synchronism signal activates the temporal switching of the modulated optical wave providing a pump pulsed signal, whose frequency depends on the fixed
propagation delay between the optical source and the optical switch. Then, this pump pulse
is directed into the sensing fiber to interact with the probe wave via stimulated Brillouin
scattering (SBS). However, in contrast to conventional BOTDA sensors, the frequency of
the probe wave varies along the optical fiber according to the frequency modulation applied
to the optical source. As a consequence, the pump pulse meets a probe wave of different
frequency at each location of the fiber. The resulting Brillouin interaction between both
waves will be given by the detuning from the center of the Brillouin spectrum at each position
of the fiber:
∆ν (z) = νP − νS (z) + BFS (z)
(3.1)
where νP is the pump pulse frequency and νS is the probe wave frequency at position z. Note
that the last expression points out that it is equivalent to have an actual variation in BFS due
to the fiber characteristics than to have that same variation in νS . Therefore, a virtual BFS
profile is synthesized by the probe frequency modulation.
This synthesized virtual BFS profile can be used, for instance, to compensate non-local
effects or increase the Brillouin threshold of the fiber and hence, reducing the noise at the
detected probe wave. The presented technique relies on the same idea that methods that use
an optical fiber made of fiber segments with different characteristic BFS [40]. The advantage
is that there is no need to modify the fiber type along the route, which is a cumbersome
process. On the contrary, the system can use any optical fiber already installed and create a
virtual BFS profile along the fiber by using source wavelength modulation.

3.2.1

Theoretical study of non-local effects using wavelength modulation

As mentioned in section 1.5.1, when a uniform fiber is employed, non-local effects manifest
as a frequency dependent variation of the peak pulse power that follows a Lorentzian profile
[19]. This is caused by the continuous Brillouin interaction between pump and probe
waves. However, using our technique we can ameliorate this problem because, even in
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the worst-case scenario, the frequency difference of pump and probe waves varies along
the sensing fiber, effectively synthesizing a virtual BFS. As a consequence of this position
dependency, the energy transfer principally occurs at those locations where ∆ν = 0, i.e. where
the difference between probe and pump frequencies coincides with the natural BFS of the
fiber (see Eq. (3.1)). Therefore, there is less frequency dependence of the pulse power and
hence, less non-local effects and measurement error.
In order to theoretically study the compensation of non-local effects using the virtual
BFS synthesis, we performed numerical simulations of the depletion factor of the pump
power for the worst-case scenario (uniform BFS) and for different virtual BFSs. This factor
is defined as [19]:
|PP,SBS − PP0 |
(3.2)
d=
PP0
where PP,SBS and PP0 are the pump powers with and without Brillouin interaction, respectively.
Note that the last expression is equally defined for gain or loss based BOTDA configurations,
even though the pump pulses are amplified using the latter one. However, both systems
lead to an equally distorted Brillouin spectrum [86]. As shown in section 1.5.1, the pump
power under Brillouin interaction can be simply calculated from the basic model that governs
Brillouin interaction [88] assuming small gain condition:
PP (z) = PP (0) exp (−αz)
PS (L) exp (−αL)
· exp −
Ae f f

Z z
0

g0

exp (αz) dz
1 + [2∆ν (z) /∆νB ]2

!

(3.3)

where PP and PS is the pump and probe powers at location z, respectively, L is the fiber length,
Ae f f is the effective area of the fiber, α is the attenuation of the optical fiber, g0 is the local
gain and ∆νB is the Brillouin linewidth.
Figure 3.2(a) depicts the depletion factor of the pump power for the different simulated
scenarios of synthesized BFS and uniform BFS represented in Fig. 3.2(b).
As it is shown, if the sensing fiber has a uniform BFS (10.8 GHz), the frequency
dependence of pump power shows a Lorentzian profile, whose peak matches the BFS.
Note that for this pump power profile, the maximum depletion factor tolerated for a 1-MHz
in BFS accuracy is 17% [19]. In this case, this value reaches a 30% change and the maximum
error induced in the BFS measurement is around 2 MHz. This depletion of the pump power
can be reduced by synthetizing a virtual BFS. For instance, using a square wave, we could
simulate a sensing fiber with two equally-long segments, but different BFS values as shown
in Fig. 3.2(b). Therefore, the energy transfer to the pump wave takes place at two frequencies
instead of one, reducing the depletion. Note in Fig. 3.2(a) that a higher depletion takes place at
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Fig. 3.2. (a) Calculated depletion factor of pump power using (b) different BFS
distributions: a uniform BFS fiber (black-dot-dashed line), a virtual BFS based
on two fiber segments (red-long-dashed line) and two sinusoidal virtual BFSs
with a frequency modulation of 80 MHz (green-short-dashed line) and 150 MHz
(blue-solid line) with 12 cycles along the fiber. Simulation’s parameters are:
g0 = 1.1 · 10−11 m/W, ∆νB = 30 MHz, L = 20 km, effective area is 8 · 10−11
m2 and the injected optical pump and probe powers are 100 mW and 150µW,
respectively.

the synthesized BFS that is located closer to the probe wave input as the Brillouin interaction
is larger at that location. Another possibility is to synthesize a frequency modulation that
varies continuously along the fiber, for example, a sinusoidal virtual BFS, which spreads the
energy transfer into a larger frequency range than the square modulation. As it is shown in
Fig. 3.2(b), we have simulated two sinusoidal virtual BFSs with different frequency range.
The one with lower modulation index clearly reduces the depletion as the Brillouin energy
transfer has been spread into an 80-MHz frequency range, as it is shown in Fig. 3.2(a). In
this case, the depletion factor has been reduced from 18% to 12% comparing to the square
modulation, but it is still appreciable that one of the peaks is slightly higher than the other.
This asymmetry is again due to the distribution of the probe power, which is larger at the
semi-cycle of BFS variation that coincides with the last kilometer of the sensing fiber. The
last scenario presented in Fig. 3.2(a) is the sinusoidal virtual BFS with higher modulation
index, which gets better results, bringing the depletion factor below 10% and ensuring a good
performance in the BOTDA sensor. This result is due to the spreading of the interaction into
a larger frequency range (150 MHz).
However, the modulation index or the number of cycles in the BFS can not be increased
indefinitely. Both parameters determine how rapidly varies the frequency of the probe wave
in time domain, so that during the pulse-probe interaction, the frequency difference between
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both signals must be lower than the precision of the system to avoid a loss of the measurement
contrast.
Note that the scenarios mentioned above are only examples that reveal the working
principle of the technique and any other virtual BFS profiles can be implemented to reduce
even more this detrimental effect.

3.2.2

Increment of the Brillouin threshold using wavelength modulation

Another advantage of using virtual BFS profiles is the reduction of the Brillouin induced
noise in the detected signal. This effect arises from the injection of high power components
into the optical fiber, which can pump SBS amplification of thermally induced SpBS waves,
in a process that leads to the onset of the so-called Brillouin threshold [89]. This threshold
establishes a maximum power that can be injected in a fiber before significant power begins
to be reflected back and the launched signal is depleted. Moreover, it has been found that
noise is added to the signal as it approaches the Brillouin threshold power [89, 90]. This is
an important problem for all types of BOTDA sensors, but particularly for those that deploy
a modulated probe wave that tends to have a strong carrier [45, 91, 92]. In these setups,
the Brillouin noise induced into the optical carrier is transferred to the detected RF signal
when the injected carrier power approaches the Brillouin threshold, compromising its SNR
performance.
The Brillouin threshold can be increased and the Brillouin induced detection noise
reduced by implementing the virtual BFS technique. Again, the idea is to mimic those
approaches that seek to increase the SBS threshold by using fiber links with a variation of
BFS along their length [93], but synthesizing a virtual SBS profile instead of implementing
a real one. We have numerically studied the Brillouin threshold increment when a virtual
BFS is synthesized. This was accomplished by solving the numerical model based on the
coupled intensity equations presented in section 1.3.3 (see Eq. (1.29)). This simulates that
the thermally induced SpBS waves can be interpreted as a low power component injected at
one end of the fiber [94]. Figure 3.3 shows the backscattered and transmitted power resulting
from gradually increasing the launched optical power for the worst-case scenario (a uniform
BFS) and for a sinusoidal virtual BFS. Note that using the proposed technique, the Brillouin
threshold rapidly increases from 7 mW to 44 mW (defined as the launched power at which
the reflected power becomes 1% of the input power [95]). As a consequence, higher power
can be injected into the fiber, enhancing the SNR value in detection.
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Fig. 3.3. Calculated reflected (dashed-line) and transmitted (solid-line) power
using a uniform BFS fiber (red line) and a sinusoidal virtual BFS of 150 MHz
frequency modulation and 12 cycles (blue line). Simulation parameters are:
g0 = 1.1 · 10−11 m/W, ∆νB = 30 MHz, L = 20 km, effective area is 8 · 10−11 m2
and the optical power injected to simulate SpBS waves is 7 nW.

3.3

Experimental setup and measurements

The BOTDA configuration used to demonstrate the potential of the technique is based on
a phase-modulated probe wave and RF demodulation [78, 92]. This setup was chosen to
simultaneously show the compensation of non-local effects and the reduction of Brillouin
induced noise generated by the injection of a high optical carrier power. Figure 3.4 sketches
the deployed experimental setup. As it was indicated before, the setup is modified to add
a function generator, which is synchronized to the pulse generator, to directly modulate a
1560-nm high power distributed feedback laser (DFB) laser. The light from this modulated
wavelength laser is coupled into two optical branches. In the upper branch, a double sideband
suppressed carrier modulation is deployed with a Mach Zehnder electro-optic modulator
(MZ-EOM) and then is pulsed using a semiconductor optical amplifier (SOA). The temporal
switching provides a pulsed signal with a frequency given by the time delay between the
DFB and the SOA switch. This signal is amplified by an erbium-doped fiber amplifier
(EDFA) and the upper-sideband of the pulsed signal is filtered by a narrowband fiber Bragg
grating (FBG). Then, a polarization scrambler (PS) is used to reduce polarization induced
fluctuations in the signal before launching the pulses into the sensing fiber via a circulator. In
the lower branch, a probe wave is generated with an electro-optic phase modulator driven
by a 1.3-GHz RF signal. Once the probe wave has interacted with the pump pulse via SBS,
it is photodetected and the resultant RF signal is demodulated and captured in a digital
oscilloscope. A 20-km standard single-mode fiber was deployed as sensing fiber.
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Fig. 3.4. Experimental setup for the BOTDA sensor based on virtual BFS synthesis technique.
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Figure 3.5 compares the distribution of the measured Brillouin spectra along the fiber
after and before applying the frequency modulation to the optical source. In the former case,
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Fig. 3.5. (a) Experimental distribution of Brillouin spectra along the fiber for
a conventional BOTDA measurement and (b) for a sinusoidal synthesized BFS
distribution after applying modulation to the optical source (νS0 is the optical
carrier frequency, when no modulation is applied to the laser source).

the output of the signal generator was chosen to be a sinusoidal signal of frequency 60 KHz
and amplitude of 200 mV, which yields a frequency modulated probe wave of 6 cycles for the
20-km long fiber and a maximum 150-MHz frequency shift, respectively. Notice that with
this modulation, a sinusoidal virtual BFS distribution that mimics the frequency modulation
is synthesized. Other spectral profiles could be easily implemented, for instance, a frequency
modulation using a square wave with 5 kHz frequency would lead to a BFS profile equivalent
to that of two concatenated 10 km fiber segments with different characteristic BFS value.
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Furthermore, as the frequency modulation of the probe wave is known, the technique also
offers the possibility to recover the natural BFS profile of the fiber by simply using Eq. (3.1).
Notice that the number of cycles shown in Fig. 3.5(b) is doubled when it is compared
with the total number of cycles of the probe wave along the fiber. This is due to the
counter-propagation of both waves, which gives rise to the following relation between the
frequency of the modulated signal ( fmod ) and the number of cycles of the BFS (NBFS ):
NBFS =

2nL fmod
c

(3.4)

where c is the light’s velocity, n is the refractive index and L is the length of the fiber. Note
also that direct modulation of the laser generates a small sinusoidal variation of the amplitude
of the measured Brillouin spectra along the fiber, which has no implications on the sensor
performance.
In order to study the potential of the system regarding non-local effects, the probe power
was set to a value high enough (0.34 mW) to induce a significant frequency dependence on
the pump power. The deployed BOTDA sensor was set in a loss-based configuration and
hence, the pump pulses were amplified during their propagation. Figure 3.6(a) compares the
amplification factor of the pump power using the conventional technique and after applying
the frequency modulation to the laser source. Notice that the technique brings the gain factor
below the 17% required to ensure less that 1◦ C measurement error in the worst-case scenario,
which is given by the deployment of a long optical fiber with a uniform BFS followed by
a final section with a different BFS [19]. This scenario was simulated by inserting the last
meters of the optical fiber into a climatic chamber at 50◦ C. Figure 3.6(b) shows the measured
Brillouin spectra at the heated section before and after synthetizing a virtual BFS. Notice
that the measured spectrum using the conventional technique is clearly distorted by the
transfer function induced by the pump power frequency dependence, which clearly biases its
peak. On the other hand, the Brillouin spectrum is perfectly recovered using the virtual BFS
technique, as expected, since the pump power does not present this frequency dependence.
Note that the frequency difference between the virtual BFS profile and the natural BFS profile
of the fiber has been corrected in order to compare both spectra.
Another set of experiments was performed to highlight the potential to reduce Brillouin
induced noise and increase the Brillouin threshold. The power of the injected carrier was gradually increased without applying the frequency modulation until the appearance of Brillouin
noise at around 5 mW. Then, the carrier power was raised to 9 mW and Brillouin spectrum
measurements were performed turning on and off the frequency modulation (Fig. 3.7). As it
is shown, the Brillouin noise induced in the RF signal leads to a noisy spectrum, while the

99

3.3 Experimental setup and measurements

50

100

40

80
Amplitude (mV)

Amplification factor (%)

∆BFS

30
20 17%
10

Distorted
spectrum

60
40
20

0
10.65

10.7

10.75

10.8

10.85

10.9

10.95

11

0
10.7

10.75

ν P-ν S (GHz)

(a)

10.8
10.85
ν P-ν S (GHz)

10.9

10.95

(b)

Fig. 3.6. (a) Measured gain factor of the pump power as a function of the
frequency separation between pump and probe waves after (blue circles) and
before (red squares) the source wavelength modulation is turned on. (b) Measured
Brillouin spectra using the conventional technique (red-dashed line) and using
the sinusoidal synthesized BFS distribution (blue-solid line).

presented technique greatly reduces the noise in the trace. The SNR enhancement between
both measurements was quantified to be 10.17 dB, which was measured by computing the
standard deviation of the detected noise.
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Fig. 3.7. Measured Brillouin spectra turning on (blue-solid line) and off (reddashed line) the wavelength modulation applied to the laser source.

Note that the measured Brillouin spectrum using the presented technique deploys an
optical carrier power that outreaches the Brillouin threshold of the used sensing fiber, which
was experimentally measured as 7.9 mW. We would also like to remark that the optical power
injected into the fiber was limited by the available power and hence, a higher optical carrier
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power could be deployed to enhance even more the achieved SNR. Furthermore, the probe
power was set to 0.236 mW to also compensate non-local effects.
Finally, the BOTDA sensor with BFS synthesis was used for temperature measurements,
obtaining for the particular experimental conditions used, 1-m resolution and around 1◦ C
uncertainty at the end of the fiber (worst-case).

3.3.1

Discussion

The presented technique allows to enhance the performance of most BOTDA configurations,
as it only requires to include a signal generator to modulate the optical source of the sensor.
Basically, the improvement comes from the increment of the injected probe power from
-14 dBm to -4.6 dBm, which has been experimentally proved to provide an error smaller than
the precision of the sensor. Consequently, higher optical probe powers could be injected into
the fiber.
Furthermore, it must be mentioned that the use of this technique has a fundamental
drawback regarding the conventional technique: the number of scanned frequencies increases
considerably and hence, it also increments the measurement time of the system. This is
caused by the virtual BFS synthesized at the fiber, which is no longer uniform for the purpose
of the Brillouin interaction and hence, the system must scan more frequency points. In order
to give an example, it is widely accepted that a fiber with a uniform BFS distribution can be
measured using 150 points frequency-separated with a step of 1 MHz. If the peak frequency
variation of the probe wave is 75 MHz, then the proposed technique must scan 300 points
with 1 MHz of frequency step to retrieve exactly the same information than in the previous
case. As a consequence, the number of points and the measurement time is doubled at the
expense of a considerable enhancement of the system performance.
During the following sections, an evolution of the proposed technique will be introduced
to completely suppress non-local effects, even when probe powers higher than the Brillouin
threshold of the fiber are used. Moreover, the drawback mentioned about the measurement
time is removed thanks to a different way to scan the Brillouin spectrum.

3.4

Optical frequency modulation in dual-sideband probe
BOTDA systems

The use of a dual-probe-sideband BOTDA sensor has been the most popular method to compensate non-local effects since 2009 [24]. This technique, also known as balanced BOTDA
sensor due to the complementary Brillouin interaction taking place at the pulse, deploys two
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probe waves equally spectrally-shifted from the pulse, such that, the energy that the pulse
transfers to the lower optical frequency probe is compensated by that transferred from the
upper optical frequency probe to the pulse [19]. Therefore, this system should be very likely
limited by the onset of amplified spontaneous Brillouin emission [19]. However, it has been
recently shown that the probe power that can be deployed in such dual-probe-sideband setup
is rather limited (around -3dBm), because non-local effects are compensated only to first
order and there is an additional distortion of the pump pulse spectra that is brought by the
combined gain and loss spectra generated by the two probe waves [26].
Therefore, the limitation to BOTDAs coming from non-local effects is yet to be resolved.
Furthermore, even though non-local effects were completely overcome, the limit for the
probe power would remain at the Brillouin threshold of the fiber. This threshold defines
the maximum power that can be launched into the sensing fiber before the amplification of
thermally-induced spontaneous Brillouin scattering (SpBS) leads to depletion of the probe
wave and addition of noise to the detected signal [89, 90].
During the following sections, a method to greatly increase the probe power that can
be deployed in BOTDA sensors will be introduced, overcoming previous non-local effect
limits and even the Brillouin threshold limit. The technique is based on the working principle
described at the previous section 3.2, but deploying an electrical frequency modulation of
the probe waves in a dual-probe BOTDA setup instead of modulating the wavelength of the
laser source used to generate the optical waves needed in a self-heterodyne BOTDA setup.
Moreover, in the previous work the pulse depletion was not compensated but simply made
flatter in terms of its frequency dependence so as to avoid BFS measurement errors [96].
Finally, this technique avoids the need to sweep the frequency of the probe waves by changing
the microwave frequency applied to the modulator used to generate those waves. Instead, the
Brillouin gain spectra is characterized by changing the delay between the pump pulse and
the probe wave optical frequency modulation.

3.4.1

Fundamentals of the technique

Fig. 3.8 shows the fundamentals of the technique by depicting the spectra of the various
optical waves involved. A BOTDA setup with two probe waves counter-propagating to the
pump pulse is assumed. As it is highlighted in the figure, the optical frequency of the probe
waves is modulated in the time domain. Moreover, this FM signal is synchronized to the
pump pulses so that a sequence of pulses experiences the same frequency of the probe waves
at any given location. Therefore, as explained in section 3.2, the modulation of the optical
frequency of the probe waves leads to a variation of the Brillouin interaction frequency along
the fiber that follows the same profile of this modulation.
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Fig. 3.8. Fundamentals of the technique: details of the Brillouin interaction on
the pump pulse.

This has important implications for the Brillouin interaction generated by both probe
waves onto the pump pulse, as it is schematically depicted in Fig. 3.8. The modulation of
the optical frequency of the probe waves makes the Brillouin interaction induced by them
upon the optical pulse to spread over a large frequency range. At the same time, the Brillouin
gain interaction integrated along all the fiber generates a flat wideband total gain spectrum
that does not distort the pulse spectrum, provided that an adequate shape is chosen for the
frequency modulation. Similarly, the integrated Brillouin loss interaction along the fiber
provides a complementary spectrum. Using Eq. (3.3) and including the effect generated by
the other probe wave, the optical frequency response of both interactions at the end of the
fiber is given by:

 PS
HB−SBS = exp −


(L) e−αL
Ae f f



Z L

0



g0
1+



2∆νG (z)
∆νB

2 −

g0
1+



2∆νL (z)
∆νB



 αz 
2  e dz

(3.5)

where ∆νL and ∆νG are the detuning of the Brillouin loss and gain spectra respectively, from
the pump pulse at a particular location (z), which can be expressed as:
∆νL (z) = νSL (z) − νP + BFS(z)

(3.6)

∆νG (z) = νP − νSU (z) + BFS(z)

(3.7)
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where νP , νSL and νSU are the optical frequencies of the pump pulse, the lower-frequency
probe sideband and the upper-frequency probe sideband, respectively. Both probe waves
generate a net gain and loss that are cancelled giving rise to a flat frequency response over
the frequency band of the pulse and hence, completely overcoming non-local effects. As
shown in Fig. 3.8, a triangular modulation of the probe wave frequency is assumed. However,
other modulation shapes are possible to optimize the objective of having the flattest possible
total gain and depletion spectra so that no distortion is introduced to the pulse. Finally, it
is worth to remark that the net gain and loss spectra are equivalent even if the evolution of
the frequency probe along the fiber differs for the upper and lower sidebands as shown in
Fig. 3.8. This is actually true for a large enough number of cycles of the probe wave along
the fiber.
In detection, just one of the probe waves is detected, typically the lower-frequency one,
while the other is filtered out. In order to measure the Brillouin spectra experienced by the
retained probe wave at any given location, it is necessary to scan the frequency of the probe
wave at that location. In a conventional BOTDA this is done by sweeping the frequency of
the probe wave. However, when the frequency sweep is done, the resultant gain and loss
spectra do not overlap during all the scanning, as shown in Fig. 3.9. This effect may generate
a frequency distortion of the pulse spectrum and hence, a distortion of the measured Brillouin
spectrum for that frequency detuning.
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Fig. 3.9. Problematic of the frequency sweeping in BOTDA schemes.

Our system can perform the frequency sweeping in a much simpler way and without
displacing the net gain and loss spectra by sequentially changing the relative delay between
the pump pulse and the FM probe wave. The frequency detuning at a certain location z can
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be expressed for a given relative delay (∆τ) between probe and pulse signals as:


2n
∆νL (z, ∆τP ) = νSL,0 + ∆νmod Λ 2π fmod z + 2π fmod ∆τP − νP + BFS(z)
c

(3.8)

where νSL,0 is the average probe frequency, ∆νmod is the frequency deviation, Λ denotes a
triangle function, fmod is the frequency of the triangle signal and ∆τP is the relative temporal
delay between the pulse and probe wave. If the latter parameter is modified, e.g. delaying the
generation of the pump pulse, then the detuning frequency of both waves varies scanning
another point of the Brillouin spectrum, as it is schematically depicted in Fig. 3.10. The
relation between the delay time and the FM signal defines the frequency step of the BOTDA
sensor.
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Fig. 3.10. Sweeping method based on changing the relative temporal delay
between probe and pump waves.

Finally, the raw data extracted from the whole process requires a post-processing to
compensate the frequency shift of the probe wave. 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 allows calculating the phase term of the
frequency modulated signal when the pump pulse is injected into the fiber and hence, it is
possible to update Eq. (3.8) to directly calculate the frequency detuning for the assembled
BOTDA system.
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3.5

Experimental setup and measurements

Fig. 3.11 depicts the assembled setup used to demonstrate our technique. The output of a
laser source is divided into two branches to generate the pump and probe waves. In the upper
branch, the pump signal is pulsed using a semiconductor optical amplifier (SOA). Then, the
pulse power is boosted to a peak of 140 mW using a erbium doped fiber amplifier (EDFA)
and its polarization state is randomized using a polarization scrambler (PS) before being
launched into 50 km of standard singlemode fiber (SMF).
In the lower branch, a double-sideband probe wave is generated using a Mach-Zehnder
electrooptic modulator (MZ-EOM) driven by an arbitrary waveform generator (AWG) and
biased at the minimum transmission point of its transfer curve. The AWG provides a FM
microwave signal whose instantaneous frequency varies around the average BFS of the fiber
following a triangular shape. This induces an identical modulation of the optical frequency
of the probe waves. The microwave signal was designed to have a carrier frequency of
10.8 GHz and a peak frequency deviation of 75 MHz. The modulation frequency was 40 kHz,
which yields a total of 24 cycles of triangular variation of the local probe frequency along
the 50-km long sensing fiber.

FBG
SOA

EDFA

PS

2

1
3

Photodetector

AWG
FM signal

3
2

Pulse

Laser

1

50 km SMF
Oscilloscope

MZ-EOM

Fig. 3.11. Experimental setup.

When the Brillouin interaction provided by such FM modulated probe waves is integrated
along the fiber, it gives Brillouin gain and loss spectra with a bandwidth of around 150 MHz,
which is more than enough to avoid distortion in 10-ns pulses for 1-m resolution. Shorter
pulses can be accommodated simply by increasing the peak frequency deviation. In the
particular proof-of-concept experiments described in this paper 50-ns pulses are deployed.
Finally, after Brillouin interaction of these probe signals with the pump pulse, they are
directed to a fiber Bragg grating (FBG) to filter out the upper sideband. The remaining probe
wave is detected, captured in a digital oscilloscope and processed in a computer.
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We started our experiments by confirming that, indeed, in the conventional dual-probe
BOTDA there is a serious problem with non-local effects as the probe power is increased.
This was done by simply switching off the FM modulation on the AWG so that it generated
tunable CW microwave tones, and sweeping the optical frequency of the probe waves to scan
the Brillouin spectra along the fiber.
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Fig. 3.12. Pulses at the output of the fiber and measured Brillouin spectra for a
conventional dual-probe BOTDA in two cases for probe wave powers of -6 dBm
(a)(b) and 5 dBm (c)(d).

Fig. 3.12 (a) and (c) shows the pulses that were measured at the output of the fiber as
the microwave frequency was swept to measure the Brillouin spectra for two cases with low
probe power (-6 dBm) and with high probe power (5 dBm). Notice that, when the probe
power is low, non-local effects are negligible so the pulse remains constant and undistorted
for all the probe’s optical frequencies. However, when the probe power is increased the pulses
are greatly distorted depending on the probe frequency. This distortion has been previously
reported in the literature, but the effect was found to be rather mild due to the deployment of
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lower probe powers than the one used here [26]. However, it can be seen that the distortion
is much more pronounced as the probe wave power is increased. In Fig. 3.12 (c), it can be
seen that the gain and depletion induced by both probe waves upon the pulse compensate
just when the microwave frequency coincides with the average BFS of the fiber (around
10.8 GHz). However, for small departures of the microwave frequency from that value, the
pulse gets distorted as its spectral components get differential amplification or depletion [26].
This makes the pulse peak power to greatly increase around the BFS frequency. There is also
increased temporal duration of the pulses at those frequencies.
The distortion of the pulses has an strong impact on the measured Brillouin spectra along
the fiber. Fig. 3.12 (b) and (d) shows a 3D view of the Brillouin spectra measured for the two
cases considered before. It is clearly appreciated that for larger probe powers at the far away
locations of the fiber, where the pulse arrives with great distortion, the measured spectra is
also greatly distorted. Note that in Fig. 3.12 (d) the spectra at the end of the fiber has two
peaks around the mean BFS of the fiber that correspond to the probe frequencies at which
the pulse was shown to be amplified in Fig. 3.12 (c).
A more detailed view of the spectra at the end of the fiber is highlighted in Fig. 3.13.
It shows how the spectra is affected by the distortion of the pulse spectra due to non-local
effects when the probe power is increased. This spectra has lost his Lorentzian shape and
two peaks have appeared around his center due to the amplification of the pulse at that
frequencies.
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Fig. 3.13. Measured Brillouin spectra at the end of the fiber for -6 dBm (blue
line) and 5 dBm (red line) probe power.

In contrast to the conventional technique, Fig. 3.14 depicts measurements with our
technique with FM modulation of the probe waves. Fig. 3.14 (a) depicts the pulses measured
at the output of the fiber with an without probe wave applied. Notice that the pulse shape
remains almost identical for both cases with negligible distortion and just some added noise,
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Pulse amplitude (a.u.)

which is attributed to SpBS amplified by the probe waves. Also note that the deployed probe
power is larger than for previous measurements, i.e., ~8dBm, which, to our knowledge, is
the largest probe power ever demonstrated in a long-range BOTDA sensor without errors
induced by non-local effects. The raw measurement data obtained as the delay between the
pulse and the FM modulation is depicted in Fig. 3.14 (b) and (c). Note that in contrast to
Fig. 3.5(b), it does not follow a triangle shape due to the new sweeping method. This raw
data is post-processed to compensate the frequency shift in the measurement introduced
by FM modulation of the probe wave along the fiber, resulting in the measurement of the
well-behaved spectra in Fig. 3.14 (d). The spectra are completely normal, not suffering any
distortion at the end of the fiber.
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Fig. 3.14. (a) Pulses at the output of the fiber in two cases for probe wave power
of 8-dBm (red line) and without probe power (blue line), (b) raw measurement
data for the FM dual-probe BOTDA with 8-dBm probe power, (c) a top view of
the raw data and (d) the measured Brillouin spectra.
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Fig. 3.15 compares the spectra measured at the output of the fiber for our FM technique
with low and high power of the probe wave. It can be seen that, indeed, the larger power
measurement is not distorted at all. The only difference between the measurements is that
the higher power one is less noisy, as it was expected, due to higher probe wave reaching
the receiver. Specifically, the SNR increment is 3 dB higher. Although this improvement is
significant by itself, it is just a sample of what can be achieved with our technique because in
these experimental results the optical power reaching the detector was attenuated to ~-13dBm
when using 8 dBm of probe power to prevent saturation of the deployed receiver.
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Fig. 3.15. Measured Brillouin spectra at the end of the fiber for -6-dBm (blue
line) and 8-dBm (red line) probe power with the FM dual-probe BOTDA system.

Moreover, there is no systematic error in the BFS measurement with our technique when
the probe power is increased. This is confirmed by Fig. 3.16 that displays the BFS measured
for the conventional dual-probe BOTDA and for our system for different powers of the probe
wave. Notice that, as it was explained before, there is a large systematic measurement error as
the probe power is increased for the conventional dual-probe BOTDA, while for our system
the BFS measurement remains error-free even for larger probe power.
Finally, it must be pointed out that our FM BOTDA setup was operating with a probe
power above the Brillouin threshold, which was measured to be 6-dBm for the deployed
sensing fiber. This is made possible by a side effect of the FM modulation, which has been
previously shown to increase the effective Brillouin threshold (see section 3.2.2). In order
to properly measure the Brillouin threshold, the probe power at the input of the fiber was
gradually increased while the rms noise of the detected electrical signal was measured. This
was accomplished using a constant optical power at the input of the photoreceiver, ensuring
that the rest of noise sources are equal for each measurement. As it is shown in Fig. 3.17, in
the conventional dual probe system there was a larger than six times increment in rms noise
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Fig. 3.16. Comparison of measured BFS for the FM technique with 8 dBm
probe power (black squares) and for the conventional dual probe with 5 dBm (red
crosses) and -6-dBm (blue solid line) probe power for (a) all the fiber and (b) in
the last kilometers.

as the probe power was increased from 6-dBm to 8-dBm, whereas with the FM technique the
noise lever remains stable.
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Fig. 3.17. Comparison of measured rms noise at the detector for different probe
power injected in the fiber using the conventional dual proble system (red line
with circles) and the FM technique (blue line with squares).

3.6

Conclusions

During these chapter a new concept for BOTDA sensors based on the synthesis of a virtual
BFS profile along the sensing fiber has been proposed and verified. The technique relies on
the wavelength modulation of an optical source using a periodic signal that is synchronized

3.6 Conclusions
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to the pulse generator. Due to the simplicity of the technique, it is perfectly applicable to
the vast majority of BOTDA sensor setups. The technique has been theoretically studied
and proof-of-concept experiments have been performed to demonstrate the generation of this
virtual BFS profile and its application to solving two of the fundamental problems presented
in long-range BOTDA sensors: non-local effects and Brillouin induced noise.
In the case of standard BOTDA sensors, i.e a pump wave interacting with a probe wave,
the technique has experimentally demonstrated to increase the maximum injected probe
power from -14 dBm to -4.6 dBm ensuring that non-local effects generate a maximum of
1-MHz error at the BFS estimation in a very long fiber L ≥ Le f f ≃ 22 km. This means a
9.4 dB improvement in SNR by using this technique assuming that the noise level is equal
for both received powers at the photoreceiver. Moreover, for the particular experimental case
shown in section 3.3, the probe power could be increased 1.3 dB to reach a depletion factor
of 0.17. This predicted probe power (-3.27 dBm) is close to the power limit of dual-sideband
probe BOTDA, which is one of the best techniques to reduce non-local effects.
On the other hand, when the technique is applied to BOTDA systems deploying a
modulated probe wave and RF detection, the technique also increases the tolerance to
non-local effects but also allows to increase the amplitude of the detected RF signal and
reduce the Brillouin induced noise generated by the optical carrier of the probe wave. For
the particular case study described in section 3.2, the optical power injected into the fiber
can be increased from 7 mW to 44 mW. Recalling that the SNR in these systems is directly
proportional to the power of the optical carrier, then the SNR can be enhanced by a factor
~8 dB. Moreover, the noise induced by Brillouin transfer rapidly increases in the detected
signal, when the optical power is higher than the Brillouin threshold. As shown in section 3.3,
the carrier power was set to 9 mW, which is only 1.1 mW higher than the Brillouin threshold.
However, a SNR deterioration of 10.14 dB was observed when turning off the modulation
confirming the potential of the technique to reduce Brillouin noise.
Moreover, the technique has been evolved for dual-probe-sideband BOTDA sensors. The
solution is based on deploying FM modulation of the probe waves being able to completely
cancel the non-local effects using two complementary gain and loss wideband spectra at
the frequency band of the pulse spectrum. Consequently, both spectra avoid a variation of
the pulse power due to Brillouin transfer. Furthermore, the technique allows scanning the
Brillouin distribution of the fiber without modifying the average frequency of both probe
waves but simply delaying the pump signal regarding the probe wave. This has major
implications for the avoidance of non-local effects because there is not a frequency shift of
the net gain and loss spectra or an amplitude change in their shape that could distort the
pump spectrum along the sweeping process.
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Furthermore, the frequency modulation of the probe wave reduces the Brillouin induced
noise in the detected signal when the probe power reaches the Brillouin threshold of the fiber.
The experiments have demonstrated that this method permits much larger power injected in
the sensing fiber that was previously possible, opening the way to substantial enhancement
in the performance of BOTDA sensors. This will come in the form of enhanced SNR in the
detectors at the end of the fiber as more optical power reaches them, which in turn leads to
enhanced sensor performance in terms of precision or measurement time.
In addition, when the new sweeping method is used, the frequency deviation generated
by the probe frequency modulation is also the frequency range scanned by the sensor to
retrieve the BFS distribution, as shown in section 3.4.1. The frequency deviation is set to
properly accommodate the pulse spectrum, which could have a bandwidth around 100 MHz
for a typical spatial resolution of 1 m. Consequently, the number of frequency points scanned
by this technique is equal to the standard technique solving one the fundamental problems of
the virtual BFS technique.
Finally, it is worth comparing the presented solution with another technique presented to
solve second order non-local effects [97]. The latter modifies the frequency sweep method by
shifting the frequency of the probe wave in the same direction instead of opposite directions
as it is done in the conventional technique. This gives rise to a complementary Brillouin
interaction when both probe waves are frequency-shifted from the pulse by the average
BFS of the fiber. The only difference with the technique presented in these sections is the
frequency modulation of the probe wave, which spreads the energy transfer into a larger
frequency range. This gives the opportunity to increase the probe power above the Brillouin
threshold but most importantly it also reduces the distortion on the pump spectrum when
non-uniforms fibers are deployed.

Chapter 4
BOTDA sensor assisted by Brillouin
distributed amplification of pump pulses
Brillouin optical time-domain analysis (BOTDA) sensor technology has evolved during
the last years to such an extent that it has become a powerful commercial tool to monitor
temperature and strain over large structures (around 50 km). These measurements are of
great value for diverse field applications such as ensuring the structural health of oil and
gas pipelines or assessing the operating conditions of high voltage transmission lines, all
of which have a common need for large monitoring distances. However, structures with
distances longer than 50 km requiring high spatial resolution (one meter or less) need to
deploy more than one sensing unit to secure the whole asset integrity, doubling the cost of
the sensing application.
In this chapter, a BOTDA sensor that deploys a distributed Brillouin amplifier (DBA)
is presented. The technique is based on injecting a DBA pump at the probe input that
generates amplification of the pump pulses where it is more needed, i.e. at the last kilometers
of the fiber. Moreover, the DBA pump is frequency modulated along the fiber to equally
amplify all the frequency components of the optical pulse spectrum, and hence, avoiding
any possible distortion induced to the pulsed wave by the amplification. Furthermore, the
deployment of a DBA does not introduce any significant noise to the probe wave due to the
inherent directionality of the Brillouin gain. Finally, a differential pulse-width pair (DPP)
measurement is deployed to avoid measurement errors due to the interplay between the
self-phase modulation (SPM) effect and the changes in the temporal shape of the pulses
induced by the transient behaviour of Brillouin gain.
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Introduction

As shown in section 1.4.4, when the probe wave and pulsed signal counter-propagate along
an optical fiber, the optical probe power is locally modified due to the interaction with the
pulsed wave through stimulated Brillouin scattering (SBS). This variation of the optical
probe power can be expressed as [18]:
∆PS (z) =

g0
PPi exp (−αz) PSi exp (−αL) ∆z
Ae f f

(4.1)

where PSi and PPi are the input optical probe and pump power, respectively, g0 is the local
gain coefficient, Ae f f is the effective area of the fiber, α is the attenuation of the optical fiber,
L is the fiber’s length and ∆z is the spatial resolution. Assuming that the input optical powers
are optimized to avoid any non-linear effect such as modulation instability [30] or non-local
effects [19], and that the spatial resolution is fixed, then the measured response depends
only on the characteristics of the fiber such as the Brillouin coefficient gain or its attenuation
factor, which is scaled by the length of the fiber. The latter defines how much the probe power
attenuates (αL) before being detected at the receiver, while the variation of the probe power
(due to Brillouin gain) exponentially drops as the pump pulse propagates along the fiber (αz).
As a consequence, the signal-to-noise ratio (SNR) of the detected Brillouin gain becomes too
small at distant locations from the pulse input to provide measurements with the required
accuracy. This reduction of SNR can be compensated to some degree by the use of signal
averaging, but at the cost of increasing the measurement time, which becomes impractically
large. The obvious solution is to amplify either the probe wave to compensate the losses
generated by the sensing fiber or the pump wave to increase the Brillouin gain experienced
by the probe wave. Both solutions have been demonstrated by the use of erbium-doped
fiber amplifiers (EDFA) as pulse repeaters along the fiber length [40, 98]. Fig. 4.1 shows an
example of this kind of system deploying repeaters, in which each circulator extracts from
the sensing fiber either the pump or the probe waves to be independently amplified, and then
both waves are injected again to the sensing fiber to follow their propagation through the fiber.
A maximum length of around 150 km has been successfully monitored using this mid-way
amplification [40]. However, distant EDFAs need to be powered, whereas an all-passive
sensing network is much more attractive and practical.
A more elegant solution is to use distributed Raman amplification (DRA) by injecting a
Raman pump in the sensing fiber. This can provide amplification not only to the pump pulse
but also to the probe wave by using a bidirectional DRA pump configuration, as shown in
Fig. 4.2 [42, 99]. This kind of BOTDA sensor assisted by DRA has experimentally demonstrated to be able to monitor distances around 100 km with 0.5 m of spatial resolution [42].

4.2 Fundamentals of DBA-assisted BOTDA sensor
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Fig. 4.1. Layout of the sensing fibers and in-line EDFAs. ©2012, IEEE [40].

However, the deployment of Raman amplification requires the use of very high power (of the
order of hundreds of milliwatts) in the fiber, which can become an eye-safety concern in the
installation and operation of real systems. In addition, the tens-of-nanometers bandwidth of
a DRA is wasted just to amplify narrowband signals, such as the probe or the pulse waves.
Finally, using DRA, the relative intensity noise (RIN) of the Raman pump laser is translated
to the detected probe signal, significantly degrading the accuracy of the sensor [100].

Fig. 4.2. BOTDA sensor assisted by Raman amplification. ©2013 Optical Society
of America [42].

4.2

Fundamentals of DBA-assisted BOTDA sensor

Figure 4.3 schematically highlights the fundamentals of the technique depicting the various
optical waves involved in the DBA-assisted BOTDA and their spectra. As shown in the
figure, two Brillouin interactions co-exist in the sensing fiber. The first one is for sensing
purposes, where the conventional BOTDA interaction between a CW probe wave and
a counter-propagating pump pulse provides a distributed measurement of the Brillouin
frequency shift (BFS) in the fiber, which is directly related to temperature or strain. The
second interaction, between the DBA pump wave and the pump pulse, is deployed to amplify
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the power of the latter as it propagates through the fiber. This requires that the DBA pump
wave is offset from the pump pulse by an optical frequency difference that is around the mean
BFS of the sensing fiber. However, the Brillouin gain spectrum generated by a CW DBA
pump would be very narrow, just the intrinsic Brillouin linewidth (aprox. 30 MHz), which
would severely distort the pump pulse spectrum. Therefore, there is a need to increase the
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Fig. 4.3. Fundamentals of the technique, showing the spectra of the optical waves
present in the fiber for a DBA-assisted BOTDA.

DBA bandwidth beyond the natural Brillouin linewidth to properly amplify all optical spectral
components of the pump pulse so as to avoid distortion. This increment can be obtained by
modulating the wavelength of the DBA pump wave, as it is schematically depicted in Fig.
4.3. This makes the center wavelength of the Brillouin gain spectra experienced by the pump
pulses to vary along the fiber as it meets the counter-propagating wavelength-modulated
DBA pump wavefront, so that the pulse experiences a broad total integrated gain spectrum.
The wavelength modulation of the DBA pump is additionally synchronized to the injection
of the pump pulses in the fiber, so that successive pump pulses experience the same gain
at the same location; thus making the gain stable and avoiding the addition of noise to the
BOTDA signal. Furthermore, the net gain can be made to have a flat frequency response with
a judicious choice of wavelength modulation shape and frequency [101].
The theoretical model for the interaction of the three waves depicted in Fig. 4.3 is based
on the solutions of the steady-state coupled wave equations that define the evolution of their
power along the fiber [88]:

4.2 Fundamentals of DBA-assisted BOTDA sensor

dPP
PP
= [gB (∆νDBA )PL − gB (∆ν)PS ]
− αPP
dz
Ae f f
dPS
gB (∆ν)
=−
PP PS + αPS
dz
Ae f f
dPL gB (∆νDBA )
=
PP PL + αPL
dz
Ae f f
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(4.2a)
(4.2b)
(4.2c)

where PS , PP and PL are the optical powers of probe, BOTDA’s pump pulse and DBA pump
wave, respectively, at each position z of the fiber, Ae f f is the effective core area, and gB is the
Brillouin gain spectrum, which depends either on ∆ν or ∆νDBA , the detuning of the pump
pulse and probe wave wavelengths or the pump pulse and DBA pump wavelengths, respectively, from the center of the Brillouin gain spectrum. As in a conventional BOTDA sensor,
it can be noticed that the pump pulse power is depleted by the Brillouin gain transferred
to the probe wave and by the optical attenuation. However, in the present technique it also
receives an additional energy transfer from the DBA pump wave, that is going to compensate
its attenuation. This model assumes pulses that are longer than the acoustic phonon lifetime
(10 ns).
Furthermore, the model needs to take into account the wavelength modulation of the
DBA pump, which makes the pump pulses experience a position-dependent Brillouin gain
generated by the DBA pump, as it is depicted in Fig. 4.3. Synchronization of the DBA
wavelength modulation and the pulses means that the detuning of the pump pulse wavelength
from the center of the Brillouin gain spectrum, ∆νDBA , at each position along the fiber is
given by:
∆νDBA (z) = νP − νL (z) + BFS(z)
(4.3)
where νP is the wavelength of the pump pulses and νL is the local wavelength of the DBA
pump. Note that the latter changes due to the wavelength modulation introduced to the
DBA pump and, as a consequence, a distribution of the Brillouin spectra that follows the
wavelength variations in νL is created (see section 3.2) [96]. The latter is factually correct
when the deployed sensing fiber presents an approximate uniform BFS distribution. Although
this is the typical case, it could be possible that the BFS of the fiber would vary considerably
not being fully uniform. In this case, the wavelength modulation applied to the DBA laser
could be adapted to compensate this effect.
The theoretical model in Eqs. (4.2) can be easily solved either directly, through numerical
integration, or analytically with some preliminary simplifications. For instance, Eq. (4.2c)
can be simplified by neglecting the depletion induced by the short pump pulse on the DBA
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pump. Similarly, Eq. (4.2a) can be solved taking into account that the Brillouin gain provided
to the probe by the pump pulse is very small. With these approximations, the pump pulse
power along the fiber is found to be:
z


gB (∆νDBA )
PP (z) = PP (0) exp
PL (L) exp(−α(L − z)) dz
Ae f f
0


gB (∆ν)
(exp(αz) − 1)
· exp −
PS (L) exp(−αL)
exp [−αz]
Ae f f
α
Z

(4.4)

The first exponential term is the gain provided by the DBA pump and the second is just the
pump pulse depletion due to the energy transferred to the probe assuming nearly uniform
BFS along the fiber.
Figure 4.4(a) depicts the calculated local Brillouin spectrum that is experienced by the
pump pulses at each location of a 50-km fiber for a triangular modulation of the DBA pump
with a frequency of 80 kHz and a peak frequency deviation of 125 MHz. A zoom of the z
axis showing just the last 5 km of the fiber is used in Fig. 4.4(a) to highlight that the profile
of the detuning of the Brillouin spectrum along the fiber indeed follows the same triangular
profile of the DBA pump modulation.

(a)

(b)

Fig. 4.4. (a) Local Brillouin gain experienced by the pump pulses at each location
of the fiber and (b) total gain experienced by the pulses in their propagation for
each location of the fiber. νL0 is the wavelength of the DBA pump wave when no
modulation is applied. Simulation parameters are: Brillouin gain 1.1 · 10−11 m/W,
Brillouin linewidth 30MHz, effective area is 8 · 10−11 m2 and the injected optical
pump pulse and DBA pump are 100mW and 4.7mW, respectively.

The local gain shown in the previous figure is accumulated by the pump pulse during its
propagation through the fiber, giving rise to the total gain depicted in Fig. 4.4(b). This can
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be easily calculated using Eq. (4.4) as the result of the integration of the position dependent
gain provided by the Brillouin spectrum at each z. As shown in Fig. 4.4(b), the DBA has
a flat frequency response over the pulse bandwidth avoiding any spectral distortion of the
pump pulse. This feature depends mainly on the choice of the wavelength modulation shape
and the frequency of the modulation, i.e. the number of cycles of the DBA modulation
wavelength along the fiber. For this particular case, a triangular shape provides a convenient
flat response [101], whose bandwidth can be simply set by the peak frequency deviation
parameter. However, the chosen frequency of the triangular shape must be high enough
to avoid different gain contributions for any frequency component of the pulse spectrum
during its propagation. This effect is shown in Fig. 4.5(a), where the accumulated gain
experienced by the pump pulse is depicted using a triangular modulation of the DBA pump
with a frequency of 20 kHz and a peak frequency deviation of 125 MHz. As it is shown, a
different total gain is accumulated by the pulse spectrum at different locations of the fiber,
which may induce distortion to the pulse wave and hence, to the measured Brillouin spectrum.
Figure 4.5(b) shows the total gain accumulated by the pulsed signal at the end of the fiber
when the frequency of the triangular modulation is increased. As shown, for frequencies
higher than 80 kHz, no effect is observed at the shape of the DBA and hence, there is no need
to increase more the frequency, which would be upper-limited by the temporal interaction
between the pulse and DBA pump waves.
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Fig. 4.5. Variation of the total gain accumulated by the pump pulse due to the
frequency value of the wavelength modulation (a) along the fiber for a triangular
wavelength modulation with a frequency of 20 kHz and a peak frequency deviation
of 125 MHz and (b) at the pulse input using the same wavelength modulation but
varying the frequency of the modulation: 20 kHz (blue line), 40 kHz (red line),
80 kHz (green line) and 160kHz (black line). Simulation parameters are the same
shown at the caption of Fig. 4.4.
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Brillouin gain (%)

Finally, notice that even if the DBA pump and the CW probe waves do not directly interact,
the pump pulse amplification induced by the DBA is also appreciated in the Brillouin gain
suffered by the probe wave as shown Fig. 4.6. This has been calculated using the theoretical
model in Eqs. (4.2) assuming the preliminary simplifications previously discussed and
generating the DBA depicted in Fig. 4.4(b).
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Fig. 4.6. Distribution of the Brillouin spectra using the DBA-assisted technique.
Simulation parameter are the same shown at the caption of Fig. 4.4 and the probe
power is 150µW.

4.3

Experimental setup

Figure 4.7 schematically depicts the assembled setup to demonstrate the potential of the
technique. It is based on the conventional BOTDA sensor that derives the pump and probe
waves from a single laser. However, the method is perfectly applicable to BOTDA schemes
using other configurations, such as those based on using two separated lasers to generate
pump and probe waves [40]. In this particular case, the pump pulse is obtained by using a
semiconductor optical amplifier (SOA). Then, it is amplified using an EDFA and filtered to
remove amplified spontaneous emission noise. The peak pulse power injected into the fiber
was 22.4 dBm. In the probe branch, a Mach-Zehnder electro-optic modulator (MZ-EOM)
was driven by a microwave synthesizer and biased at minimum transmission to generate
a double-sideband suppressed carrier signal. This provides a double probe wave, which
has been shown to greatly compensate non-local effects [19]. Each of these probe waves is
launched into the fiber with a power of -8 dBm. Then, a polarization switch is used, as it is
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customary in BOTDA setups, to eliminate the polarization-dependent response of Brillouin
interaction. Before detecting the optical signal, the double probe wave was filtered out to
operate in gain mode and the resulting component was pre-amplified by an EDFA. The
deployed fiber was a 50-km spool of standard single mode fiber.
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Fig. 4.7. Experimental setup for the DBA-assisted BOTDA sensor.

The only addition to upgrade the conventional BOTDA technique into a DBA-assisted
BOTDA sensor is highlighted in Fig. 4.7. It requires the incorporation of an additional
laser (DBA laser) whose output is coupled into the sensing fiber, and a signal generator
to wavelength-modulate the DBA laser and synchronize the pump pulses. Note that the
optical filter used to retain just one of the received probe sidebands, also filters out the
remaining of the DBA laser power. The pump power for the DBA injected in the fiber was
4.7 mW. Moreover, the current of the DBA pump laser wavelength was modulated with a
triangular electrical signal with a frequency of 80 KHz and an amplitude adjusted to obtain
a peak optical frequency deviation of 125 MHz. Note that the latter value is large enough
to accommodate short pulse durations of 10 ns and to avoid also any variation of the gain
induced by the DBA to the pump pulses due to a frequency drift between the deployed lasers.
The resultant wavelength modulation was not perfectly triangular, but was slightly deformed
due to the characteristics of the laser chirp [101]. This could be improved employing
well-known methods to linearize the chirp response [101], but this was not necessary for the
experiments outlined here.
Figure 4.8 compares the distribution of the Brillouin gain spectra measured along the fiber
using the conventional BOTDA technique, i.e. when the DBA is turned off, see Fig. 4.8(a),
and when is turned on to become a DBA-assisted BOTDA, see Fig. 4.8(b). As it is shown
in Fig. 4.8(a), the measured amplitude of the Brillouin spectra exponentially decays due to
the progressive attenuation of the pump pulse as it propagates through the fiber. In contrast,
when the DBA is on, the amplitude of the spectra initially decays but starts to recover by
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mid-span. This is due to the gain generated by the DBA pump wave starting to kick-in. The
latter is injected at the opposite end to the pump pulse input and the gain that it generates is
proportional to its power. Therefore, the pump pulses find amplification where they need it
most: at the final segment of the fiber where they have experienced more attenuation.
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Fig. 4.8. Measured distribution of the Brillouin spectra when the DBA is turned
(a) off and (b) on for 55-ns pulses.

The net gain provided by the DBA can be simply determined by the pump pulse power at
the end of the fiber, i.e. once it has interacted with the probe and the DBA pump waves. Note,
that the double probe wave configuration allows to avoid the detrimental impact of non-local
effects and, hence, the pump pulse power measured at the end of the fiber is only affected
by the gain transferred by the DBA and the attenuation of the fiber. Figure 4.9 compares
the pump pulse switching on and off the DBA pump for pulses of 40-ns and 55-ns. The
difference between both measurements reflects a 9.2 dB increment of the pump pulse power
using the DBA technique, enough to compensate the 50-km fiber attenuation. Note that the
shape of the pump pulse, when the DBA is not active, is determined by the transient response
of the SOA. However, when the DBA is on, the leading edge of the pulse is modified due to
the grow caused by the excitation time of the acoustic wave. Note also in Fig. 4.9 that no
significant temporal delay is observed between the pulses captured when the DBA is turned
on or off (pulses were measured using an external trigger). However, it must be mentioned
that higher DBA pump powers could induce not only amplification but a slow light effect
onto the pump pulse, which would affect the spatial resolution of these systems [102].
However, this amplification of the pump pulse does not only occur at the final section of
the fiber but during its time-flight. This effect is even more apparent in Fig. 4.10, where two
BOTDA traces are compared in logarithmic scale. Therefore, using the conventional BOTDA
technique, the detected Brillouin signal falls with a linear slope (in logarithmic units) given

123

4.3 Experimental setup

50
100
40
80
30
60
20

40

10

20
0

Optical power for DBA off (mW)

Optical power for DBA on (mW)

120

0
Time (20 ns/div)

Fig. 4.9. Optical power of pump pulses at the output of the fiber. Two pulses of
40 ns (red) and 55 ns (blue) are depicted at the output of the fiber with the DBA
turned off (dashed line, right vertical axis) and on (solid line, left vertical axis).
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by the attenuation coefficient of the fiber (0.184 dB/km). As a consequence, the detected
signal falls by 9.2 dB at 50-km. Considering that the detected SNR is proportional to the
square of the detected amplitude, the SNR degradation at the end of the fiber, compared
to the start, is double the value in decibels of the extra attenuation of the pulse, i.e., 18.4
dB. In contrast, using the DBA-technique, the worst attenuation of the detected signal is
experienced for this particular scenario at the mid-span of the fiber. At that location, the
experienced attenuation is 2.95 dB and hence, the maximum SNR degradation is 5.9 dB.
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Fig. 4.10. Measured BOTDA traces when the DBA is switched off (red-dotted
line) and on (black-solid line).

Nonetheless, the most significant improvement obtained with the presented technique is
observed at the final section of the fiber, where the conventional BOTDA technique obtains
the worst results. Figure 4.11(a) compares the measured Brillouin spectra at the first and
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DBA-assisted BOTDA in Fig. 4.11(b). With the DBA off, the measured amplitude at the last
km gets into the noise floor and hence, the measurement of the BFS cannot be determined
with accuracy. In contrast, using the presented technique, the measured Brillouin gain at the
final section is similar in amplitude to that measured at the first km.
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Fig. 4.11. Measured Brillouin spectra at the first (black-solid line) and final
(red-dashed line) section using (a) the conventional BOTDA technique and (b)
the DBA-assisted technique.

Furthermore, if we compare the measured spectra at the first and last sections with
the DBA on, it is clear that there is no noticeable degradation of the SNR between both
measurements, as both have almost the same amplitude and noise level. This is confirmed in
Fig. 4.12, where the evolution of the SNR was calculated for both the conventional and the
DBA-assisted BOTDA. As shown in the figure, once the pump pulse is amplified by the DBA,
the SNR grows, instead of linearly decaying along the fiber as it happens in the conventional
system. Moreover, note that the measured SNR at the start of the fiber is identical turning
on and off the DBA (both measurements were performed with the same averaging number
(4096) to properly compare the results). As a consequence, it can be concluded that the use
of the DBA does not lead to any significant SNR penalty.
Measurements of BFS for different duration pulses with the DBA turned on and off are
displayed in Fig. 4.13(a). Note that, towards the end of the fiber, the BFS for the shorter
pulses deviates from that measured with the conventional BOTDA. The shorter the pulse,
the larger the deviation. This effect is attributed to the interplay between the temporal shape
changes in the pulse brought by the distributed Brillouin amplification and the self-phase
modulation effect. Stimulated Brillouin scattering is a dynamic phenomena that depends
on the interaction of a pump and Stokes waves via an acoustic wave. The DBA pump is
present at a certain location in the fiber and an acoustic wave is created and starts to grow
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Fig. 4.12. SNR evolution for the DBA-assisted technique (black-solid line) and
the conventional BOTDA sensor (red-dotted line).

exponentially when the pump pulse arrives, then it reaches an steady state (if the pulse is
long enough) and, finally, the gain is abruptly cut-off as the pulse leaves [103]. This alters
the shape of the pulse as it is amplified along the fiber and makes it asymmetrical in time.
Then, SPM comes into play generating an optical phase modulation that has been shown to
increase the Brillouin gain linewidth when using symmetric pulses with large rise-time [33].
In our case, with an asymmetrical pulse, SPM leads to a down-shift of the instantaneous
frequency of the pulse that translates into an apparent up-shift of the measured BFS. This
effect is more pronounced for shorter duration pulses because the change in shape of the
pulse takes place during the acoustic wave growth, which is of the order of the acoustic
phonon lifetime. Moreover, further evidence on the role of SPM was confirmed by repeating
the measurements with a reduced pulse power and observing that, in this case, the BFS
profile matches that of the conventional BOTDA.
We have devised a solution to compensate the BFS error due to SPM by deploying DPP
measurements, i.e. substracting the BOTDA traces for pulses of different duration [35], which
are longer than the acoustic phonon lifetime. This takes advantage of the fact that temporal
asymmetry in the pulses due to the transient behavior of the Brillouin amplification takes
place at the start of the pulses during the acoustic wave growth. Furthermore, for pulses longer
than the acoustic phonon lifetime, the pulse reaches quasi-steady state Brillouin amplification.
Therefore, DPP measurements with two long pulses are not affected by SPM-induced shift
in optical frequency and error in BFS. This was confirmed by experimental measurements of
the BFS profile for DPP (purple), which is superimposed to that of the conventional BOTDA
in Fig. 4.13(b). In addition, the measured Brillouin spectra using DBA amplification for a
15-ns pulse duration and the differential Brillouin spectrum using DDP of pulses 40/55-ns
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Fig. 4.13. BFS distribution measured (a) along the whole lenght of fiber and (b)
at the last kilometers, using DBA for 15-ns (blue), 30-ns (red) and 40-ns (black)
pulses and DPP of 40/55-ns (purple), and without DBA amplification for 40-ns
pulses (green). Brillouin gain spectra (c) measured at the last kilometers using
DBA for 15-ns (blue) and DPP of 40/55-ns (purple).
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duration are shown in Fig. Fig. 4.13(c). Note that the frequency shift of the Brillouin peak
is effectively corrected and no asymmetrical shape is observed at the differential Brillouin
spectrum.
Finally, Fig. 4.14 compares the measured DPP gain spectra at the input and output of the
fiber. As it was expected, the amplitude of both spectra is similar (no normalization is used
in the figure) as fiber attenuation has been compensated by DBA. Furthermore, the noise in
both measurements was also found to have the same standard deviation as the noise detected
without DBA. Just to visually compare them, the detection noise without DBA is also shown
in Fig. 4.14.
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Fig. 4.14. Brillouin gain spectra at the input (solid-black line) and output (mediumdashed red line) of the fiber link, for the DBA-assisted BOTDA deploying DPP
using 40-ns and 55-ns pulses. Detection noise (long-dashed black) without DBA.

4.4

Conclusions

During this chapter, distributed Brillouin amplification of the pump pulses in BOTDA sensors
has been proven as a powerful tool to extend the measurement range of these sensors.
While in a conventional BOTDA sensor the maximum gain at a distant location is limited
by the input pump pulse power, and hence by modulation instability, using a DBA the pulse
wave can be powered up along its propagation reaching longer distances.
The generation of the DBA is done by wavelength-modulating an optical signal (DBA
pump) that interacts with the pulse along the fiber. As shown during section 4.2, the
determined parameters (frequency or peak frequency deviation) of the modulation as well as
the kind of signal used to wavelength modulate the source are crucial to obtain a convenient
DBA for BOTDA sensors. The main factors, that must be considered, are:
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• The signal used for the wavelength modulation determines the spectral response of
the DBA, which must be flat to properly amplify all the spectral components of the
pulsed wave. A triangular modulation has been shown, previously at the literature, to
accomplish this target.
• The peak frequency deviation determines the gain’s bandwidth. This parameter must
be higher than the spectrum of the optical signal to be amplified. For instance, using
10 ns pulse duration, the bandwidth must be higher than 100 MHz.
• The frequency or number of cycles of the DBA pump along the fiber determines
the flatness of the gain experienced by the pulse wave at each location of the fiber.
Low frequencies induce abrupt variations, while high frequencies generate smooth
variations of the gain at each cycle of the wavelength modulation.

Furthermore, the use of a DBA does not add any significant noise to the measurement.
This is a remarkable result, specially compared to the use of Raman distributed amplification,
which has the drawback of adding significant noise to the measurements. This feature can be
explained by taking into account that Brillouin distributed amplification, despite having a
large noise figure, only amplifies the pulses that counter-propagate with the DBA pump, but
it has no effect on the probe wave.
In addition, it has been experimentally shown that the variation of the temporal shape of
the pump pulse due to distributed Brillouin amplification along with self-phase modulation
brings a BFS deviation effect. This error at the measurement has been solved by using
differential pulse-width pair technique, which removes the transient response generated by
the growth of the acoustic wave at the leading edge of the pulsed signal.
Finally, the technique has been experimentally demonstrated in a 50-km fiber to provide
full compensation of the attenuation of the fiber at the most distant location of the fiber.

Chapter 5
Sources of noise in BOTDA sensors
During the last years, remarkable progress has been done in the field of distributed Brillouin
sensing, specially, in Brillouin optical time domain analyzers (BOTDA), where the spatial
resolution has been improved from meters to centimeters scale and the monitoring distance
extended from 30 km to 150 km using smart and advanced techniques. Nevertheless, the
ultimate performance of the BOTDA technique based on double-sideband probe wave has
hardly exceeded 50 km of monitoring range with 1-m resolution and a precision lower than
1 MHz, constituting an insurmountable barrier for this conventional sensor. Although this
technique allows to inject a high optical probe power due to the tolerance to non-local effects
of this configuration, the ultimate restriction is imposed by the signal-to-noise ratio (SNR)
parameter, which can not be indefinitely improved by increasing the sensor’s response, i.e.
the detected signal. At this point, it is time to analyze the different noise sources existing in
BOTDA sensors to find a way of ultimately improve their performance.
This chapter starts with a brief overview of the different parameters affecting the temperature or strain uncertainty, focusing on the signal-to-noise ratio parameter. In addition,
the different noise sources existing in BOTDA sensors are theoretically and experimentally
analyzed. Finally, the study gives some guidelines regarding the relevance of some noise
sources depending on the monitoring range of the system.
This work was done in collaboration with the Group for Fibre Optics at the École
Polytechnique Fédérale de Lausanne led by Prof. Luc Thévenaz.

5.1

Introduction

In Brillouin distributed time-domain sensing, the Brillouin spectra distribution is determined
by measuring the probe power variation as a function of the distance for successive frequency
detuning between probe and pump waves. Sorting the different measurements as a function
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of the frequency detuning, the Brillouin spectrum at each location of the fiber can be
reconstructed, as shown in Fig. 5.1. The peak of this resonance determines the Brillouin
frequency shift (BFS), which is automatically estimated using a fitting procedure.

Fig. 5.1. Normalized Brillouin spectrum and decisive parameters for the BFS
estimation error: (σ ) is the noise in the signal, (∆νB ) is the Brillouin linewidth
and (δ ) is the frequency step. ©2013 Optical Society of America [18].

The BFS estimation error using a least-square parabolic fitting is [18]:
s
σBFS (z) =

1
3δ ∆νB
√
SNR (z) 8 2 (1 − ζ )3/2

(5.1)

Note that σBFS (z) depends on the features of the Brillouin spectrum shown in Fig. 5.1, i.e.
the frequency step δ , the Brillouin linewidth ∆νB , the noise at the measured amplitude and
consequently, the SNR at the local position z. Another parameter involved in the fitting
procedure is the number of points, which is given by all the points above of a fraction of the
peak level (ζ ), e.g. ζ = 0.5 means that the quadratic fitting is performed taking into account
only the data points within the Brillouin linewidth [18].
It is worth noticing that Eq. (5.1) shows a strict proportionally relation between the
frequency error and the SNR parameter, which becomes the key parameter that defines the
ultimate performance of the system. This ratio is given by the squared sensor’s response (see

Eq. (4.1)) and the noise variance σI2s at the system [45, 47]:

SNR (z) =

∆Is2 (z)
σI2s

=

2
gSBS (z)
−αz P e−αL ∆z
P
e
Si
Ae f f Pi
2 +σ2
2
2
σT2 + σs2 + σI2 + σDRS
FBG + σSBS + σSpBS−Probe
R2D



(5.2)

where PSi and PPi are the input probe and pump powers, respectively, RD is the responsivity of
the photoreceiver, L is the length of the fiber, Ae f f is the effective area of the optical fiber, ∆z
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is the spatial resolution, gSBS (z) is the Brillouin spectrum at location, z and σT2 , σs2 , σI2 are the
variances of the thermal, shot noises and the relative intensity noise (RIN) of the laser source
noise sources, respectively, which are defined here as the classical contributions of noise
2 , σ 2 , σ 2 and σ 2
studied in BOTDA sensors [45]. The other components σDRS
FBG
SBS
SpBS−Probe
are the double Rayleigh scattering noise generated by the probe wave, the phase-to-intensity
noise generated at the fiber Bragg grating (FBG), the phase-to-intensity noise conversion in
stimulated Brillouin scattering (SBS) and the spontaneous Brillouin scattering-probe beating
noise, respectively, that will be described along this chapter. Note that, when all the input
optical powers are optimized to maximize the optical response, the only feasible way to
improve the SNR is minimizing the noise signal, which is typically performed by increasing
the number of averages that is directly related with the frequency error as:
σ1
N
σBFS
= √BFS
NAV

(5.3)

where the indexes 1 and N represent the number of averages (NAV ) used to obtain σBFS . As
shown in Fig. 5.2, the frequency error tends to zero when the number of averages is increased.
However, the measurement time becomes impractically large, immediately discarding this
option. A more elegant solution is to study the different noise sources and design innovative
techniques to decrease their impact on the detected BOTDA signal.

Fig. 5.2. Evolution of the estimated BFS error as a function of the number of
averages. ©2013 Optical Society of America [18].

5.2

Classical noise sources

As mentioned previously, the classical noise sources being studied in BOTDA sensors are
the thermal, shot noise sources and RIN coming from the laser source. These noise sources
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have been thoroughly studied due to their importance in optical communications systems and
hence, its influence on the performance of the system is well-known [2] and are already taken
into consideration when modelling the SNR of the BOTDA systems [45, 47]. During this
section, a description is given along with the influence of this noise sources and the different
approaches deployed to reduce their detrimental effect on different BOTDA systems.

5.2.1

Thermal and shot noise

The thermal noise and shot noise are the two fundamental noise sources responsible for
current fluctuations of the detected optical signal in all optical receivers. In response to a
constant optical power applied to a photoreceiver, the generated current can be written as [2]:
I (t) = Irx + iT (t) + is (t)

(5.4)

where Irx = Prx RD is the average current being RD the photoreceiver’s responsivity and Prx is
the received optical power; iT (t) and is (t) are the thermal and shot noises, respectively.
The thermal noise is caused by random thermal motion of electrons in a resistor, which
manifest even in the absence of optical signal. Mathematically, thermal noise can be modelled
as a stationary Gaussian random process with a spectral density that is frequency independent
up to 1 THz and a constant value of 2kB T /RL being kB the Boltzmann constant, T is the
absolute temperature and RL is the load resistor. The variance of the thermal noise can be
obtained through the integration of the spectral density ST ( f ) in the receiver’s bandwidth
yielding [2]:
Z +∞
4kB T
2
σT =
ST ( f ) d f =
∆f
(5.5)
RL
−∞
where ∆ f is the effective noise bandwidth of the receiver, which is defined as the bandwidth
of an ideal spectral response with same average noise power and amplitude than the receiver
spectral response (Hrx ( f )) [75]:
|Hrx ( f )|2 d f
|Hrx ( f )|2max

R∞

∆f =

0

(5.6)

Note that the result obtained in Eq. (5.5) includes only the thermal noise generated in a
load resistor. However, a receiver contains many other electrical devices, such as electrical
amplifiers, that may add additional noise affecting in the experimental value measured at the
photoreceiver.
Shot noise is a manifestation of the fact that an electric current consists of a stream of
electrons that are generated at random times. Mathematically, shot noise is a stationary
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random process with Poisson statistics, whose spectral density is a white noise with value
qRD Prx being q the electron charge. As in the case of thermal noise, the variance of shot
noise can be derived as [2].
σs2

Z +∞

=
−∞

Ss ( f ) d f = 2qRD Prx ∆ f

(5.7)

Analyzing both equations (5.5) and (5.7), it can be clearly observed that both noise sources
could only be reduced by modifying the receiver’s circuitry or the bandwidth required to
detect the optical signal. The latter depends on the spatial resolution of the technique, which
is given by the temporal pulse width of the pulse activating the measuring process in classical
time-domain techniques. Therefore, the detection stage must offer a sufficient bandwidth
to resolve a point change over a distance given by the pulse width (TP ). A traditional
relationship from signal theory fixes the minimum bandwidth necessary to resolve the pulse
as BW = 1.5/TP , so that a 1-m spatial resolution requires at least a 150 MHz bandwidth in the
detection stage [80]. This bandwidth can be reduced by using optical sampling techniques,
which demonstrated to be capable of decreasing the required bandwidth in BOTDA systems
from 125 MHz to 100 kHz [80].

5.2.2

Relative intensity noise of the optical transmitter

The output of a semiconductor laser exhibits fluctuations in its intensity, phase, and frequency
even when the laser is biased at a constant current with negligible current fluctuations. The
two fundamental noise mechanisms are spontaneous emission and electron-hole recombination (shot noise). Noise in semiconductor lasers is dominated by spontaneous emission. Each
spontaneously emitted photon adds to the coherent field (established by stimulated emission)
a small field component whose phase is random, and thus perturbs both amplitude and phase
in a random manner. Intensity fluctuations lead to a limited signal-to-noise ratio, whereas
phase fluctuations lead to a finite spectral linewidth when semiconductor lasers are operated
at a constant current [2].
In the context of intensity noise of a laser (power fluctuations), it is common to specify
the power fluctuations as a random process given by:


∆P
P (t) = P̄ 1 +
P̄

(5.8)

where P̄ is the averaged power and ∆P represents the power fluctuations. The last term
of Eq. (5.8) represents the relative intensity noise, which can be employed to calculate the
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power fluctuations at the output of the receiver as:
σI2 = R2D P̄2 RIN∆ f

(5.9)

It is interesting to remark that the variance coming from any relative intensity noise has a
quadratic dependence with the optical power unlike the shot contribution that has a linear
dependence (see Eq. (5.7)). As a consequence, the influence of relative intensity noise may
be more detrimental for high probe power and must be carefully studied.
Recently, a numerical study evaluated the impact on the system performance caused by
the presence of relative intensity noise [47]. As depicted in Fig. 5.3, the maximum sensing
distance achieved by the standard BOTDA technique could be considerably increased up to
100 km when reducing this kind of noise. Furthermore, considering that the BOTDA sensor
based on double-sideband probe wave is limited to 50 km of sensing range with 1-meter
resolution securing 1 MHz, then the detected signal should have a RIN level higher than
-115 dB/Hz. Recalling that a standard RIN value for a current laser source is lower than
-150 dB/Hz, there is a huge difference between the predicted value and the previous value, so
that other noise sources must be present in the system.

Fig. 5.3. Maximum sensing distance that secures 1 MHz with 1-m spatial resolution as a function of the averaging number and RIN. A certain value of shot and
thermal noise is included [47].

In order to mitigate any common-mode noise in the probe signal path, such as laser
intensity noise or modulator drifts, a balanced detection technique can be deployed in a
BOTDA sensor [104]. As shown in Fig. 5.4, the presented technique is based on the BOTDA
setup using double-sideband probe wave, in which both probe waves balance the Brillouin
interaction experienced by the pulse pump. Instead of filtering one of the probe waves
and detecting the optical probe signal, the technique filters both probe waves and they are
introduced to the inputs of a balanced detector. As a consequence, the Brillouin gain and loss
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are subtracted doubling the measurement amplitude as shown in Fig. 5.5(a). This increment
in SNR is translated into a better determination of the BFS, as shown in Fig. 5.5(b).

Fig. 5.4. Experimental BOTDA sensor using balanced detection system. LD:
Laser Diode; PC: Polarization controller; EDFA: Erbium Doped Fiber Amplifier; RF: Radio-frequency generator; VOA: Variable Optical Attenuator; PS:
Polarization Scrambler; WDM: Wavelength Division Multiplexer. ©2014, IEEE
[104].

(a)

(b)

Fig. 5.5. (a) Measured amplitude detecting the gain signal, loss signal and
gain/loss signals in a balanced detector. (b) Brillouin frequency shift distribution
for the different cases: gain, loss and balanced detection. ©2014, IEEE [104].

Another technique suffering from RIN is the Raman-assisted BOTDA sensor, which deploys distributed Raman amplification to achieve ~100 km sensing distances with sub-meter
spatial resolution [42]. Although this technique differs from the standard sensor, it is worth
mentioning how the technique presented below is capable of reduce RIN coming from
Raman laser source [50]. As shown in Fig. 5.6(a), the noise power spectral density (PSD)
considerably increases regarding the conventional technique when Raman amplification is
turned on. Furthermore, the noise at the frequency operation of the standard technique (i.e.
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from DC to 200 MHz) is ~15 dB larger than at frequencies higher than 500 MHz. This
frequency dependence can be beneficial to reduce the noise intensity if the detected probe
wave is moved to higher frequencies using a modulated probe wave, e.g. as the one shown
in Fig. 5.6(b). As in the case of the standard technique, both probe waves interact with the
pump pulse via stimulated Brillouin scattering, but once the optical signal is detected, a
beating signal at frequency fRF containing the Brillouin signal is detected at the output of
the receiver. The value of fRF is set to be higher than 500 MHz and hence, the noise at the
system is reduced obtaining a better performance [50].

(b)

(a)
Fig. 5.6. (a) Noise power spectral density when Raman amplification is turned on
(blue line) and off (red line). (b) Brillouin interaction between modulated probe
wave and pump pulse. ©2014, IEEE [50].

As previously discussed, another way to reduce common-noises in the detected probe
wave is to deploy a balanced detector. When Raman amplification is used in the standard

Fig. 5.7. Noise power spectral density using the standard technique with (blue
line) and without (red line) balanced detection. ©2014, IEEE [49].
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sensor, the RIN caused by Raman is transferred equally to both probe waves and hence, the
RIN is subtracted reducing around 10 dB the amplitude of all the frequencies components of
the PSD, as shown in Fig. 5.7 [49].

5.3

Additional noise sources in BOTDA sensors

This section focuses on the apparition of other noise sources, whose contribution may be
greater (depending on the scenario) than the classical noise sources described in the previous
section and had not been previously considered in the estimation of the SNR parameter of
BOTDA sensors. Some of them are simply generated by the transmission of the optical
signal through the fiber or filtering process, while others require the Brillouin interaction to
show up.

5.3.1

Double Rayleigh scattering generated by the probe wave

In BOTDA sensors, the optical fiber is not only used as the sensing element, but also as a
transmission medium to receive the probe signal back once it has interacted via SBS. This
twofold nature makes possible that some noise sources existing in fiber optic transmission
systems are also present in BOTDA sensors. Such is the case of double Rayleigh scattering
(DRS), a fundamental noise source in optical communications systems [105, 106]. Double
Rayleigh scattering corresponds to a multi-path interference of the doubly scattered signal
with the original transmitted signal that converts signal phase noise into intensity noise
[107]. In the case of BOTDA sensors, the probe wave propagates through the optical fiber
undergoing Rayleigh scattering twice as shown in Fig. 5.8.
DRS Probe
Probe
DRS

Probe
Probe
wave
wave
Probe
Probe

Fig. 5.8. Double Rayleigh scattering generated by the probe wave.

Due to the double reflection caused by Rayleigh scattering, another optical field (denominated here as DRS probe signal) co-propagates with the probe wave along the fiber. This
DRS probe field can be expressed as a fraction of the transmitted probe field but delayed on
time:


z2 − z1
∆EDRS (t, z2 , z1 , L) = ES t − 2
, L e(−α/2+ jβ )2(z2 −z1 ) ∆ρDRS (z2 ) ∆ρDRS (z1 ) (5.10)
υg
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where t is the temporal variable, L is the fiber’s length, ES is the complex amplitude of the
probe field, υg is the velocity group, α is the attenuation coefficient, β is the propagation
constant and ∆ρDRS is the fraction of the scattered field due to Rayleigh scattering at the local
position z1 and z2 .
By dividing the optical fiber into differential sections, then it is possible to define a
Rayleigh backscattering coefficient [108]:
∆ρDRS (z)
∆z→0
∆z

ρDRS (z) = lim

(5.11)

Using Eq. (5.11), the total DRS probe field at the end of the fiber can be obtained by
integrating Eq. (5.10):
Z L Z z2



z2 − z1
EDRS (t, L) =
ES t − 2
, L e(−α/2+ jβ )2(z2 −z1 ) ρDRS (z2 ) ρDRS (z1 ) dz1 dz2
υ
0 0
(5.12)
Note that this equation calculates not only the DRS field coming from two reflections at z1
and z2 but the DRS field generated along all the optical fiber [107].
Finally, the probe field and the probe DRS field achieve the end of the fiber and are
tipically directed to a FBG in order to filter out one of the probe sidebands, as shown in
Fig. 5.13. Unfortunately, the probe DRS components propagate in the same band as the
useful probe signal and thus, cannot be eliminated by filtering. Therefore, the total intensity
at the output of the receiver can be expressed as:
I (t) = [ES (t, L) + EDRS (t, L)] [ES (t, L) + EDRS (t, L)]∗
∗
= |ES (t, L)|2 + |EDRS (t, L)|2 + 2IR [ES (t, L) EDRS
(t, L)]

(5.13)

where ∗ denotes complex conjugate and IR is the real part. The first term in Eq. 5.13 is the
detected probe wave, the second term is the DRS intensity and the third term is the intensity
generated by the DRS probe signal beating with the probe wave. As the magnitude of the
second term is negligible compared to the third term, then the DRS noise intensity is given
by [107]:
∗
IDRS (t) = 2IR [ES (t, L) EDRS
(t, L)]
(5.14)
Calculating the time-average autocorrelation function of the DRS noise intensity and applying
the Fourier transform, it is possible to find the DRS noise power spectral density [107, 109]:
PDRS ( f ) =


10 2
RRb 2αL + e−2αL −1 F ⟨|RES (τ)|2 ⟩
9

(5.15)
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where the constant takes into account the fiber birefringence, RRb is the Rayleigh backscattering coefficient, F denotes Fourier transform and ⟨|REP (τ)|2 ⟩ is the magnitude square
of the autocorrelation function of the probe field. Note that the DRS noise power spectral
density is simply related to the autocorrelation function of the transmitted probe field, which
is generated using an unmodulated optical source. For this particular case, the DRS noise
spectrum assumes the original line shape of the optical source with a spectral width that
is double that of the laser [105]. Assuming that the line shape of the optical source has a
Lorentzian profile, then the variance of double Rayleigh scattering generated by the probe
wave can be expressed as:
2
σDRS
=3

5.3.2


10 2
RRb 2αL + e−2αL −1 R2D PS2
9

(5.16)

Phase-to-intensity noise conversion in FBG

Reflection

Conventional BOTDA sensors use narrowband fiber Bragg gratings to select the probe signal
to be detected. Unfortunately, the reflection band of FBGs is temperature dependent, and
therefore, it can likely shift during operating conditions. If the probe signal is tuned at the
top of a flat FBG, there should be no significant noise added to the probe. However, when
the probe optical frequency lies on the slope of the FBG, the laser phase noise is converted
into intensity noise as depicted in Fig. 5.9. The amplitude of this noise depends directly on

2
σ FBG

∆ν L
Wavelength
Fig. 5.9. Laser phase noise converted into intensity noise due to the spectral shape
of the FBG.

the linewidth of the laser source and the spectral shape of the FBG as [110]:
2
σFBG
(λ ) =



dR (λ )
∆νLS
dλ



R2D Pre2 f

(5.17)
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where R (λ ) is the reflectivity FBG spectrum, ∆νLS is the linewidth of the laser source and
Pre f is the reflected optical power.

5.3.3

Phase to intensity noise conversion in SBS process

The sources of noise presented so far consider only the propagation of the probe along the
system. Nevertheless, when pump pulses travel in the fiber, other new sources of noise appear
in the detected BOTDA trace. One of them could be the Rayleigh scattering originated by
the pump. However, this can be easily eliminated using suitable optical filtering. In addition,
the pump RIN can be generally neglected owing to the low cut-off frequency of the pumpprobe RIN transfer in the SBS process [111]. More important are: i) the noise generated
by phase-to-intensity noise conversion in the SBS process, and ii) the noise resulting from
the pump-induced spontaneous Brillouin scattering (SpBS) beating with the probe at the
receiver.
Recently, it has been numerically and experimentally demonstrated that insufficient
coherence of the laser sources used in stimulated Brillouin amplification setups not only leads
to a reduce gain but also to fluctuations of the gain [112]. Fig. 5.10 depicts the probability
function distribution of the signal output power for (a) probe wave with phase noise and (b)
pump wave with phase noise for 3 different linewidths. As it is shown, the presence of phase
noise on either input wave reduces the average Brillouin gain and makes the signal output
power noisy. However, both cases differ in several aspects, while the mean gain penalty is
larger for phase noise pump, the fluctuations are greater for phase noise probe [112]. This
study was done for counter-propagating continuous waves (CW), where the acoustic wave is
permanently excited experiencing the variations generated by the laser phase noise. Along
this section, the influence of phase laser noise is analyzed specifically for the BOTDA sensors,
where a pulse wave meets a CW signal.
In standard BOTDA schemes, a pulsed pump and a probe wave interfere through electrostriction generating an acoustic wave, which transfers energy from the pulse to the probe
signal or vice versa. The acoustic decay time of approximately 6 ns makes the Brillouin
effect a narrowband process, demanding optical sources with linewidths much narrower than
the Brillouin bandwidth (~30 MHz) [6]. Recalling that the linewidth of a laser (∆νLS ), as
well as its coherence time (τc = 1/(π∆νLS )), are statistical average measures related to the
noisy character of laser phase, then insufficient coherence may not only lead to reduced
energy transfer in the SBS process but also to fluctuations of the gain/loss of the probe signal.
These fluctuations induce intensity noise in the detected signal caused by the laser phase
noise and hence, it detrimentally affects the system performance [112].
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Fig. 5.10. Probability distribution function of the signal output power for (a)
phase noise probe and (b) phase noise pump using a linewidth of 318 kHz (black
line), 3.18 MHz (blue line) and 7.95 MHz (red line). The upward arrows point
to the value of the signal output power in the absence of phase noise. ©2015,
IEEE [112].

Brillouin gain at
location z

Generally, the lasers deployed in BOTDA sensors have a linewidth of ~1 MHz or even
less. It gives rise to a coherence time of ~318 ns or even higher, which is much larger than
the activation time of the acoustic wave generated by the pump pulses (tipically from 10 ns
to 50 ns). As a consequence, the influence of phase noise laser is negligible during the short
activation time of the acoustic wave.

σ SBS (z )

Number of traces scanned for a
given frequency detuning

Fig. 5.11. Variation of the detected Brillouin signal at a given position due to
laser phase noise.

However, a large number of traces is typically averaged to increase the SNR of the
measurements. During the acquisition of the different traces, the relative phase difference
between pulse and probe varies at a certain location of the fiber due to laser phase noise. This
can be interpreted as a variation of the instantaneous frequency difference between pulse and

142

Sources of noise in BOTDA sensors

probe wave. Consequently, the Brillouin gain/loss of the probe signal fluctuates at a given
fiber position for each trace acquisition, as shown in Fig. 5.11. Assuming that the sensor
response is relatively smooth around the mean value of the frequency detuning between
probe and pump waves, the variance of the sensor response can be expressed as [113]:
2
σ∆P
S

2
= σ∆ν



d∆PS
d∆ν

2
(5.18)
∆ν

2 is the variance of the frequency detuning ∆ν between probe and pump waves and
where σ∆ν
∆ν denotes the mean value of the frequency detuning. Note that both signals, the pump and
probe waves, are typically generated through the same laser source and hence, experience
the same laser phase noise. Consequently, the variance of the frequency detuning can be
expressed as:
2
2
σ∆ν
= σν2P + σν2S − 2Cov(νP , νS ) = 2∆νLS
(5.19)

where σνP and σνS are the instantaneous frequency deviation of pump and probe signal,
respectively and ∆νLS is the linewidth of the laser source. Note that in Eq. (5.19), it has been
assumed that probe and pump are uncorrelated, which is true for sensing fibers equal to, or
larger than twice the coherence length of the fiber [114, 115].
Using Eq. (5.18) and Eq. (5.19), the standard deviation of the gain or loss fluctuations
caused by phase-to-intensity noise conversion in SBS process can be expressed as:
2
σSBS
(z) = R2D

2
σ∆P
S

2 2
= 2 ∆νLS
RD
2
−2αL
PSi e



dgSBS (∆ν) 2
−αz
PPi e
∆z
d∆ν

(5.20)

where PSi and PPi are the input power of probe and pump waves, respectively, α is the fiber’s
attenuation, L is the fiber’s length, ∆z is the spatial resolution and gSBS (∆ν) is the Brillouin
spectrum at a given pump-probe detuning ∆ν and RD is the responsivity of the photoreceiver
that converts the fluctuations of the optical power into intensity variations.

5.3.4

Spontaneous Brillouin scattering-probe beating noise

As shown in Fig. 5.12, when the pump pulse propagates in the fiber, spontaneous Brillouin
scattering is generated at a frequency that depends on the local Brillouin frequency shift of
each fiber’s location. Since the FBG is tuned to select the probe signal, which scans the
Brillouin spectrum, then the SpBS components are also in the reflection band of the FBG.
Consequently, the total optical field reaching the photoreceiver can be expressed as:
E (t) = ES e(2πνSt+φS ) +ESpBS e(2π(νP −νB )t+φSpBS )

(5.21)
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Optical fiber
Probe
wave

SpBS

Pump
pulse

Fig. 5.12. Spontaneous Brillouin scattering components generated by the pump
pulse and co-propagating with the probe wave.

where ES and ESpBS are the amplitude of the probe wave and SpBS components, respectively,
νS and νP are the optical frequency of probe and pump waves, φS and φSpBS are the phases of
the probe wave and SpBS and νB is Brillouin frequency shift of the fiber.
At the output of the photoreceiver, the total intensity is given by the detected probe wave,
the noise intensity coming from SpBS components and a noise intensity, much higher than
the previous one, generated by SpBS beating with the probe wave, which can be written as:
I (t)

SpBS−Probe

= 2 ES ESpBS cos (2π∆ν t + ∆Φ)

(5.22)

where ∆ν = ∆νP − ∆νS + νB (z) is the frequency detuning between probe and the peak
frequency of the Brillouin spectrum at a certain location z and ∆Φ is the phase difference
between probe and SpBS, which is a random variable with uniform distribution between −π
and π. This is a stationary random process, whose autocorrelation function is [75]:
R (τ) = 2 PS PSpBS cos (2π∆ντ)

(5.23)

where PS is the probe power at the receiver and PSpBS is the SpBS power, which is given
by [1]:
1
PSpBS = SαB PP ∆z
(5.24)
2
where S is the backscatter capture fraction, αB is the Brillouin scattering coefficient, PP is the
peak pump power and ∆z is the spatial resolution.
As the expression shown in Eq. (5.22) is a random process with zero mean, the variance
of the SpBS-probe beating noise can be calculated as:
2
σSpBS−Probe
= R(0) = R2D PS PP SαB ∆z

(5.25)
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Specific SNR parameter for BOTDA sensors

Once the different noise sources existing in a BOTDA sensor have been considered and
theoretically calculated, then it is possible to update Eq. (5.2) to provide a more complete
SNR parameter, yielding:

SNR (z) =

∆Is2 (z)
σI2s

=

2
gB (z)
−αz P
−αL ∆z
P
e
e
probe,i
Ae f f pump,i
2
2
2
2
2 +σ2
σT + σs2 + σI + σDRS + σFBG + σSBS
SpBS−Probe
R2D



(5.26)

being each contribution of the denominator:
σT2 =

4kB T
∆f
RL

(5.27)

σs2 = 2qRD PS ∆ f

(5.28)

σI2 = R2D PS2 RIN∆ f

(5.29)


10 2
RRb 2αL + e−2αL −1 R2D PS2
9


dR (λ )
2
σFBG =
∆νLS R2D PS2
dλ


dgB (∆ν) 2
2
2 2
−αz
−αL
σSBS = 2 ∆νLS RD PPi e
PSi e
∆z
d∆ν

(5.31)

2
σSpBS−Probe
= R2D PS PP SαB ∆z

(5.33)

2
σDRS
=3

(5.30)

(5.32)

Note that the final expression only depends on the probe and pump power injected into the
fiber, the sensing distance and characteristics of the deployed components to assemble the
BOTDA sensor.

5.5

Experimental setup for the study of noise sources

Many possible BOTDA configurations exist in the literature [67, 116]. Although the working
principle is pretty similar between them, the BOTDA sensor based on double-probe wave is
one of the most representative sensors that the scientific community has used to develop other
more advanced techniques [42, 117–119]. In addition to its simplicity and good performance,
the balanced Brillouin interaction taking place between both sidebands and pulse reduces the
pump depletion allowing to inject higher probe power than other configurations based on a
single Brillouin interaction at the fiber [19, 24]. As a consequence, the probe power reaching
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the receiver is high enough to have a good SNR at the measurements. For these reasons,
this sensor was selected to study the different noise sources. Nevertheless, the information
gathered in this chapter should be perfectly applicable for any kind of BOTDA sensor.
As it is shown in Fig. 5.13, this sensor deploys a laser source, whose output is divided
into two branches using an optical coupler. In the upper branch, the light is pulsed using a
semiconductor optical amplifier (SOA) and then, the peak power is boosted using an erbium
doped fiber amplifier (EDFA) to stimulate the Brillouin scattering effect in the fiber. In
the lower branch, a tunable-frequency probe is generated using the modulation sidebands
obtained by driving a Mach-Zehnder electro-optic modulator (MZ-EOM) with the signal
from a microwave generator that outputs frequencies close to the Brillouin frequency shift
of the sensing fiber. During the probe wave propagation, it interacts with the pump pulse
experiencing locally a gain or loss (depending on the configuration of the sensor) that can
be analyzed by recording the probe power in the time domain by using a direct detection of
the optical field at the photoreceiver. The choice of the configuration of the sensor is simply
made by selecting the upper frequency sideband (loss configuration) or the lower sideband
(gain configuration) with an optical filter.
Pulse
generator

SOA

2

Laser

Fiber

Coupler

2

3 1

1

EDFA

FBG

3

Photodetector

MZ-EOM
Microwave
Oscillator

Oscilloscope

Fig. 5.13. Experimental setup assembled for the noise sources study.

For this study, a 125 MHz photoreceiver with a high trans-impedance amplifier was used
to have a representative condition and an optimized SNR. Furthermore, the impact of the
laser phase noise was analyzed using two lasers: a distributed feedback (DFB) laser of 1.6
MHz linewidth and an external cavity (EC) laser of 20 kHz linewidth. Finally, the effect
introduced by the fiber’s length was also studied, which was varied from a few meters up to
several tens of km.

5.5.1

Experimental measurements

In order to provide a better understanding of the kind of noise sources existing in BOTDA
sensors, the accumulated noise along the probe path was measured at the different points
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labeled as A-D in Fig. 5.14, with no pump pulse propagating in the fiber. This was
accomplished by using an electrical spectrum analyzer (ESA) connected to a 125-MHz
photodetector, whose input power was set to -18 dBm for each measurement, ensuring a
known shot noise level.
FBG

Fiber
1

MZ-EOM

Laser

2

Coupler

2
3 1

Photodetector

3

Microwave
Oscillator

A

Oscilloscope

B

C

D

Fig. 5.14. Noise sources located along the probe wave propagation.

Power spectral density (dBm/Hz)

Fig. 5.15 shows the electrical power spectral density at the different points of the setup.
The black curve is the thermal noise of the detector (equivalent to a noise amplitude σth =
890 µV). The green curve is the PSD measured when detecting the laser output, i.e. at point
A in Fig 5.14. As it will be described below, it was verified that this spectrum corresponds
mainly to the shot noise contribution (σs = 464.4 µV) added to the thermal noise, and the
laser RIN (< 150 dB/Hz) has no observable effect on the measurements. To evaluate the
noise introduced by the generation of the double-sideband probe, the PSD at the EOM output
has been measured (point B in Fig. 5.14). Results indicate that the PSD at point B is the

−115
−120
−125
−130
−135
−140
0

50
100
Frequency (MHz)

150

Fig. 5.15. PSD measured at different points in the system. Black and green curves
are the thermal and shot noise of the detector; blue and red curves are the PSD
after the fiber and after the FBG.
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same as the one at point A, proving that no significant noise is added by the modulation.
Then, the noise PSD measured at the sensing fiber output (point C) shows that low frequency
components increase significantly (blue curve) and its amplitude varies with the fiber’s length.
As it was explained before in section 5.3.1, this is due to phase-to-intensity noise conversion
due to double Rayleigh scattering of the probe. Finally, the red curve shows the noise PSD
at point D, which includes the phase-to-intensity noise conversion taking place in the FBG
located before the receiver. Note that a peak at 33 MHz is shown in some curves, but this is
related to a component introduced by the laser driver, and has no relevance for the study.

Characterization of shot noise and RIN from the laser source
In order to experimentally calculate the shot noise amplitude, the output of the laser source
was connected using an optical attenuator to the 125-MHz photoreceiver. Then, the optical
power injected into the receiver was increased, while the variance was measured at the
oscilloscope. As shown in Fig. 5.16, the variance of this noise starts to linearly increase
with the detected optical power around the CW saturation power of the receiver (~-16 dBm).
Referring to Eq. (5.7), this linear dependence is the clearest evidence to identify this noise
as shot noise and not relative intensity noise of the laser source, which has a quadratic
dependence with the detected power (see Eq. (5.9)). As a consequence, the influence of RIN
caused by the laser source, which is characterized as <150dB/Hz in the data sheet, results
negligible when it is compared to the thermal or shot noises.

1
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σ osc (mV )
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0.6

2
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Fig. 5.16. Measured variance at the oscilloscope varying the optical power
injected into the receiver.
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Validation of double Rayleigh scattering generated by the probe wave
In order to demonstrate that the noise induced in the fiber (shown previously in Fig. 5.15) is
caused by DRS probe components beating with the probe signal, the measured DRS noise
PSDs were compared with the respective theoretical PSD obtained by Eq. (5.15), for standard
single-mode fibers of different lengths. As shown in Fig. 5.17, theoretical and experimental
curves, both obtained with a DFB laser, show a good agreement, demonstrating that the
noise induced in the fiber is essentially due to probe DRS. Furthermore, as it was mentioned
previously, the shape of the experimental DRS noise spectrum adopt the line shape of the
laser source, which was previously determined (see the appendix A) to provide a better
accuracy between the experimental results and the theoretical model.

Electrical power density (dBm/Hz)
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−150
−160
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15

20

Fig. 5.17. Numerical (symbols) and experimental (solid line) spectral power
density of the DRS probe wave for a 10-km (green), 25-km (red) and 50-km
(blue) fiber lengths using a DFB laser.

In contrast to other fiber non-linearities, the DRS power does not depend on the fiber effective length, but grows linearly with distance. This behavior actually makes the DRS-induced
noise to be very important in long-range BOTDA sensing, becoming one of the dominating
sources of noise. This is especially critical in sensors that use a leading fiber to propagate the
probe to a remote location, since this signal has to propagate along a fiber two-fold longer
than the actual sensing fiber [120].
Finally, in order to analyze the effects of the laser phase noise, the DRS-induced noise
measured after a 25-km long fiber with a DFB laser and an EC laser (having the same
power) are compared in Fig. 5.18. Although the PSD narrows for the EC laser, the spectral
components within the laser linewidth become stronger, leading to the same total noise
amplitude: σDRS =247.2 µV for the DFB laser and σDRS =249.2 µV for the EC laser.
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Electrical power density (dBm/Hz)
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Fig. 5.18. Spectral power density of the probe DRS and its effect of the laser
linewidth (1.6 MHz vs 20 kHz, blue and red lines, respectively).

Phase-to-intensity noise in the FBG as a function of the wavelength
The experimental results obtained for the phase-to-intensity noise conversion in the FBG
were obtained by connecting the laser source to the receiver using a FBG in reflection. Then,
the standard deviation of the photodetector voltage was measured as a function of wavelength
within the FBG reflection band. While Fig. 5.19 (a) depicts the spectrum of the top region of
the FBG reflection, Fig. 5.19 (b) shows the FBG-induced noise amplitude. It can be seen that
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Fig. 5.19. Measured (a) FBG reflectivity and (b) FBG-induced noise amplitude.
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this noise increases in the slopes of the FBG reflection spectrum (up to σFBG = 3.5 mV in
this case1 ). However, in a well-tuned condition the FBG-induced noise should be expected
to be lower than the other noise levels reported in this chapter.
Characterization of phase-to-intensity noise in SBS process
The measurement of this noise source requires to counter-propagate the pump and probe
waves to stimulate the Brillouin scattering effect. The amount of energy transfer produced by
this interaction depends on the relative polarization state between both waves and hence, it
can change during the measurement time. Note also that this variations on the detected signal
induced by polarization fluctuations in a standard SMF highly depends on the polarization
diversity method (polarization scrambler, switch...) and can be simply minimized by a proper
control of the input pump and probe polarization states. In order to obtain a reliable characterization of this noise source, and to fully mitigate the effect of polarization fluctuations
inside the sensing fiber, a 90 m-long polarization-maintaining fiber has been used for the
measurements shown in this section.
Fig. 5.20(a) compares the measured noise as a function of the frequency detuning using a
DFB laser and the theoretical noise amplitude obtained by Eq. (5.20), for pulses of 10 ns
and 70 ns (for a fair comparison, the pump power has been adjusted to have the same
Brillouin gain in the two cases). Note that, at the Brillouin peak frequency (zero detuning), a
minimum noise level is induced due to the zero gradient of the Brillouin spectrum. However,
a maximum phase-to-intensity conversion occurs at the BGS full-width half-maximum (100
MHz and 35 MHz for the 10 ns and 70 ns pulse, respectively), where the BGS slope is
maximum. Note that this effect has major implications for the dynamic-BOTDA sensors
based on the slope-assisted technique [51], as the frequency of the probe wave is tuned into
the skirt of the detected Brillouin spectrum, where the influence of phase-to-intensity noise
conversion due to SBS process reaches its maximum value.
Furthermore, it is worth noticing that the minimum noise amplitude matches the level
measured with the EC laser (black dashed line). Due to the reduced linewidth of the EC laser,
the SBS-induced phase-to-intensity noise conversion is negligible; and therefore the noise
level shown in the figure corresponds the SpBS beating with the probe at the receiver, as it
will be described in the next section.
Finally, Fig. 5.20(b) shows the top-view of the 3D map of the detected noise versus
distance and frequency detuning. Note that, at 30 m from one of the fiber inputs, the
SBS-induced noise amplitude vanishes as a result of the high phase correlation between
pump and probe at this position. This point actually corresponds to the fiber’s location at
1 optical

power at the photoreceiver was maintained to ensure a known shot noise level

151

5.5 Experimental setup for the study of noise sources
12
80

8

Distance (m)

Noise amplitude (mV)

10

6
4

40

20

2
0
−100

60

−50

0
50
Frequency detuning (MHz)

100

(a)

0

−20

−10
0
10
Frequency detuning (MHz)

20

(b)

Fig. 5.20. SBS-induced noise for a DFB laser. (a) Experimental (continuous line)
and theoretical (dashed line) noise amplitude at the end of the fiber are compared
for 10 ns (red and blue lines) and 70 ns pump pulses (purple and green lines).
The black dashed line is the noise measured with an EC laser. (b) Topview of 3D
noise map distance vs. frequency detuning for a 70 ns pump pulse.

which pump and probe have propagated the same distance from the laser, so that their phases
are perfectly correlated. Note that from that point, the amplitude noise increases in both
directions of propagation, until it reaches its maximum value when pump and probe signals
become again uncorrelated.

Characterization of SpBS-probe beating noise
In order to analyze the effect of SpBS-probe beating noise when frequency sweeping the
probe wave, the PSDs were measured for a detuning ranging from 0 MHz up to 140 MHz,
with 10 MHz steps, when using an EC laser (Fig. 5.21(a)) and a DFB laser (Fig. 5.21(b)).
Note that, as depicted in Eq. (5.22), the frequency content of the beating noise shifts towards
higher frequencies when the detuning increases. Since measurements in Fig. 5.21 are
obtained while pump and probe counter-propagate and interact through SBS, the PSDs also
include the effect of phase noise on the SBS process. Thus, while Fig. 5.21(a) shows
essentially the SpBS-probe beating noise with negligible SBS-induced noise; Fig. 5.21(b)
shows that the level obtained with the DFB laser at zero-detuning (blue curve having the
maximum at zero frequency) is lower than the noise measured in the slope of the Brillouin
spectrum, following the same behaviour described in Fig. 5.20(a). The SpBS beating noise is
evaluated by integrating each curve (removing the contribution of the SBS induced noise and
the spectral response of the receiver), giving an average frequency independent amplitude
σSpBS−Probe = 2.5 mV, which agrees with the black dashed line in Fig. 5.20(a).
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Fig. 5.21. PSD of beating between probe and pump-induced SpBS. For (a) an EC
and (b) a DFB laser. Measurements for different detuning, with 10 MHz steps.

5.6

Conclusions

The different noise sources existing in BOTDA sensors have been analyzed and modeled.
Results point out that under optimized receiver conditions, i.e. having a high trans-impedance
to improve the SNR, the dominating noise is highly dependent on the sensing range of the
system. Thus, in short distance scenarios (less than about 15 km), where the Brillouin gain
is relatively high and the pump power has not been highly attenuated (< 3 dB loss), the
phase-to-intensity noise conversion in the SBS process and the SpBS-probe beating noise
are the dominating sources of noise in the system. When the sensing range increases, the
Brillouin gain experienced by the probe wave and the SpBS components backscattered
from the far end of the fiber are reduced due to the fiber attenuation, and hence, thermal
noise could have a dominating contribution. However, the DRS-induced noise also plays an
important role since it increases linearly with the fiber length and can become the dominating
source of noise at very long sensing ranges (> 50-70 km), especially if an additional leading
fiber is used to propagate the probe wave to a very remote location (thus doubling both
the probe propagation length and the DRS-induced noise). It is also important to mention
that in dynamic sensing, based for instance on a slope-assisted BOTDA scheme based on
the amplitude spectrum, where the probe wave is tuned to the wings of the Brillouin gain
spectrum, the SBS-induced phase-to-intensity noise conversion increases considerably and
therefore it may induce a significant degradation of the SNR and sensor performance.

Chapter 6
Conclusions and open lines
6.1

Conclusions

In a summarized way, this section brings together all the conclusions derived at each chapter
of this thesis dissertation, whose main objective is to develop advanced techniques to improve
the performance of Brillouin optical time-domain analysis (BOTDA) sensors overcoming
the existing limitations. Conclusions are presented associating them to each of the factors
limiting the performance of BOTDA sensors, binding all the proposed configurations together
when a limitation has been tackled following different approaches:
Measurement time: two solutions have been proposed to reduce it. The first one is a
slope-assisted BOTDA (SA-BOTDA) sensor based on a phase-modulated probe wave. This
configuration allows, as the conventional SA-BOTDA based on the amplitude, to dynamically
acquire the temperature or strain profile of the fiber. However, the proposed configuration,
unlike the systems based on the amplitude, allows to avoid measurement errors induced
by variations of the attenuation of the optical fiber. This characteristic is provided by the
tolerance of the detected RF phase-shift spectrum to changes of the local Brillouin coefficient
that was experimentally proven by attenuating the pump pulse around without suffering any
change in the detected RF phase-shift spectra. The deployment of this spectrum, instead of
the conventional one, also allows to enlarge the useful monitoring range by a factor of two as
it covers both slopes of the Brillouin gain spectrum. Furthermore, this technique deploys
a a self-heterodyne detection that allows to increase the signal-to-noise ratio (SNR) of the
system. Consequently, it enhances the precision and the measurement range of the system or
reduce the measurement time by means of the required number of averages.
The second solution is based on the implementation of a polarization diversity technique
that deploys two orthogonal pump pulses. The solution is deployed again on a BOTDA sensor
based on a phase-modulated probe wave, in which two orthogonal Brillouin interactions take
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place at the two first sideband of this modulation. This provides complementary Brillouin
signals at each sideband, which are constructively added at the receiver due to the phase
difference between both sidebands. Consequently, there are not fluctuations in the detected
signal caused by polarization mismatching between the probe and the pump waves, being
able to retrieve the complete information of the BOTDA trace using a single acquisition of it.
Non-local effects: three different solutions have been implemented to alleviate the probe
power limitations in BOTDA sensor. The first one is based on the BOTDA sensor using
a phase-modulated probe wave. In this case, the tolerance of the detected RF phase-shift
spectrum to variations of the local Brillouin gain translates to a tolerance to changes of the
pump pulse power. Consequently, the measured spectrum is not distorted in the presence of
frequency-dependent variations of the pump power caused by non-local effects. The maximum probe power experimentally proved is -3 dBm, which supposes a 11 dB improvement
compared to the conventional BOTDA sensors.
The second solution is based on the variation of the optical frequency of the probe wave
along its propagation through the optical fiber, which makes the pulse to meet a different
probe frequency at each location of the fiber. This effect reduces the accumulated Brillouin
depletion suffered by the pulsed wave along the fiber. The experimental verification of
this technique was demonstrated with a probe power of -3 dBm obtaining measurements
with no observable impact of non-local effects. Moreover, this approach is valid for any
configuration of a BOTDA sensor and can be extended to other configurations such as the
balanced BOTDA sensor based on a double-sideband probe wave. This is the case for the
third solution proposed in this thesis, in which the optical frequencies of both probe waves
in a double sideband setup are changed along the optical fiber. One of the probe waves
generates an accumulated Brillouin gain transfer over the pulse spectrum that compensates
with the Brillouin loss generated by the other probe wave, so that variations of the pump
signal caused by Brillouin interaction become negligible. Furthermore, the net Brillouin
gain or loss transfer experienced by the pulsed signal is flat over the pulse spectrum with a
bandwidth that avoids any spectral distortion of the pulse spectrum. Moreover, the Brillouin
gain or loss spectrum is scanned by changing the relative temporal delay between pulse
and probe waves, so that, at a given location of the fiber, the pulse meets another frequency
of the probe wave, effectively scanning the Brillouin gain spectrum. This novel frequency
swept allows to measure the Brillouin spectrum avoiding a frequency displacement of the net
Brillouin gain or loss transfer generated over the pulse spectrum, so that both interactions
are always canceled. This solution has been experimentally proven with a probe power of
8 dBm.
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Amplification of spontaneous Brillouin scattering generated by the probe wave:
This limitation had not been considered prior to the work done in this thesis since the probe
power had been first limited by non-local effects. However, this limitation is important in
different scenarios, such as long-range systems deploying a leading fiber to transmit the
probe wave to a remote location, BOTDA sensors based on self-heterodyne detection where
a powerful local oscillator co-propagates with the probe wave or BOTDA sensors in which
the non-local effects limitation has been overcome.
The solution proposed in this thesis is based on the frequency modulation of the signals
deployed in the scenarios mentioned above, so that the effective Brillouin interaction is
broaden and the maximum power injected into the fiber can be increased. In the particular
case of the BOTDA sensor based on a double sideband setup, the configuration not only
allows to mitigate non-local effects, as mentioned before, but also permits to increase the
probe power above the spontaneous Brillouin scattering (SpBS) threshold.
The technique has been also proposed on a BOTDA sensor based on a self-heterodyne
detection. In this case, using a phase-modulated probe wave, whose carrier represents the
local oscillator of the system. The power of this component is also limited by this effect
and hence, deploying the dithering on this component, its optical power was increased,
considerably increasing the intensity of the detected signal.
More important is the reduction of the detected noise transferred to the probe wave when
the power of the local oscillator reaches the SpBS threshold.
Modulation instability: a solution based on pump pulses with orthogonal polarization
states at different wavelengths has been proposed to increase the maximum pump power
injected in BOTDA sensors. The deployed configuration is the BOTDA sensor using phase
modulation of the probe wave, in which the first sidebands of the modulation interact with a
pump pulse with different polarization state. The technique removes the onset of four-wave
mixing as both pulses have orthogonal polarizations and it also allows to inject a larger pump
power than the modulation instability (MI) threshold as the power is split at different pump
wavelengths. Consequently, the effect of modulation instability is alleviated.
Spatial resolution: a solution for BOTDA sensor measuring phasorial signals, i.e. amplitude and phase-shift, has been proposed in this thesis. The idea is based on the differential
pulse-width pair technique in which the Brillouin response of two consecutive pump pulses
is subtracted. In this case, a full phasorial subtraction is performed, so that, the advantages
obtained with the amplitude signal, such as high spatial resolution and narrow linewidth of
the measured spectra, are also obtained with the detected phase-shift signal. The employed
pulse durations were 50 and 60 ns, obtaining a spatial resolution of 1 m. However, the
technique is valid for any pulse-width difference.
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Sensing range: a solution based on the implementation of a distributed Brillouin amplifier (DBA) in a BOTDA sensor has been presented. This allows to increase the power
of the pump pulses during their propagation along the fiber. Consequently, the Brillouin
gain interaction increases at the last kilometers of the sensing fiber. The technique has been
experimentally demonstrated in a 50-km fiber length providing full compensation of the fiber
attenuation. Moreover, the deployment of a DBA does not induce an observable penalty on
the signal-to-noise ratio of the detected measurements.
Signal-to-noise ratio: a study of the different noise sources affecting the BOTDA sensor
was performed during the thesis work. The study indicates that the noise source ultimately
limiting the sensor performance depends basically on the fiber length and the input pump
and probe powers. Thus, while phase-to-intensity noise conversion induced by stimulated
Brillouin scattering can have a dominant effect at short distances, a combination of sources
determines the noise floor in long-range sensing, basically dominated by double Rayleigh
scattering generated by the probe wave. The results obtained were contrasted by analytical
and experimental results.

6.2

Open lines

The resultant open lines coming from the work performed during this thesis are presented on
the following paragraphs:
Measurement time: The SA-BOTDA sensor based on phase-modulated probe wave
assumes small Brillouin gain condition. As a consequence, the equation representing the RF
phase-shift shows immunity to variations of the local Brillouin coefficient. However, when
the gain is not small enough, the RF phase-shift spectrum may slightly change its spectral
shape, inducing an error on the dynamic measurement. This effect must be considered and
studied to limit the maximum gain that this system can afford without error.
Another issue of this system is the available measurement range. Although the system
doubles its value regarding the SA-BOTDA sensor based on the amplitude using a single
pump pulse. It may be necessary to increase its value for real applications, such as monitoring
the vibrations on the blades of wind turbines. Consequently, new methods to extend the
measurement range would be very useful to enhance the system performance. In addition to
this point, the system could be updated to deploy a synthesized and adaptable probe wave
to always work on the slope of the measured spectrum when the sensing fibers has not a
uniform Brillouin frequency shift (BFS).
Finally, the evolved system using the new polarization diversity technique based on
double orthogonal pump pulses assumes that the BFS between the pump pulses and the probe
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waves is equal. However, there exists around 1 MHz difference that may induce an error on
the detected BFS. For example, for a given location of the fiber in which the probe waves
have the same state of polarization (SOP) than one pump pulse, the Brillouin transfer would
be given only by that interaction, however the SOP of the probe waves may change along time
and consequently be aligned with the other pulsed signal, inducing an error of approximately
1 MHz. This issue may be solved by deploying a dual parallel Mach-Zehnder electro-optic
modulator that outputs a double sideband signal in which the frequency difference between
the optical carrier and the sidebands differs 1 MHz. Consequently, the frequency error caused
by the BFS dependence on the pump frequency may be corrected.
Non-local effects: In systems based on phase-modulated probe wave, the pulsed wave
is amplified or depleted by a narrowband signal given by the characteristics of stimulated
Brillouin scattering. This amplification or depletion process may induce a spectral distortion
of the pulsed signal, which may affect the measured Brillouin spectrum. This effect should
be carefully studied when short pump pulses are used to retrieve the measured Brillouin
signal, since they have a larger bandwidth than the natural Brillouin spectrum. Moreover, as
the small gain condition typically applied in BOTDA sensors has been also employed for
this study, it would be very interesting to determine the maximum Brillouin amplification
that the system can tolerate.
In BOTDA sensors using frequency modulation of the probe wave (the single probe wave
case), the pump power evolution when sweeping the frequency difference is not longer a
Lorentzian shape for uniform BFS fibers. Consequently, the equations developed in [19] that
provide the frequency error for a given depletion/amplification factor are no longer valid,
since the frequency-dependence pump power acquires a different shape due to the frequency
modulation. This shape may affect less the distortion of the measured spectra since it is
designed to be approximately flat during the frequency sweep. Therefore, a large probe power
could be injected into the optical fiber that the power experimentally verified in this thesis.
This effect should be studied to evaluate the maximum performance that can be obtained
with this system.
Finally, the BOTDA sensor using a frequency modulation of both probe waves (balanced
BOTDA sensor) has been demonstrated with a fiber length of 50 km. For this range, the
SNR improvement that this technique can provide is not fully exploited since the received
optical probe power saturates the high-transimpedance receiver and hence, the optical power
must be attenuated before being detected. An interesting point will be to increase the sensing
range using this technology to experimentally demonstrate its potential.
Modulation instability: the degree of orthogonality between the two pump pulses
with different wavelengths that are used to increase the MI threshold must be studied for
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long-range systems. In this case, the orthogonality between both waves may be lost during
their propagation and hence, four-wave mixing could play an important role, drastically
reducing the useful length of the sensing fiber. Therefore, this effect should be considered in
future implementations using this technique.
Sensing range: the amplification to the pump pulse provided by a DBA pump wave
is obtained from a different laser source that the one used to generate the pump pulse
and probe wave. Consequently, the stability of the sensing system could be affected due
to frequency drifts between both lasers during time. It would be interesting to present
a DBA-assisted BOTDA sensor using only one laser source to generate the three waves
required in this technique. Furthermore, the gain provided by the DBA pump wave is
adjusted with a polarization controller at the output of the laser source. Due to the variation
of the polarization, the gain could be considerably modified along time. This effect should
be fixed by studying the influence of introducing a polarization scrambler at the output of the
DBA laser source that averages the gain provided to the pulsed signal.
Another interesting point is the influence of the amplification of the pulsed signal on
the deviation of the Brillouin frequency shift of the fiber due to self-phase modulation
(SPM). As it is shown in chapter 4, this can be solved by using long pulses and differential
pulse-width pair technique since the problem comes from the gradual amplification of the
pump pulse caused by the acoustic wave growth. However, it would be interesting to further
study this effect in order to provide a more elegant solution. Moreover, this effect may be
also detrimental for BOTDA systems that can tolerate amplification or depletion caused by
non-local effects, since the effect caused by the acoustic growth is equivalent.
Signal-to-noise ratio: the analysis presented for BOTDA sensors does not include the
introduction of an erbium-doped fiber amplifier, typically used to amplify the low power
probe signal before being detected. The introduction of this device could increase the noise
level not only by the amplified spontaneous emission but also by its beating with the other
noise sources identified during this work. Therefore, it would be an interesting contribution
to extend this study in order to basically cover all the different scenarios used in BOTDA
systems.
Furthermore, it would be remarkable to analyze the effect of phase-to-intensity noise
conversion in SBS process for SA-BOTDA sensors based on the amplitude and the RF
phase-shift. The SA-BOTDA sensor based on the amplitude set the probe frequency at the
skirt of the Brillouin spectrum in which this noise takes its highest values. On the contrary,
the SA-BOTDA sensor based on the RF phase-shift sets the probe frequency at the exact
location of the BFS in which the noise is minimum. This could be another advantage of
using this kind of system.
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Finally, considering the work done by our research group on the development of BOTDA
sensors based on phase-modulated probe wave and RF demodulation, the extension of the
SNR study to this kind of system would be of great interest to properly compare it with the
conventional BOTDA sensors.
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Appendix A
Determination of the laser source
spectral shape
The setup assembled to retrieve the spectral shape of the laser source is the one shown in
Fig. A.1.
Fiber

L>Lcoh
Laser

Photodetector

Coupler

ESA

Coupler

Fig. A.1. Self-delayed homodyne detection system.

This setup is based on the delayed self-homodyne measurement technique, which is
typically deployed to measure the linewidth of a laser source [121]. The light of a DFB source
passes an optical isolator and then is divided into two optical branches by an optical splitter.
Each optical signal propagates trough a different length of fiber and they are combined
again using an optical coupler. Then, the optical signal is detected with a photodiode,
which is connected to an ESA, where the AC signal is measured. Note that for an accurate
determination of the spectral shape it is crucial to get both signals uncorrelated. This is
accomplished by choosing a fiber with a length greater than the coherence length of the
deployed DFB (Lcoh = 2πvg /∆νLS , where υg is the group velocity of the fiber and ∆νLS is
the linewidth of the laser source).
The electrical spectrum measured in the ESA is supposed to be a Lorentzian profile with
twofold the linewidth of the laser. However, this result is only retrieved if an ideal current
source drives the laser source and only under absolutely stable environmental conditions.
When these conditions are not fulfilled, the Lorentzian shape of the laser source is affected
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Fig. A.2. Measured spectral shape using the delayed self-homodyne detection
system and Voigt fitting curve.

by a Gaussian profile that stems from the noise of the current source and fluctuations of
temperature and pressure in the laboratory. As a consequence, the measured spectral shape
is a Voigt profile (combination of a Gaussian shape with a Lorentzian profile) that reflects
the actual linewidth when running the DFB under particular environmental conditions, using
standard laser drivers. Figure A.2 shows the measured power spectral density and the fitting
curve using a Voigt profile. The linewidth of the Lorentzian, Gaussian and Voigt profiles
obtained by the fitting procedure are 0.4498, 1.0540, 1.3710 MHz, respectively, which
matches well with the data provided by the manufacturer of the laser source.
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