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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

Distributed Optical Fibre Sensors Based on the Coherent Detection of

Spontaneous Brillouin Scattering

by Mohammed Nasser Al Ahbabi

This thesis reports on the progress that has been made improving the sensing performance of
a distributed temperature and strain optical fibre sensor based on the coherent detection of

spontaneous Brillouin scattering.

A coherent Brillouin sensor previously developed at the ORC was optically reconfigured and
optimised to improve the signal to noise. The optimised sensor combined with a new microwave
detection system providing high spatial resolution capabilities, was demonstrated as a tempera-
ture sensor. The system was also used to spatially resolve the Brillouin spectra in special fibres

designed to suppress stimulated Brillouin scattering for use in high power fibre lasers.

In combined temperature and strain sensing, in which both the frequency and power of the
Brillouin signal are spatially resolved, the accuracy achieved in both temperature and strain
measurements are largely determined by the accuracy of the power measurement. As a result,
alternative techniques avoiding the Brillouin power measurement were experimentally investi-
gated and compared. Brillouin frequency and power based technique was found to provide the

best results.

The sensing range is greatly dependent on input pulse energy. The pulse width is governed by
the required spatial resolution and the pulse peak power is limited by the onset of nonlinear
effects. The nonlinear effects were investigated and it was found that modulation instability
had the lowest threshold, when using standard single mode fibre and operating in the anomalous
dispersion regime. Modulation instability can be avoided by using fibres with negative dispersion

at 1550nm and this was demonstrated.

To further improve the sensing range and the sensor’s performance, the use of Raman ampli-
fication was investigated utilising different Raman pump configurations. Using frequency mea-
surements only, a temperature resolution of 5°C over a 150km sensing range with 50m spatial
resolution was achieved using a counter-propagating Raman pump. Using co-propagating Raman
pump the temperature resolution was 1.7°C with 20m spatial resolution at 100km. Measuring
both the power and frequency of the Brillouin signal, a simultaneous temperature and strain
measurement was performed over 50km; temperature and strain resolutions of 3.5°C and 85ue
with 5m spatial resolution were achieved, respectively, using co-propagating Raman pump which

has the advantage of requiring access to just one end of the sensing fibre.
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Chapter 1

Introduction

1.1 Introduction and Research Objectives

Whilst the role of optical fibres in the telecommunication industry is well known, the
technology has extended to another important application, such as optical fibre sensing.
Owing to the properties of fibres, providing a wide range of design possibilities, Optical
Fibre Sensors (OFS) have become an increasingly popular choice as reliable sensors.
The advantages that these types of sensors offer are enormous, e.g. electromagnetic
immunity, extremely small size, ruggedness and overall offering very high sensitivities.
Distributed Optical Fibre Sensors (DOFS) perform an efficient means of obtaining multi-
point measurements compared to discrete sensors. Recently, Brillouin based distributed
sensors have gained increasing popularity, due to their advantages compared to Raman
based sensors. Such popularity has emerged from their ability to measure both tempera-
ture and strain simultaneously and their possible use in long range sensing applications.
In most sensing applications, dynamic range is one of the most important aspects, since
it determines the maximum observable sensing length. However, the sensing range in
spontaneous Brillouin based sensors has been limited by some factors, such as the weak
nature of the Brillouin signal (~nW), silica fibre double pass loss (~0.40dB/km at

1550nm), nonlinear effects that limit the input power and fundamental detection noise.
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The principal aim of this research into spontaneous Brillouin based temperature/strain
sensors is to address such limiting factors in order to surpass previous achievements in
sensing range, measurands resolution, spatial resolution and overall sensing performance,
using a simplified Coherent Brillouin Sensor (CBS). The work described in this thesis
is based primarily on the author’s own research in collaboration and discussion with
members of research groups of the ORC at the University of Southampton. Any material

adopted from other sources to make this work more comprehensive is clearly referenced.

1.1.1 Thesis Outline

The thesis outline is as follows: Chapter two provides an overview and a literature review
of the background to this research. A brief introduction to OTDR based distributed
optical fibre sensors and their scattering mechanisms is given. The principles of Brillouin
based sensors are reviewed with emphasis given to spontaneous Brillouin scattering and
its detection methods. Major Brillouin sensing techniques, applications and fundamental
limitations are described. The chapter concludes with a summary of recent progress in

measuring distributed temperature/strain using Brillouin based sensors.

Chapter three describes the work that has been done to simplify and optimise the pre-
viously constructed CBS and its microwave detection system. Factors that limit the
system’s performance are investigated. The results of using the optimised microwave
detection system for high spatial resolution temperature measurements and the charac-

terisation of special fibres designed to suppress SBS are reported.

Chapter four presents the results of investigating and comparing three different tech-
niques for measuring temperature and strain simultaneously: Brillouin frequency and
power based techniques, frequency shifts of Brillouin multiple peaks and the combined
spontaneous Raman and Brillouin based techniques. The relative advantages of such

techniques are identified and reported.

Chapter five provides analysis of the nonlinear effects that limit the performance of
spontaneous Brillouin based sensors. A brief introduction and comparison of the thresh-

old power of stimulated Raman scattering, stimulated Brillouin scattering, self-phase
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modulation, four wave mixing and modulation instability is presented. Modulation in-
stability was found to have the lowest threshold and it is theoretically and experimentally

investigated in more detail in this chapter.

Chapter six includes the results of using optical Raman amplification with the CBS to
enhance the sensors’s range and accuracy. Different configurations of the Raman pump
were investigated and compared. Distributed temperature measurements up to 150km
based on the analysis of the frequency shift, along with simultaneous temperature and
strain measurements based on analysis of both the Brillouin frequency and power over

a range of 50km, are also reported in this chapter.

Chapter seven summarises the research and provides recommendations for possible fu-

ture work.



Chapter 2

Distributed Optical Fibre Sensors

2.1 Introduction

The unique capability of distributed optical fibre sensors allows a single length of fibre
to be used as a sensing element for continuous monitoring of the measurands as opposed
to an array of discrete sensors which increase the sensor’s complexity and cost. This
chapter outlines the principles on which DOFS are based. A literature review highlights
their main characteristics with particular emphasis being given to Brillouin based optical
sensors. Different types of Brillouin based sensor are briefly reviewed along with their
sensing applications. The sensing principle of measuring distributed temperature/strain
based on spontaneous Brillouin scattering using coherent detection is highlighted. Fac-
tors that affect the performance of Brillouin based sensors are reviewed, and the recent

progress which has been made towards their realisation concludes this chapter.



Chapter 2 Distributed Optical Fibre Sensors )

2.2 Overview of Optical Fibre Sensors

The principle of operation in the ever expanding field of OFS is that the light beam is
changed by the phenomenon that is being measured. The measurand can be a physical,
chemical or biological parameter, and optical fibre sensors have been demonstrated for
a wide range of measurements [I]. The properties of the optical signal that can be
modulated are diverse, i.e. power, frequency, phase, and state of polarisation. Silica-
based OFS have several advantages over other sensing technologies, the most important

being:

e They can be applied under adverse environmental conditions, like strong electro
magnetic fields, very high voltages, nuclear radiation, explosive media and high

temperatures.

e Potentially high sensitivity over a large bandwidth and the ability to interface with

a wide range of measurands in a discrete and/or distributed manner.

e Flexible geometries, allowing the design of a whole range of sensors with tremen-

dous information carrying capacity.

The applications of OFS are numerous and have shown scientific potential and economic
competitiveness with rival sensing technologies. Both discrete and distributed optical
fibre sensors have been successfully demonstrated. In discrete or quasi-distributed sens-
ing, a large number of sensing points may be used, but measurements can only be made
at discrete points. On the other hand, distributed optical fibre sensors allow continuous
monitoring of the measurand as a function of distance. The work in this thesis is based

on a fully distributed sensor.
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2.3 Principle of Distributed Optical Fibre Sensors

The concept of many distributed optical sensors operates under the powerful principle of
Optical Time Domain Reflectometry (OTDR)[2]. OTDR itself is a diagnostic procedure
used to measure fibre splice/loss or to locate breaks along the fibre length. In this
procedure, a pulse of light is transmitted down the fibre and the Rayleigh light, which
is backscattered within the numerical aperture of the fibre, is measured. The time
between sending the pulse of light into the fibre and detecting the backscattered light
provides a measure of the distance along the fibre. The basic components of such sensors
are a light source, an optical fibre serving as a sensing element and appropriate signal
processing electronics. In general, the characteristics of the pulse sources depend on
the desired sensing range, spatial resolution and nonlinear thresholds. The bandwidth,
sensitivity, linearity and dynamic range of the detection system are carefully selected and
designed to be compatible with the pulse widths used and the levels of the backscattered
light. Typically, the backscattered light is weak in nature and has a great deal of
associated noise, hence some averaging and data processing is required to extract the
measurand information. The length of the sensing fibre normally places a constraint on
the maximum repetition rate of the laser because a second pulse is only launched after
the backscattered signal from the first pulse has been collected. For example, a 100km
length of fibre would limit the maximum repetition rate to 1kHz, and this would govern

the time taken to average a large number of traces.

The main scattering mechanisms exploited for DOFS are Rayleigh, Raman and Brillouin
scattering. In contrast to Rayleigh, there is a difference in frequency between the incident
light and the scattered Raman and Brillouin light. Components which gain energy in
the scattering process and therefore have a higher frequency are referred to as anti-
Stokes, and those which lose energy and have lower frequency are referred to as Stokes.
Figure 2.1/ illustrates schematically the major scattering light spectra in silica based

fibre.
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Figure 2.1: Schematic diagram showing spontaneous light scattering spectra of
Rayleigh, Brillouin and Raman in silica-based fibre at 1550nm, not drawn to scale.

At 1550nm, the Brillouin components are ~15dB less than the Rayleigh signal and
separated from it by ~11GHz. The Raman components are over an order of magnitude

less than the Brillouin components and separated from the Rayleigh signal by about

13THz.

2.3.1 Rayleigh Scattering

Rayleigh scattering is intrinsic to the fibre material itself and is present along the entire
length of the fibre. It results from random inhomogeneities in the density and composi-
tional variations that are frozen into optical fibres during the fabrication process. These
variations cause refractive index fluctuations, resulting in a fraction of the scattered
light within the numerical aperture of the fibre being guided in the opposite direction

to that of the incident light. Rayleigh scattering is characterised by an attenuation co-
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efficient a which is proportional to A=* [3], for standard single mode fibre at 1550nm,
(@ 22 4.56 x 10~ m 1) equivalent to fibre loss of (~0.20dB/km). This Rayleigh scattering
is the enabling mechanism for OTDR, systems, which have been commercially exploited
as a fibre diagnostic tool for detection of damage and fibre attenuation. However, such
scattering of light in standard silica based fibre is not sensitive to factors such as tem-
perature and strain. Figure 2.2(a) shows a schematic diagram of a typical Rayleigh

scattering process in a silica fibre.

2.3.2 Raman Scattering

Inelastic scattering processes such as Raman result from the interaction between inci-
dent light and the molecular vibrational modes that exist in the molecular structure of
the medium, and have an energy that can be expressed in terms of phonons [4]. In this
process, the incident photon undergoes a change in energy, either losing or accepting
energy; hence Raman Stokes and anti-Stokes signals are generated respectively. Fig-

ure 2.2(b) illustrates the process of Raman scattering in a silica fibre.

Virtual | A
States
Y Y Y N e
> > > > > > NS
Incident Rayleigh ] Incident Raman Incident Raman
Wave Scattering lﬁ Wave Stokes Wave lanti-Stokes
A 4
Ground hv1
A 4 State A A
Rayleigh Raman
Scattering Scattering
(a) Rayleigh scattering. (b) Raman Stokes and anti-Stokes scattering.

Figure 2.2: Molecular vibration energy levels: diagram for both (a) Rayleigh (b) Ra-
man scattering. Where vy and v1 are the incident and shifted frequency, respectively,
and h is Planck’s constant.
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Raman scattering in silica glass occurs over a wide range of frequencies, due to the fact
that the molecules in a glass lattice are non-crystalline in nature, leading to different
vibrational energies for different groups of molecules within the glass structure. This
important property of Raman scattering allows the Stokes and anti-Stokes to have a
broadband nature. In fact, Raman scattering can extend over a large wavelength range,
up to ~230nm from the incident wavelength, with the peak occurring at ~100nm [5]. In
contrast to Rayleigh scattering, Raman scattering can be used to measure temperature
in a distributed way. The temperature dependence of the anti-Stokes Raman signal, in
particular, arises from the thermal population of the lattice vibrational energy states or
phonons, where the population density of the energy levels is governed by the phonon
distribution, which varies with increasing/decreasing temperature. In fact, it is this
thermal sensitivity that permits the use of the ratio of anti-Stokes to the Stokes power

to provide an absolute temperature measurement, as given by [3]:

As 4 ,(M)
R(T) = 3 e kT (2.1)

Where A\ and A\,s are Raman Stokes and anti-Stokes wavelengths respectively, ¢ is the
speed of light, h is Planck’s constant, Av, is the frequency separation between the
Raman anti-Stokes and pump, k is the Boltzmann constant and 7" is temperature in
Kelvin. The sensitivity of Raman power to temperature can be obtained from equation

2.1 and is given by:

1 dR(T) hAw,
R(T) dT — KkT?

(2.2)

Using equation 2.2 with Ar,,=13.5THz and T=293K, the percentage change in Raman

power due to a temperature change K% is approximately 0.80%/K.
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2.3.3 Brillouin Scattering

Spontaneous Brillouin scattering results from the interaction between an incoming in-
cident light wave and thermally generated acoustic waves in the medium. It can be
considered to be the diffraction of light from the refractive index variations caused by
the acoustic waves. The thermally generated acoustic waves occur over a wide range of
frequencies determined by discrete phonon energies. However due to the one-dimensional
guiding nature of optical fibres, it is only frequencies satisfying the Bragg condition that
give rise to Brillouin scattering. Figure 2.3l illustrates the process of Brillouin scattering

from an acoustic wave.
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Figure 2.3: Process of Brillouin scattering (\ps) as a result of interaction between the
acoustic wave (A\,) with incident light (A, ).

In fact, it is only when the incoming optical wave is phase matched to the acoustic
wave that Bragg reflection occurs, satisfying equation 2.3/ and resulting in spontaneous
Brillouin scattering with a frequency shift that is dependent on the scattering angle.
This can be seen by analyzing the Bragg diffracted wave vectors of the three involved

waves shown in Figure 2.3, given by:

2n)\, sin g =X (2.3)

Where n is the refractive index in the fibre, A, is the acoustic wavelength, A, is the

pump wavelength, 6 is the angle between the incident and Brillouin scattered lights Aps
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(Figure 2.3). The acoustic wave )\, can be expressed as follows:

Vq

Ao =
fa

(2.4)
Where v, is the acoustic velocityl. From equations 2.3 and 2.4 we can obtain an ex-

pression for the acoustic frequency f,, which satisfies the Bragg condition:

= -
Equation 2.5/ gives a quantitative value for the frequency shift experienced by the light
scattered from the acoustic waves. The frequency shift depends on the velocity of the
acoustic wave, the angle between the incident and scattered light and the fibre refractive
index. In optical fibre, only scattering in either the forward or backward directions is
guided. As a result, the acoustic frequency f, is maximised when the light is scattered
in the backward direction with respect to the direction of the incident wave, i.e. when

f# = 180°. The Brillouin frequency shift 14 is equivalent to the acoustic frequency fq,

hence equation 2.5/ becomes [7]:

= —1, (2.6)

Using typical values for silica fibres, such as n =1.45, and v, = 5960m/s, pump wave-
length )\, =1550nm, the shift is approximately ~11GHz, which makes separation of the
Brillouin from the Rayleigh signal more difficult compared to the Raman scattering fre-
quency shift ~13THz. It is worth mentioning that, above a certain threshold power, the
backscattered light experiences a rapid increase in power due to energy transfer from
an incident pump beam. This scattering is no longer spontaneous, and is known as
stimulated Brillouin scattering. Both stimulated and spontaneous Brillouin scattering
have become the basis for the next generation of distributed temperature/strain sensors,

in which Brillouin frequency and/or power are used to determine the measurands.

! Acoustic wave velocity in silica 225960 m/s [6]
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For Continuous Wave (CW) light and a source with a linewidth narrower than the Bril-
louin signal bandwidth, the Brillouin signal of the probe, as a function of frequency v
offset from the 1y, is typically referred to as Brillouin gain, represented by a Lorentzian

shape and given by [7]:

(0.5AV(,)2
v —1p)? + (0.5A1)2

9B(v) = 907 (2.7)
Where Ay, is Brillouin gain linewidth, typically ~35MHz in silica based fibre at 1550nm
[8], vp is the Brillouin frequency shift given by equation 2.6/ and g is the Brillouin gain

coefficient occurring at v=u;, given by [7]:

27rn7p2

9 (2.8)

- cA2pv, Ay,

Where p is the average photoelastic coefficient and p is the material density. Using
equation 2.8 with typical parameter values of fused silica fibre at 1550nm, g, = 5 x
10~'m/W [7]. The Brillouin gain spectrum in standard SMF obtained at 1550nm is

plotted in Figure 2.4/ using equation 2.7.
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Figure 2.4: Brillouin gain spectrum in silica based fibre at 1550nm.

The three parameters that characterise a Brillouin gain spectrum are the Brillouin gain

coefficient, Brillouin linewidth and the Brillouin frequency shift. In standard SMF, the
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Brillouin spectrum has one peak with a Lorentzian function shape. Multiple peaks are
found in fibres with a multi-compositional core structure [9]. The Brillouin gain coeffi-
cient, frequency shift, linewidth and power are dependent on the compositional material
of the fibre and the physical influences. However, there are two fundamental parameters,
namely the Brillouin frequency shift and power change that need to be considered for dis-
tributed temperature/strain measurements along the fibre. The Brillouin linewidth does
not vary with strain and exhibits only a small temperature dependence ~-0.1MHz/°C

[10], therefore it would be of limited use for temperature/strain measurements.

2.3.4 Comparison Between Brillouin and Raman Scattering for DOFS

The strong motivation for using distributed Brillouin based sensors over the more es-
tablished Raman based sensors stems from the several advantages that Brillouin based

sensors offer:

e Brillouin backscattered light is over an order of magnitude larger than Raman
scattering; hence a longer sensing range and better sensing performance are pos-

sible.

e Brillouin based sensors allow simultaneous temperature and strain measurements

along tens of kilometres of sensing range.

e The small frequency difference ~11GHz between the Brillouin backscattered signal
and its pump allows use of the low loss window (around 1550nm) and incorporation

of EDFAs for optical amplification.

e Another advantage of the small frequency separation is that the ratio of Rayleigh
and Brillouin backscattered light provides good compensation for splice and fibre
losses and avoids the complication of measuring both fibre losses at pump and

shifted frequencies, as in Raman based sensors.

e The Brillouin backscattered signal has a small gain bandwidth, hence can be re-
covered by an optical heterodyne detection method resulting in more convenient

signal processing.



Chapter 2 Distributed Optical Fibre Sensors 14

To obtain more insights into such comparisons, the following table summarises the key

properties of spontaneous Brillouin and Raman scattering for silica fibre at 1550nm.

Table 2.1: Key properties of spontaneous Brillouin and Raman scattering for silica
fibre at 1550nm [7] [8][11] [12][15][14).

Parameter Change Brillouin Raman
Gain bandwidth ~20-100MHz ~5THz
Gain coefficient ~5x107Hm/W | ~7x107 4 m/W
Frequency shift ~11GHz ~13THz

Scattered power
weaker than Rayleigh ~15dB ~30dB

Power change with temperature ~0.30%/ °C ~0.80%/ °C

Frequency shift with temperature ~1.1MHz/°C -

Power change with strain ~ =9 x 1074%/ue -

Frequency shift with strain ~0.048MHz/ e -

Due to the small frequency difference (~11GHz), a narrow linewidth source is needed
to allow the Brillouin signal to be resolved from the Rayleigh signal, and this requires
narrow and efficient optical filtering to separate the two signals. The sensitivity of
Raman power to temperature is higher than Brillouin power sensitivity to temperature.
However, the strength of the Brillouin signal compensates for the difference. In general,
the Brillouin based sensors can provide greater sensing performance, and have proved to
be of practical significance compared to Raman based sensors. The work in this thesis

is based fully on Brillouin based sensors.
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2.4 Brillouin Based Distributed Temperature/Strain Sen-

SOors

Brillouin based distributed optical sensors have attracted considerable research interest
due to their advantages compared to Raman based sensors. This section reviews temper-
ature/strain Brillouin based sensors in more detail, with emphasis given to spontaneous

Brillouin scattering based sensors.

2.4.1 Introduction

Recently, the dependence of Brillouin power and frequency on temperature/strain has
been used as the basis for distributed temperature/strain optical sensors. These de-
pendencies resulted from the variation in the refractive index and acoustic velocity of
fused silica with temperature/strain [6]. Typically there is a linear increase in refractive
index with temperature and strain. However, it is the contribution from the variation in
acoustic velocity that dominates Brillouin scattering. These linear dependencies enable

the monitoring of temperature/strain in a wide range of sensing applications.

2.4.2 Brillouin Based Sensor Applications

Distributed optical fibre sensors based on Brillouin scattering can measure variables in
a distributed way over large areas. The sensors can be used for measuring temperature,
strain, fibre loss, splice/bend loss, and fibre break along a link of fibre. However, temper-
ature and strain are the most important measurands. These qualitative measurements

can be used in a large number of applications, for example:

e Structural Monitoring: For detecting structural cracks, such as in buildings,
dams, bridges, mines, and tunnels. Structures require this kind of monitoring,
as do vehicles and machines (such as aircraft, ships, high-speed trains, or space
shuttles). Such measurements rely on high spatial resolution rather than long

range.
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e Chemical /Processing industries: For monitoring in nuclear power plants, elec-
trical generators, power transformers, pressure vessels and boilers. Other applica-
tions such as power lines, oil wells and pipelines can also make use of these long

range sensors.

e Communications Networks: For the monitoring of defects, such as loss and
sudden temperature/strain rises along active transmission fibre cables, strain in

submarine optical cable, earthquake damage and frozen cables.

In general, different sensing applications may require different tolerances on the sensing
range, measurement response time and measurand/spatial resolutions. As a result,
diversity in sensing applications has led to the need for a wide range of Brillouin sensing

techniques to satisfy different sensing requirements.

2.4.3 Brillouin Based Sensing Techniques

The main regimes that are used to measure distributed temperature and strain are
spontaneous Brillouin scattering and stimulated Brillouin scattering. Brillouin Optical
Time Domain Reflectometry (BOTDR) [15], which in principle is similar to conven-
tional Rayleigh OTDR, exploits spontaneous Brillouin scattering and requires access to
only one end of the sensing fibre. The position of measurands in the fibre is deter-
mined by using the time interval between launching the pulsed light and observing the
backscattered light; the spatial resolution is determined by the pulse width and detec-
tion bandwidth. Other techniques, such as Brillouin Optical Time Domain Analysis
(BOTDA) and Brillouin Optical Correlation Domain Analysis (BOCDA), exploit stim-
ulated Brillouin scattering and generally rely on access to both ends of the sensing fibre.
Distributed sensors based on BOTDA were described by Horiguchi et al. in 1990 [16].
Such techniques explore the interaction between a pulse source and a counter-propagating
CW source. Power is transferred between the two waves, provided their frequency dif-
ference is equal to the Brillouin shift (~11GHz). By measuring the frequency difference
between the two lasers, it is possible to determine the Brillouin frequency shift as a func-

tion of either temperature or strain along the sensing fibre. The spatial information is
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determined by the time delay before the pulse interacts with the CW light. The system
may be operated in either the Brillouin gain mode [17], where the CW signal acts as
a probe, or in the Brillouin loss mode, where the CW signal becomes the pump and
amplifies the probe pulse [18]. The latter may provide a longer sensing range, due to
the probe pulse being amplified. This technique has a few drawbacks. Access to both
ends of the sensing fibre is necessary, which is an obvious disadvantage in many sensing
applications, but more importantly it is only able to measure the Brillouin frequency
shift and provides little useful information related to Brillouin power. Hence, simulta-
neous temperature and strain measurements at long sensing range have proven to be
difficult [19]. Furthermore the measurement is dependent on an integrated Brillouin
gain along the fibre, and so accurate measurements are only feasible as single hot point
measurements.

In both BOTDR and BOTDA, when the pulse width is reduced to less than ~10ns,
the Brillouin spectrum becomes wider and reduces the accuracy of the Brillouin fre-
quency shift measurement [20]. The BOCDA technique was developed to overcome
such problems and to measure Brillouin frequency shift with very high spatial resolution
(sub-metre) [21]. The principle of BOCDA is based on the interaction of the CW probe
and pump signals along the sensing fibre. This is achieved by spatially controlling the
frequency difference between the two light sources. As a result, the SBS interaction is
confined to a certain position within the fibre and this position is determined by moni-
toring the correlation peak. The Brillouin gain is maximised where the pump and probe
light is in phase and the distributed measurement is performed by varying the modula-
tion frequency of the laser diode. This technique is only capable of measuring Brillouin
frequency shift over a relatively short sensing range, i.e. tens of metres, and because it
is only a frequency measurement, it is not able to separately resolve temperature and
strain. It is obvious that for a single ended long range simultaneous temperature and
strain measurement, BOTDR based on spontaneous Brillouin scattering is considered

to be the best candidate to fill this sensing requirement.
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2.4.4 Spontaneous Brillouin Based Sensors

In spontaneous Brillouin based sensors, the range and measurand resolution depends on
the peak power of the pulsed source and the Brillouin SNR at the receiver. However,
the maximum launched pulse power is limited by the onset of nonlinear effects in the
sensing fibre. The spatial resolution in these sensors depends on the pulse width and the
receiver bandwidth. The power profile of the Brillouin signal with distance is governed
by the time delay between the launched probe pulse and the arrival of the backscattered
signal. With the assumption that the loss experienced by the backscattered signal and
the forward pulse are equal, the Brillouin power profile along a length of sensing fibre

can be given as follows:

Pp(L) = 0.5P,WapSugel~2rL) (2.9)

Where P, is the launched probe power, W is the probe pulse width, v, is the group
velocity, ap and ag are the Brillouin and Rayleigh scattering coefficients, respectively.
S is the capture fraction, which determines the amount of scattered light collected within

the numerical aperture of the optical fibre and given by:

NA)?
S = (4712) (2.10)

Where N A is the fibre numerical aperture and n is the fibre core refractive index. The

Brillouin scattering coefficient can be expressed by [22]:

_ STendp?kT

= 2.11
VY P 211)

Where n is the refractive index, p is the photoelastic coefficient (~0.286), k is the
Boltzmann constant (1.38 x 10723J/K), T is the temperature of the fibre (298K), p
is the density of silica (2330kg/m?), v, is the acoustic velocity and )\, is the incident
wavelength (1550nm). Using equation 2.11! for silica based fibre, ap = 1.17 x 10~ m~1.

The slope of the logarithm of Brillouin power is equal to the double pass loss coefficient
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(~0.40dB/km at 1550nm), and the smallest distance between two scattering points that
can be resolved represents the sampling resolution. To compensate for variations in
the Brillouin power due to fluctuations in the input power or to fibre attenuation, and
bend/splice loss along the sensing fibre, the measured Brillouin power trace is typically
normalised by either a Brillouin trace recorded at room temperature or by the Rayleigh
backscattered signal, which experiences almost the same loss as the Brillouin signal.

This ratio is known as the Landau-Placzek Ratio (LPR) [12][22]:

LPR = & _ Tf(pUZﬂT_ 1)

2.12
Py T (2.12)

Where Pr and Pp are the Rayleigh and Brillouin powers, respectively. T is the fictive
temperature (temperature at which the glass can reach the state of thermal equilib-
rium), and Sr is the equilibrium isothermal compressibility of the melt at the fictive
temperature. Either Brillouin power change or frequency shift may be used to mea-
sure temperature/strain, provided one parameter is well defined. For absolute mea-
surement of temperature/strain, Brillouin frequency shift measurements are typically
referenced to room temperature and zero strain. The Brillouin power and frequency
dependence on temperature and strain have been experimentally measured and deter-
mined to be K% = 1.1MHz/°C and K? = 0.048MHz/ue, which are temperature and
strain coefficients governing frequency shifts, respectively [13], KZ,E = 0.30%/°C and
KP = —9.03 x 1074%/ e are the coefficients for power variations with respect to tem-
perature and strain respectively [12] [14]. These coefficients are summarised in Table
2.1. Due to the linear variations of Brillouin frequency v and power P with temperature
T and strain € respectively, the Brillouin frequency shift and power change are given by

[23]:

Av = K/ Ae+ Kp AT (2.13)

AP = KPAe + KEAT (2.14)
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These equations can be expressed in matrix form and if the determinant, (KYKL —
KI'KY) of the matrix is non-zero (using the above values KY KL /KF KY. ~-15), then
both temperature and strain can be uniquely determined from the inverse matrix, pro-
vided that both Brillouin frequency shift and power change can be adequately resolved.

The temperature and strain changes are given by:

_ K!AP—KPAv

AT =
K'KF — KPKY,

(2.15)

_ KEAv — KEAP

Ne =
° 7 KvKE — KPK»,

(2.16)

The corresponding errors in the derived temperature and strain measurements are given

by:

| KPsv | + | KY6P |

0T =
| K2Kf — KPK |

(2.17)

5 | KESv |+ | KY6P | (2.18)
° T TKYKE — KPK", | '
e T 5 T

Where dv and § P are the measured RMS errors on the Brillouin frequency and power,
respectively. The magnitude value of the determinant in equations 2.17/ and 2.18§] is
important, since it determines the temperature and strain errors due to any errors in
Brillouin frequency and power; i.e. the larger the determinant absolute value, the smaller
the calculated errors. However, this determinant value may vary with different sensing

fibres, since the measurand coeflicients depend on the characteristics of fibres.

Due to the relatively small values of Brillouin power coefficients with temperature and
strain along with the weak Brillouin signal (~nW) and fibre double pass loss, the Bril-
louin frequency shift and power change need to be measured accurately; hence a detection
system with high accuracy is crucial for practical long range simultaneous temperature

and strain measurements.
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2.4.5 Detection Methods in Spontaneous Brillouin Scattering

Two distinct detection methods used to extract temperature/strain information from
the spontaneous Brillouin scattering signal are the Direct Detection (DD) and Coherent

Detection (CD) methods.

2.4.5.1 Direct Detection

In the DD of spontaneous Brillouin scattering, Brillouin power is used as a basis for
temperature measurement, with the assumption that strain effects on Brillouin power
are negligible; therefore knowledge of the Brillouin frequency shift is not required. In
such a detection method, optical filtering is typically used to separate the Brillouin from
the Rayleigh backscatter signals. A stable interferometer such as Fabry-Perot [12][13]
Mach-Zehnder [24] or fibre Bragg grating [25] may be used. When the Brillouin power
is separated from the Rayleigh signal, the LPR is typically used to measure the ab-
solute temperature along the sensing fibre. It is possible to measure temperature and
strain simultaneously in DD using a Mach-Zehnder interferometer, where Brillouin com-
ponents are positioned on the slope of the interferometer transfer function. However,
the technique is limited in sensing range and accuracy [26]. It is worth mentioning that
for temperature measurement only, DD has the advantages of straightforward optical
electronics design, simple signal processing and relatively low cost. However, the dif-
ficulty in performing simultaneous temperature and strain measurements is considered
to be a disadvantage. The CD method on the other hand offers simultaneous measure-
ment of temperature and strain and provides longer dynamic range and better sensing

performance.

2.4.5.2 Coherent Detection

In such a detection method, a heterodyne detection of spontaneous Brillouin scattering is
employed to provide simultaneous measurements of Brillouin frequency shift and power
change; hence temperature and strain may be separated unambiguously. This method

involves mixing the backscattered signal with an optical Local Oscillator (LO), which
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brings the beat frequency to within the bandwidth of a conventional heterodyne receiver
[27]. Different techniques for achieving this principle have been reported, namely fre-
quency shifted pulses using Brillouin lasers [28], where pulses are emitted at the Stokes
frequency, the use of a high frequency electro-optic phase modulator driven by a me-
chanical generator to create 11GHz sidebands [29], and the use of an Acousto-Optic
Modulator (AOM) frequency translator ring to create a tuneable frequency shift in the
~11GHz range [15]. The best performance to date has been obtained by mixing the
source used to generate the Brillouin signal with the Brillouin scattering signal. This
creates a beat frequency of around ~11GHz and can be detected and analysed using
a fast optical detector and microwave electronics. The Brillouin spectrum along the
sensing fibre is typically built from a number of time-domain traces measured at the
desired frequency. By fitting a Lorentzian function to each spectrum, it is possible for
the Brillouin frequency shift and power change to be determined at each point along the
sensing fibre; hence distributed temperature and/or strain variation along the sensing
fibre may be obtained. Figure 2.5 illustrates schematically typical measurand effects on

a Brillouin gain spectrum spatially resolved along a sensing fibre using the CD method.

A e

Brillouin Power (a.u.)

Figure 2.5: Schematic diagram of the resulting output of the Brillouin coherent detec-
tion method.
The CD method tends to suffer from polarisation noise and involves more electronic
components compared to DD. However, it offers an improvement to the SNR in a sit-
uation where the principal noise source is detector noise. Furthermore the ~11GHz
beat signal can be far more effectively filtered electronically than can be achieved with
optical filters. These factors translate to a significant improvement in sensing range and

measurand resolution. It is this detection method that the thesis will investigate.
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2.5 Factors Limiting the Performance of Spontaneous Bril-

louin Based Sensors

2.5.1 Introduction

Due to the nature of optical fibres and Brillouin scattering, spontaneous Brillouin based
sensors suffer from some fundamental limitations, such as noise, weakness of Brillouin
signal, fibre loss and nonlinear effects. A Brillouin signal is typically a weak signal,
and the double pass loss of the fibre further reduces the signal, especially in long range
sensing. Hence, noise is a major limiting factor. To strengthen the backscattered light,
a high power signal needs to be launched into the fibre. However, the phenomenon of
nonlinearity limits the power. This section briefly describes some of the main limitations
affecting the performance in coherent detection of spontaneous Brillouin scattering based

sensors, and highlights techniques to reduce their effect.

2.5.2 Noise and Fibre Loss

Noise is the undesired disturbance that masks the received signal and hence degrades the
sensing system performance. In distributed optical fibre sensors based on the coherent
detection of spontaneous Brillouin scattering, the noise source is typically a combination
of electrical and optical noise. Thermal noise, shot noise and quantum noise are forms of
electrical noise typically associated with sensor detection systems. In general, electrical
noise may be reduced by signal averaging. Optical noise sources are Coherent Rayleigh
Noise (CRN), Polarisation Noise, random Relative Intensity Noise (RIN) and Amplified
Spontaneous Emission (ASE) noise?. Apart from RIN, these types of optical noise cannot

be reduced by signal averaging.

2 ASE noise occurs if optical amplifiers are employed in the sensing system.
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Coherent Rayleigh noise appears as fluctuations in the Rayleigh backscatter power trace
and it is a major source of noise when using a narrow linewidth source. This noise
degrades measurand resolution through the Brillouin power normalisation process, i.e.
LPR, and/or if there is a nonlinear contamination on the Brillouin signal by the broad-
ened Rayleigh signal. The effect of CRN on the Rayleigh trace using two different sources

is compared and shown in Figure [2.6.
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Figure 2.6: The coherent Rayleigh noise effect on the Rayleigh trace, measured using
two sources with different linewidths and powers.

Conventional signal averaging techniques cannot be used effectively to reduce CRN.
However, the use of a broadband pulse source, or averaging over a large number of dif-
ferent frequencies, significantly minimises the noise. This technique is called Frequency
Shift Averaging (FSAV) [30].

Polarisation noise on the other hand appears as fluctuations in the Brillouin power trace
if parts of the system components have polarisation dependent loss. This noise occurs
in coherent detection because a standard single mode fibre has low birefringence, with
poorly defined, possibly changing axes, which means that the state of polarisation is not
preserved down the fibre length. As a result, there are differential changes in the state
of polarisation of the Brillouin signal and of the local oscillator which cause such noise.
Figure 2.7 shows the effect of polarisation noise on a Brillouin backscattered trace in

two conditions, obtained using coherent detection.
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Figure 2.7: Polarisation noise effect on Brillowin trace with/without polarisation
scrambler measured at different levels of input power.

Polarisation noise has a significant effect on measurement accuracy in CD based sensors
and cannot be reduced by simple signal averaging. However, the noise may be reduced
significantly by randomising the polarisation state of the light in one or both of the
probe and reference sources. Using FSAV technique may also reduce the noise [31].

The RIN noise appears as random fluctuations in the output intensity of semiconductor
injection lasers. Such fluctuations translate into an optical intensity noise. In a CD
based sensor, RIN is assumed to mostly emanate from the optical LO, due to its high
power, compared to the level of backscattered light. ASE noise occurs in sensing sys-
tems that employ EDFAs or Raman amplifiers. The need for EDFAs resulted from the
fact that most narrow linewidth signal sources required for Brillouin based sensors have
low output power of a few ~mW or less. Raman amplifiers may be used in long range
DOFS to amplify the weak backscattered signal (Chapter [6). Typically, the bandwidth
of EDFA and Raman ASE are ~5nm and ~100nm, respectively. The broad signals
contaminate the Brillouin signal by generating noise signals at beat frequency through
various mixing processes, namely ASE beats with itself (ASE-ASE), with the local os-
cillator (ASE-LO), with the probe and Rayleigh signals (ASE-Signal). In general, some
of the ASE noise components such as ASE-ASE may be reduced by employing narrow
bandwidth optical filters such as the Bragg gratings. The ASE-probe beat noise cannot

be reduced by narrow-band filtering and, in this sense, is inherent to optical amplifiers.
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The total measurement time depends on the time taken to collect or process a single
trace, multiplied by the number of averages required to achieve the required SNR. Typi-
cally there is a trade-off between the data averaging time and sensor performance, which
depends greatly on the type of sensing application. However, high repetition rates and
fast data acquisition systems reduce measurement time significantly. Due to the need
for optical amplification at both the transmission and receiving ends of the fibre sensor,
and to make use of the low loss window, the chosen wavelength is typically optimised for
the third window (1550nm). However, even when operating at this wavelength, round
trip fibre loss (~0.40dB/km) is unavoidable. For example, for 100km sensing fibre, the
Brillouin signal is reduced by around 40dB. Fibre loss is therefore a major factor limiting
the sensing range. In Chapter 6, a new Raman amplification technique to help overcome

this limitation is described.

2.5.3 Nonlinear Effects

In a BOTDR based distributed fibre sensor, the backscattered signal is proportional
to the pulse energy within the sensing fibre. The pulse energy depends on the pulse
width and peak power. However, the desired spatial resolution limits the pulse width.
In spite of the availability of high peak power sources, the maximum peak power that
can be launched is limited by the need to avoid nonlinear effects. Above a certain
power threshold, nonlinear effects distort the backscattered traces, either directly or
via changes in pump depletion and/or probe spectral broadening. Such distortions
produce errors in measurements. The main nonlinear effects that need consideration are
Stimulated Raman Scattering (SRS), Stimulated Brillouin Scattering (SBS), Self-Phase
Modulation (SPM), Four Wave Mixing (FWM), and Modulation Instability (MI). The
signal limitations these nonlinear effects have on sensing performance are investigated

in more detail in Chapter [5.
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2.6 Recent Progress in Brillouin Based Distributed

Temperature/Strain Sensors

A great deal of research effort has focused on simplifying and improving the perfor-
mance of Brillouin based distributed temperature/strain sensors. In the last 15 years or
so, different techniques and methods have resulted in significant improvement in sensing
range, spatial resolution and measurand resolution. The techniques and corresponding
results were previously reviewed in some detail by Maughan [32] and more recently by
Cho [33]. The key results for both long sensing range and short sensing range combined
with high spatial resolution using the three main Brillouin sensing techniques (described
in 2.4.3)) are highlighted in the following section:

The longest temperature sensing range was achieved using BOTDR, based on Brillouin
frequency shift measurements [27]. For simultaneous measurement of temperature and
strain, the best result was obtained by measuring simultaneously the spontaneous Bril-
louin frequency shift and power change based on the BOTDR technique [34]. In the
BOTDA technique, which is based only on the measurement of the Brillouin frequency
shift and requires access to both ends of the sensing fibre, it was claimed that a temper-
ature resolution of 1°C with spatial resolution of 5m over a range of 32km was achieved
[35], but this result is based on the assumption that only one portion of the fibre is
heated. For a short range with very high spatial resolution, the best result was obtained
using BOCDA. In BOCDA, the research focussed on improving the accuracy with which
the Brillouin frequency shift could be measured for applications, such as monitoring civil
structures or chemical plants, which require short sensing lengths and high spatial res-
olution (<1m). Recent results in this respect were obtained by Hotate [36]. Table 2.2
summarises the key results in both short and long range distributed temperature/strain

Brillouin based sensors.
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Table 2.2: Key results and progress in Brillouin based sensing since 1990.

Spatial Sensing
Year | Technique | Temperature | Strain | Resolution | Range | Ref.
(°C) (pe) (m) (km)
1999 BOTDR 3 - 20 57 [27]
(Frequency)
BOTDR
1999 (Frequency 4 ].OO 20 30 [34]
and Power)
1993 BOTDA 1 - 5 32 [35]
(Frequency)
2001 | BOCDA - 70 0.04 8.0x1073 | [37]
(Frequency)

From Table 2.2, it can be seen that the longest sensing range of single or combined
measurands was obtained using the BOTDR based sensor. However, these measurements
are limited in spatial resolution. BOTDA technique has demonstrated a limited sensing
range and only one measurand can be measured at one time. Current BOCDA technique
is also limited to a single measurand with very short sensing range. As a result, it is

difficult to achieve long range simultaneous temperature and strain measurements using

BOTDA and BOCDA techniques.

It is the aim of this work to reduce the effect of factors that still limit BOTDR sensing
performance, in order to surpass current results with respect to sensing range, measur-
ands and spatial resolution, and overall sensing performance, which may lead to long

range distributed temperature/strain sensors of competitive commercial value.
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2.7 Conclusions

Due to their unique advantages, OFS have become an increasing popular choice com-
pared to other sensing technologies. The scattering mechanisms in the optical fibre
allow DOFS to be used efficiently in a large number of sensing applications. Due to
the strength of Brillouin signal and sensitivity to both temperature and strain, Brillouin
based sensors have gained popularity over Raman based sensors. The coherent detection
of spontaneous Brillouin scattering provides higher dynamic range, simultaneous mea-
surement of temperature and strain and better sensing performance compared to direct
detection. The investigation reported in this thesis is confined to a distributed optical
fibre sensor for measuring temperature and strain using coherent detection of sponta-
neous Brillouin signal, subsequently referred to as either the Coherent Brillouin Sensor
(CBS) or simply the sensor. It is the principal aim of this work to address factors that
limit the sensor performance such as noise, fibre loss and nonlinear effects. The next
chapters report on optimisation and sensing improvements achieved during the course

of this research.
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Chapter 3

Optimising the Coherent

Brillouin Sensor

3.1 Introduction

For long range Brillouin based distributed optical sensors, maximising the weak Bril-
louin backscattered light is crucial, since it determines sensing range and accuracy. The
coherent Brillouin sensor initially constructed at the University of Southampton was
reconfigured and optimised for longer range and better sensing performance. This chap-
ter describes the optimisation and improvements that have been made to the sensor.
It also reports on the demonstration of a new Microwave Detection System (MDS) for
high spatial resolution temperature measurement and its usage in characterising special

fibres designed to suppress SBS in high power fibre laser systems.

35
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3.2 Sensor Reconfiguration and Improvements

3.2.1 Previous System Set-up and Limitations

Prior to this research, the University employed a method of optically heterodyning
the Brillouin backscattered signal using a commercially available Electrical Spectrum

Analyzer (ESA). Figure 3.1l illustrates the previous Brillouin coherent sensor [1][2].

EDFA1 50/50 AOM EDFA2 PS
C Laser Source ] I 7 I
LO
11GHz L Isolator EDFA3
Electrical Spectrum Analyser
50/50 c

Sensing
Fibre

AOM =Acousto-optic Modulator , PS=Polarisation scrambler
LO=Local Oscillator, BG=Bragg Grating, C=Circulator

L D=Lightwave Detector, R=Rayleigh Signal

PM =Pulse Monitor, PC=Computer, Scope=0scilloscope

90/10

PM R

Figure 3.1: Block diagram of the previous coherent Brillouin sensor.

The sensor’s experimental set-up and principle of operation can be summarised as fol-
lows: The light source was a tuneable laser at 1533.2nm, with ~1MHz linewidth, and
up to 100uW CW output power. Two EDFAs and an AOM were used to generate a
probe pulse, which was launched into the sensing fibre. EDFA3 was used to amplify the
weak backscattered signal, generated in the sensing fibre, prior to mixing it with the
optical LO. The Bragg grating (reflectivity = 99.4%, AXg = 0.12nm, Ny = 1533.11nm)
filtered the Brillouin anti-Stokes signal from the Rayleigh signal. A 90/10 fibre coupler
was used as a 10% tap of the probe pulse for pulse monitoring (PM), which was used
as a diagnostic for the system output power and pulse width. The other arm of the
coupler was used to enable direct detection of the Rayleigh backscattered signal (R)
for Brillouin power trace normalisation. A 20GHz lightwave detector and an ESA al-
lowed the collection of time-domain traces centred at the desired RF frequencies. The
Brillouin spectrum along the sensing fibre was built from the measured traces and, by

fitting a Lorentzian function to each spectrum, the Brillouin frequency shift and power
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change were computed from the fitted curve. The temperature/strain change along the
sensing fibre was determined by analyzing the frequency shift and power change of the
anti-Stokes Brillouin backscatter signal. Analysis of the sensor set-up (Figure [3.1) re-
vealed that the sensor could be further optimised by reducing the number of optical

components and implementing more efficient data processing.

3.2.2 Optimised Sensor Set-up and Improvements

A schematic diagram of the reconfigured sensor is shown in Figure [3.2 and the key

changes are summarised.

EDFA1  50/50 AOM1 EDFA2 PS AOM2
C Laser Source H f I
LO
BG1 —
Detection System u‘} } o)) 5 E
C3 C2 c1
BG2 EDFA3

Sensing
Fibre

95/5

Nk

Figure 3.2: Optimised coherent Brillowin sensor set-up.

Important changes to the previous sensor include:

e A three port circulator C1 was employed instead of the 3dB coupler.

e An additional AOM2 was used to gate the ASE generated by EDFA2 (see figure
3.4).

e The backscattered signal was further amplified by employing a double pass ampli-
fication (EDFA3) where BG2 (reflectivity = 99.4%, ANy = Inm, Ay = 1533nm)
filters much of ASE generated in the first pass. Up to ~3dB improvement was
obtained compared to the single pass, with no sign of signal distortion by ASE

noise.
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e The isolator used in the previous sensor was removed, as it was redundant as a
result of the use of the circulator. The 90/10 coupler was replaced by a 95/5 coupler
to increase the Brillouin backscattered light; hence more than 2dB improvement

on the Brillouin backscattered power was obtained.

e A more efficient mixing technique was used, in which the optical LO is mixed with
the anti-Stokes Brillouin signal by allowing it to pass through the Bragg grating
(BG1) that filters the Rayleigh signal.

The following schematic diagram illustrates in detail the mixing principle using BG1.

7 =

Probe Coupler
Signal 50/50
LO R+S

L O=Local Oscillator

B G=Bragg Grating

R =Rayleigh Signal

AS =Brillouin anti-Stokes
S = Brillouin Stokes

C = Circulator

BG1
PD = Photo Detector
ASxLO Backscatterd Light
~11GHz PD cs (AS+R#S)

Figure 3.3: Local oscillator signal and Brillouin anti-Stokes mixing principle via the
Bragg grating (BG1).

The principle of this mixing technique is that the optical LO at 1533.2nm is trans-
mitted through the Bragg grating (BG1) (reflectivity = 99.4%, ANy = 0.12nm, Ay =
1533.11nm) at the output arm of the (50/50) coupler. The backscattered light, which
includes Rayleigh and both Brillouin Stokes and anti-Stokes signal, is routed by C3 to-
wards the BG1. BG1 allows the Brillouin Stokes at 1533.28nm and the Rayleigh signal
at 1533.2nm to be transmitted, whilst reflecting the Brillouin anti-Stokes at 1533.11nm
back towards the circulator, which now shares a common path with the optical LO and
is mixed on the face of the photodetector. This efficient mixing and filtering avoids the

3dB loss present in the previous sensor (Figure 3.1)).
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Figure [3.4] illustrates the effect of using AOM2 to gate the ASE generated by EDFA2.
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Figure 3.4: ASE signal with/without AOM gating technique measured at the output
of the CBS.
In the previous sensor, the ASE signal generated by EDFA2 was launched alongside the
probe signal into the sensing fibre, hence inducing noise on the Brillouin backscattered
light. However, by employing the gating technique, the ASE signal was suppressed by
around 20dB, as can be seen in Figure 3.4. A preliminary investigation of the opti-
mised sensor noise revealed that the ASE signal produced by the preamplifier EDFA3
(Figure 3.2) made a significant contribution to such noise. In this case, the ASE beat
with itself or with other signals, producing noise at ~11GHz, hence overlapping with
the Brillouin signal and reducing SNR. At present, the BG1 has a filtering bandwidth
of ~15GHz. However, ~2GHz will be more than enough to measure Brillouin frequency
shifts in practical sensing applications, hence more than 8dB improvement is possible
if a stable BPF with ~2GHz bandwidth is used. The second ASE noise signal was
identified to be the ASE coming from the optical LO produced by EDFA1. This noise
signal is relatively small compared to the preamplifier ASE noise, and can be reduced

significantly by employing optical filtering as well.
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Overall improvement on the Brillouin backscattered optical power was achieved as a
result of this new reconfiguration compared to the previous sensor, as summarised in

Table [3.1.

Table 3.1: Owverall improvement in Brillouin backscattered power as a result of opti-

mising CBS.

Changes made to the sensor Brillouin power improvements

Using C1 instead of 3dB coupler 2dB
Single to double

pass preamplification 3dB
New coupling ratio/isolator removal 2dB
Mizing using BG1 instead of 3dB coupler 2dB
Total improvement 9dB

The optical backscattered power was improved by around 9dB as a result of the CBS
reconfigurations and optimisation, which is equivalent to round 23km improvement on
sensing range. The ASE noise generated from EDFA2 was also significantly reduced
through the gating process. To further improve CBS performance, its data processing

techniques were investigated, as reported in the next section.
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3.3 Data Processing Considerations for the Coherent Bril-

louin Sensor

In order to gain further insight into the performance of the coherent Brillouin sensor,
a brief investigation of its data processing was carried out, as reported in this section.
The aim was to identify the various factors that affect the sensor’s performance. Factors
considered were the curve fitting routines used, the choice of frequency range/spacing

and the overall measurement time.

3.3.1 Spectral Curve Fitting and Brillouin Power Measurement

In the coherent detection technique, the distributed Brillouin spectrum is built from a
number of time-domain traces measured over the frequency of interest (Figure2.5). Since
the spontaneous Brillouin spectrum is known to have Lorentzian shape, a Lorentzian
curve is fitted to each spectrum. For this purpose, the Levenberg-Marquardt nonlinear
least squares algorithm was used [3]. After the fitting process, the centre frequency,
peak power, linewidth and area under the curve are determined from the Lorentzian
spectral profile and used to extract measurand information. However, at certain points
along the sensing fibre, where frequency shift changes over a distance smaller than the
spatial resolution, a double or even triple Lorentzian peak is needed. The Brillouin power
at each point along the sensing fibre may be extracted from the recorded spectra using
several methods, for example, by multiplying the Lorentzian peak power by its linewidth,
or alternatively by summing all spectral components over the frequency range, since the
total power is proportional to the area under the curve for Lorentzian fit. However,
the latter method may induce some error, if part of the Brillouin spectrum lies outside
the scanned frequency range. Using the product of Brillouin linewidth and peak has
the disadvantage that it cannot be implemented in situations where there is significant
variation in temperature/strain within the pulse width. If, for example, there were a
step change in temperature/strain, two peaks would emerge. The method of summation
of all spectral components can be applied without Lorentzian fit, hence overcoming the

problem of multiple peaks. This method may give more accurate measurement of the
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Brillouin power if adequate frequency range and suitable frequency step are used. In
fact, the choice of frequency range and spacing are crucial to the accuracy of the fitting
process, and hence the measurands’ resolution. The summation method will be used in

subsequent measurements.

3.3.2 Choice of Frequency Range and Step

Brillouin frequency /power measurements require the Brillouin spectrum to be measured
over a particular frequency span, which mainly depends on sensing applications. For
example, a 100 °C change in temperature or 2000u¢ strain shifts the Brillouin frequency
by around 100MHz. Therefore the intended range of frequencies needs to be estimated
carefully in order to avoid collecting time-domain traces of unnecessary frequencies or
underestimating the range which would lead to poor curve fitting. For the above exam-
ple, a frequency range of ~300MHz provides good accuracy of Lorentzian fit. Another
factor that needs to be considered is the frequency step!, where the bandwidth of the
detection system and the required measurement resolution determine the appropriate
interval frequency. It was verified experimentally that with larger frequency spacing, the
measurement time is significantly reduced. However, a large amount of trace averag-
ing is required to achieve the same measurand resolution as that obtained with smaller
frequency steps. Based on such finding, a frequency step of 10MHz was chosen, a com-
promise between smaller quantity of data and measurement time. This step frequency

is used in the subsequent measurements.

3.3.3 Measurement Time Considerations

The total measurement time depends on the frequency range, the frequency step, number
of averages, sensing fibre length and the data acquisition system. For example, if the
optimum frequency range and step are 300MHz and 10MHz respectively, then 30 time-
domain traces need to be measured. Each time-domain trace is averaged 4096 times,
as this is relatively easily achieved with the oscilloscope used, and takes around 50s.

Transfer time to PC takes a further 2s. Total measurement time is therefore (52s x

1 . . .
Frequency interval between consecutive measured frequencies.



Chapter 3 Optimising the Coherent Brillouin Sensor 43

30) or ~26 minutes. Although an oscilloscope is a convenient means to achieve the
averaging, faster data processing boards exist, and the time taken for collecting each
trace approaches the theoretical limit governed by the transit time of the pulse. For
example, for a 100km sensing range, the round trip time is 1ms, so 4096 averages can

be achieved in less than 5s (ten times faster than with the oscilloscope).
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3.4 Microwave Detection System for the Coherent Bril-

louin Sensor

This section describes a new microwave detection system designed to overcome the
spatial resolution limit imposed by the ESA. The system reveals itself to be a high
spatial resolution distributed temperature sensor. It is also used to characterise special

fibres designed and fabricated at the ORC which exhibit much higher SBS thresholds

for use in high power fibre laser systems.

3.4.1 Introduction

In the previous CBS, the highest spatial resolution obtained was about 20m and was
limited by ESA [I][4]. The present application for monitoring temperature in power
cables required a spatial resolution up to ~1m. Other potential applications of the
system are to monitor strain with similar spatial resolution or higher in large scale
structures, i.e. dams, bridges, tunnels and buildings. To achieve such spatial resolution
requires an ESA with a higher video bandwidth and a broader resolution bandwidth
than was previously available, at an economic price. The majority of ESAs are designed
to maximise the frequency resolution capability, i.e. have narrow resolution bandwidth,
operate at relatively low-intermediate frequencies (IF) and have correspondingly low
video bandwidths leading to poor spatial resolution. As a result, a new microwave
detection system was designed [2] to overcome the spatial resolution limitations imposed

by ESAs.

3.4.2 Principle of Operation

In the CBS in Figure 3.2, a single laser is used both as a source for generating the probe
pulse and as an optical LO. The generated beat signal is around 11GHz, corresponding
to the Brillouin frequency shift. This signal is further downshifted using the microwave
detection system. Figure 3.5/ illustrates schematically the microwave detection system’s

components and set-up.
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Figure 3.5: Block diagram of the microwave detection system.

The 11GHz signal was mixed with a PC controlled ~10dBm Yttrium Iron Garnet (YIG)
based Electrical Local Oscillator (ELO) and passed through a BPF centred at 1GHz,
with a bandwidth of ~50MHz to generate an IF of 1GHz. The ELO was scanned
through a range of frequencies in user-defined frequency steps. The selected frequency
of the ELO determined the portion of the Brillouin beat frequency spectrum that was
measured: i.e. the measured component of the Brillouin beat frequency was equal to
the ELO frequency plus the 1GHz IF, plus/minus the frequency induced by the AOMs.
The IF was amplified and then rectified using a microwave diode rectifier and fed into
a storage oscilloscope. The signal recorded was proportional to the Brillouin power at
the chosen frequency over the bandwidth determined by BPF. Figure [3.6/ illustrates the

1GHz BPF transmission window along with the downshifted Brillouin signal.
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Figure 3.6: Transmission window (~50MHz) of the 1GHz BPF and the downshifted
Brillowin spectrum.
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The downshifted Brillouin spectrum was generated from a SMF at room temperature. As
the ELO frequency is increased, the filter transmission window scans the Brillouin signal,
and a time-domain trace over the frequency of interest is measured. The oscilloscope was
used to average a large number of time-domain traces that were then transferred to the
PC. The Brillouin spectra were built by collecting such traces over a range of frequencies.
The Brillouin frequency shifts and Brillouin power change were then extracted from the

collected data and hence the temperature/strain change was spatially resolved.

A 3dB attenuator had previously been used at the input to the ESA to provide the
required DC path. This was no longer required in this system. Optical beat noise
generated around 9GHz was also mixed with the YIG signal, hence added to the electrical
signal output at the 1GHz IF frequency. This was prevented by adding an RF notch
filter at 9GHz with a 1GHz bandwidth prior to the mixer, as suggested by Dr. Peter

Wait?. This improvement on the SNR is illustrated in Figure 3.7.
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Figure 3.7: Noise reduction due to the use of the notch filter at 9GHz in the microwave
detection system.

Figure 3.7 compares the 1GHz signal with/without the 9GHz notch filter. Around 3dB

improvement on SNR was achieved with the use of the filter.

2SENSA, Chilworth Science Park,UK.[ Through personal communication].



Chapter 3 Optimising the Coherent Brillouin Sensor 47

3.4.3 Spatial Resolution and System Applications

The spatial resolution of MDS is determined by the bandwidth of the 1GHz BPF and
the rise time of the RF diode rectifier. Currently, the 1GHz BPF bandwidth is around
50MHz (~60cm spatial resolution) and could be increased up to ~80MHz (~4cm spa-
tial resolution). The rise time of the current RF diode is around 10ns (~1m spatial
resolution). With faster RF diodes, typically the conversion ratio from RF power to
DC voltage is reduced®. However, for ultra high spatial resolution measurements, the
sensing range is expected to be short, therefore such reduction in the conversion ratio
maybe tolerated. The MDS was mainly designed for high spatial resolution measure-
ments combined with long sensing range. However, another new application of MDS
that has been realised recently is the characterisation of special fibres designed to sup-
press SBS. In the next two sections, the MDS was examined for distributed temperature
measurement over a sensing range of 30km with 2m of spatial resolution, and also used

to characterise special fibres designed to suppress SBS.

3Specification sheet of the current RF diode.
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3.5 Temperature Measurement using the Microwave De-

tection System

3.5.1 Introduction

Distributed optical fibre sensors based on Brillouin scattering, with sub-metre spatial
resolution capabilities, have been previously reported, but were confined to relatively
short sensing lengths, and focused on either measuring the Brillouin frequency shift [5] or
power [6]. Several applications, such as the continuous monitoring of temperature/strain
in underground power cables, live optical links and large scale structures, require sensors
with relatively high spatial resolution combined with long range [7][8]. In this section,
the optimised CBS, along with the microwave detection system, was experimentally

demonstrated as a long range high spatial resolution distributed temperature sensor.

3.5.2 Experimental Details and Measurements

The experimental arrangement for the coherent detection of anti-Stokes spontaneous
Brillouin backscatter, using the microwave detection system, is illustrated in figures 3.1
and 3.5. The source was a tuneable laser at 1533.2nm, with ~1MHz linewidth, and
100pW CW output. Two EDFAs and an acousto-optic modulator were used to generate
a probe pulse of 25mW and 20ns with a repetition rate of ~80Hz, which was launched
into the 32km sensing fibre. A single pass EDFA preamplifier was used to amplify the
weak backscattered signal generated in the sensing fibre prior to mixing with a 1.8mW
optical LO. A 20GHz lightwave detector and the microwave detection system allowed the
collection of time-domain traces centred at the desired RF frequencies. The sensing fibre
was standard SMF in 3 sections. The first 30km remained on the original spools at room
temperature. The next 400m were placed in an oven at 60°C. The subsequent 1.6km
was maintained at room temperature and zero strain as a reference. To determine the
spatial resolution and accuracy of the system, Brillouin frequency measurements were
taken between 30 and 30.8km, where the central 400m length of fibre was heated to

60°C, and the remaining fibre was at room temperature (20°C). The temperature
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change along the sensing fibre was determined by analyzing the frequency shift of the
Brillouin backscatter. Brillouin spectra were built from 15 separate backscatter traces,
each averaged 2'° times, taken every 10MHz, starting at 10.99GHz. A Lorentzian
curve was fitted to each spectrum and the peak frequency was evaluated at each point
along the sensing fibre. First, the spatial resolution was evaluated by measuring the
rise time at a heated section; then the temperature change at the heated section 30km
down the sensing fibre was measured. The frequency resolution along the sensing fibre
was evaluated every 5km, averaged over a length of 500m, and then converted to the

corresponding temperature resolution.

3.5.3 Experimental Results

The spatial resolution was limited by the rise time of the available modulator AOM used
to generate the probe pulse, which limits the pulse width to ~20ns. For clarity, figure
3.8 shows a 10-90% rise-time measured at the front end of the sensing fibre. It agrees
with the expected performance, which is governed by the duration of the pulse and not

by the electronics of the detection system.
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Figure 3.8: A (10-90%) rise time of temperature change at 600m down the sensing
fibre indicating spatial resolution of ~2m.
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50

Figure 3.9 illustrates the temperature change at the heated section 30km down the

sensing fibre.
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Figure 3.9: Temperature change at the heated section 30km down the sensing fibre.
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The sensor was able to record temperature changes of less than 1.1°C at up to 20km

distance. The error increased with distance, but was less than 1.7°C at the end of the

sensing length. Figure 3.10 illustrates the temperature resolution along the sensing fibre.
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Figure 3.10: The RMS temperature errors for the 20ns pulse width measurements
along the sensing fibre at 5km intervals, averaged over a length of 500m.
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The system’s accuracy may be improved by performing more time-domain trace averages,
which will reduce noise but increase the measurement time. The rise time of the currently
used RF diode rectifier (~10ns) places an upper limit on the system’s spatial resolution,
but the detection system is now potentially capable of ~60cm spatial resolution, provided
its BPF bandwidth is tuned to its maximum (~80MHz) and a faster microwave diode

rectifier is used.

3.5.4 Discussion

A microwave detection system was demonstrated for coherent detection of backscat-
tered spontaneous anti-Stokes Brillouin signals for distributed temperature/strain sen-
sors. The aim was to improve the spatial resolution of the previously reported results
by an order of magnitude, and this was achieved. The design represents an important
and necessary advance for constructing a commercial sensor, as it dispenses with the
previous need for an expensive ESA. It also promises practical high spatial resolution
and accurate long range Brillouin based distributed optical sensing systems, with poten-
tial for further improvements in spatial resolution. As a future application of this new
system, the set-up was used to characterise fibres designed to have a high SBS threshold

for use in high power fibre lasers. This is reported in the next section.
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3.6 Measurement of Suppressed Stimulated Brillouin Scat-

tering in Special Fibres

In this section, the optimised coherent Brillouin sensor and its new microwave detection
system were used to test and characterise different fibres with different properties/struc-
tures to suppress Stimulated Brillouin Scattering (SBS). These fibres were designed and
fabricated to have a high SBS power threshold and to allow their use in high power fibre
laser systems. The task was to spatially resolve the Brillouin spectrum along such fibres

with ~1m spatial resolution.

3.6.1 Introduction

A technological revolution is occurring in the field of solid-state lasers, and the power
produced by fibre laser systems has rapidly increased [9]. The combination of high power
and ease of use is expected to benefit applications in a wide variety of fields, including
semiconductor device manufacturing, surgery, military technology, industrial material
processing, remote sensing imaging and scientific instrumentation [10]. One important
class of these fibre laser systems is the high power single-frequency fibre laser. However,
the detrimental effects of nonlinear interactions in the fibre core such as SBS are expected
to limit the power achievable from single-frequency sources [11]. Figure [3.11] illustrates
schematically the typical additional loss that SBS introduces as soon as the launched

power reaches a definite level.
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Figure 3.11: General effect of SBS on the output power (After [12]).

Stimulated Brillouin scattering is governed by the generation of acoustic waves through
the process of electrostriction. This in turn causes a periodic modulation of the refrac-
tive index and light is scattered through Bragg diffraction. In general, the waveguide
structure and refractive index profile can also affect acoustic wave behaviour in fibres and
result in changes in Brillouin scattering properties. In fact, there have been attempts
to reduce the effect of SBS by changing the Brillouin scattering properties within the
fibre. This can be achieved through variation of the composition along the fibre length
and/or varying the core radius and introducing non-uniformities by stressing the optical
fibre. In general, these techniques lead to a non-uniform Brillouin frequency shift along
the fibre and/or broadening of integrated Brillouin bandwidth, and, as a consequence,

higher SBS threshold powers [13] [14].

Southampton University is a leading player in the field of high power fibre laser tech-
nology, and has a particular interest in investigating the design of fibres that suppress
SBS [15]. The fibres characterised here were designed and fabricated at the ORC by the

fibre fabrication group led by Dr. Jayanta Sahu.
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Figure 3.12 illustrates schematically the main two structures of fibres that were charac-

terised.
Cladding Cladding \
) Non-tapered uniform core/cladding fibre structure. ) Structure of tapered fibre with two cores.

Figure 3.12: Schematic diagrams of two fibre structures designed and fabricated to
have high SBS threshold power.

Figure 3.12(a) shows uniform core/cladding structures, and figure 3.12(b) shows a nonuni-
form fibre structure (tapered), which has a double core structure. In this type of struc-
ture, the inner core size varies with fibre length, which may have different dopants and/or
concentration levels compared to the outer core. The uniform structure may have two
cores as well. Four different fibres (A, B, C, and D) were selected for characterisation,

and table [3.2 summarises their properties.

Table 3.2: Characterised fibre properties.

Fibre Fibre Dopants | Length Loss Diameter | NA
Structure (m) (dB/m) (pm)
(At 1533nm)

A Non-tapered Al 300 ~ 0.01 100 0.13

single core

B Tapered Al/Ge 100 ~0.18 80 0.12
double core

C Non-tapered Al 100 ~ 0.138 80 0.12
single core

D Non-tapered | Ge/Yb 150 ~ 0.036 100 0.13
double core

Variations of fibre composition and structure are expected to change the property of the
Brillouin gain spectrum in terms of the number of Brillouin peaks, frequency shifts and
Brillouin linewidth. To verify the expected changes within a relatively short length of
fibre, the MDS for the CBS was used to spatially resolve the Brillouin spectrum at each
point of interest along the fibres, with ~1m of spatial resolution. The system spatial

resolution was limited by the response time of the available RF diode rectifier (~10ns).
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3.6.2 Experimental Details and Measurements

The experimental set-up for characterising the Brillouin scattering in the tested fibres

is shown schematically in Figure [3.13.

Qerent Brillouin SensD—@M

SMF - 100M SMF - 500m

Figure 3.13: Experimental set-up for characterising special fibres for suppressed SBS.

The coherent Brillouin sensor and the microwave detection system, previously described
in figures 3.2/ and 3.5/ respectively, were used. However, to achieve high spatial reso-
lution measurements, the AOM? was replaced by an EOM to achieve a shorter pulse
width (~ns) for fast response time, and hence better spatial resolution. For clarity and
comparison purposes, two sections of standard SMF (100m and 500m) were used as
references before and after the fibre to be characterised (Figure [3.13). Such fibre has
a loss of ~0.20dB/km, an effective area of ~80um? and a diameter of ~125um. The
integrated Brillouin signal, i.e. for the whole fibre, was first measured using an ESA.
This allowed the Brillouin frequency shift and number of peaks to be identified. The mi-
crowave detection system was then used to spatially resolve the Brillouin spectrum along
the fibre. The Brillouin peaks’ shift and linewidth along these fibres were measured by

fitting Lorentzian functions to each spectra of interest.

4Response time was limited to around 20ns.
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3.6.3 Experimental Results

Figure 3.14/ shows the spatially resolved Brillouin spectrum along the four characterised

fibres A, B, C and D respectively.
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(a) Fibre A is between 200 and 500m. (b) Fibre B is between 150 and 250m.
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(c) Fibre C is between 200 and 300m. (d) Fibre D is between 200 and 350m.

Figure 3.14: Spatially resolved Brillouin spectrum along different tested fibres.

The Brillouin spectrum along these characterised fibres are shown with the reference
spectrum of standard SMF, which has only one Brillouin peak centred at ~11.1GHz.
The change in Brillouin scattering properties (Brillouin frequency shift, line width and
number of peaks) of the characterised fibres (Figure 3.14) is due to the change in the
waveguide structures and dopants (Table 3.2). Due to the high loss in some of the fibres
under test (Table 3.2), the Brillouin signal is severely attenuated, but still measurable.
Figure 3.14(a) shows fibre A; this non-tapered fibre exhibits two adjacent peaks. How-
ever, for simplicity they will be considered as being one main structural peak situated

at ~11.3GHz, with much larger linewidth compared to the reference SMF.
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Figure 3.14(b)| shows fibre B. This tapered fibre exhibits two distinct adjacent peaks, a
smaller peak at ~11.15GHz and a larger one at ~ 11.33GHz. Fibre C is shown in Figure
3.14(c). This fibre exhibits two adjacent peaks, which can be again considered as one
main peak situated at ~11.35GHz. Fibre D has two distinct peaks. The first peak at
the lower frequency is larger than the second one, as can be seen from Figure |3.14(d).

In order to evaluate Brillouin properties at any point of interest along the characterised
fibres, the data of figure 3.14/ was analysed, Brillouin spectra corresponds to the 50"m
from the FUT front end was chosen for analysis. By fitting a single or double Lorentzian
curve to the spectra, Brillouin peaks, frequency shift and linewidth at that particular
point were determined. Figure [3.15] illustrates the Brillouin peaks, frequency shift and

linewidth measured in the four characterised fibres.
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Figure 3.15: Brillouin peaks, frequency shift and linewidth measured at the 50" m of
each of the four characterised fibres.
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Fibres A and C exhibit two adjacent peaks with an overall linewidth of around 200
and 220MHz (Figure 3.15(a) and Figure 3.15(c)), respectively. The similarities between
these two fibres may resulted because both have a single core structure.

Fibre B and D on the other hand have double core structure and exhibit double peaks.
The two distinct peaks in fibre B are shown in (Figure 3.15(b)). The smaller peak is
centred at 11.175GHz with ~100MHz linewdith and the second peak is at 11.33GHz
with ~150MHz linewidth. The overall linewidth of both peaks in fibre B is around
300MHz. Fibre D (Figure 3.15(d)) also has two distinct peaks situated at 10.95GHz and
11.25GHz. The second peak is relatively small (~50% smaller) compared to the main
one at 10.95GHz. These two peaks are separated by more than 300MHz and exhibit a
comparable linewidth of ~100MHz.

In order to account for any spectral broadening due to the relatively narrow pulse width,
the Brillouin spectral linewidths of the characterised fibres were referenced to the Bril-
louin spectrum of the standard SMF, the relative broadening are illustrated in Table

3.3, which also summarises in more detail the Brillouin characteristics of the four test

fibres.
Table 3.3: Brillouin properties of the characterised fibres.
Relative
Fibre | Number of main | Frequency shift Linewidth | Linewidth
peaks (GHz) (MHz to SMF
A 1 ~11.35 ~200 2
B 2 (~11.175)(~11.33) | (~100)(~150) 1& 1.5
C 1 ~11.35 ~220 2.2
D 2 (~10.95)(~11.25) | (~100)(~95) 1& 0.95
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3.6.4 Discussion

These results indicate clearly that Brillouin gain spectral properties such as number
of peaks, frequency shifts and linewidth, are dependent on the structure and dopant
variations along the optical fibre. It is evident from this preliminary result that it is
possible to design and fabricate fibres with broadened Brillouin spectra. This is expected
to increase the SBS threshold power and hence allow higher power fibre lasers to be built.
The CBS demonstrated adequate sensitivity in measuring the Brillouin spectrum area
in these lossy fibres. Spatial resolution could be further improved by using a faster RF

diode combined with a wider BPF bandwidth.
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3.7 Conclusions

The coherent Brillouin sensor and the microwave detection system were reconfigured and
optimised for better sensing performance, exhibiting around 9 and 6dB improvement
on the Brillouin optical and electrical power, respectively. The optimised sensor was
demonstrated for a distributed temperature measurement over 30km with 2m spatial
resolution and 1.6 °C of temperature resolution. The system was also used successfully
for the first time to spatially resolve the Brillouin spectrum in special fibres with ~1m
spatial resolution for suppressed SBS verification. From both measurements, it was
evident that the optimised sensor along with its MDS provides a commercially practical
solution for high spatial resolution measurements. Due to the weak dependence of
Brillouin power with temperature and strain, along with other factors such as fibre loss
and nonlinear effects, the accuracy of Brillouin power measurement limits the accurate
determination of temperature and strain simultaneously over long sensing range. The
next chapter investigates alternative techniques that avoid the need to measure the

Brillouin power.
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Chapter 4

Simultaneous Temperature and

Strain Measurement Techniques

4.1 Introduction

Although it is possible to separately resolve temperature and strain along a single linear
fibre using the dependencies of the spontaneous Brillouin power on temperature and
strain combined with the frequency information, the power measurement limits per-
formance in long range sensing. As a result, alternative measurement techniques that
avoid the Brillouin power measurement were required. In this chapter, two different tech-
niques, frequency shift of dual Brillouin peaks and combined spontaneous Raman and
Brillouin scattering were investigated for simultaneous temperature and strain measure-
ment over a 23km sensing range and compared to the conventional Brillouin frequency
and power based technique. The relative advantages of these techniques were identified

and reported.

63
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4.2 Spontaneous Brillouin Frequency and Power Based Tech-

nique

4.2.1 Introduction

In this section, distributed temperature and strain were measured simultaneously over
23km of standard single mode fibre using a spontaneous Brillouin frequency shift and
power change based technique. This conventional measurement was used as a reference

for comparison with other techniques.

4.2.2 Principle of Operation

As described in Section [3.6), the number of Brillouin peaks and their frequency shifts cor-
respond to the fibre refractive index, structure and dopant materials. In standard SMF
fibre, Brillouin scattering exhibits one main spectral peak around 11GHz. Figure 4.1
illustrates both the standard SMF refractive index and its Brillouin gain spectrum mea-

sured at room temperature and 1550nm.
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(a) Refractive index profile of standard SMF. (b) Spontaneous Brillowin spectrum in SMF.
Figure 4.1: Single mode fibre refractive index profile and the corresponding Brillouin
spectrum measured at room temperature and 1550nm.

In standard SMF, the refractive profile is uniform across its cladding and core (Fig-
ure 4.1(a)). Hence, only one Brillouin peak at around 11GHz is observed (Figure 4.1(b)).
By measuring both the absolute Brillouin peak frequency shift and power change simul-

taneously, the temperature and strain profile along the sensing fibre can be obtained
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using equations 2.15/ and 2.16/ (described in Section 2.4.4). The corresponding errors in
the derived temperature and strain measurements are given by equations2.17 and 2.18|,

respectively [1] [2].

4.2.3 Experimental Details and Measurements

The experimental arrangement for measuring distributed temperature and strain simul-
taneously is shown schematically in the following figure. It should be noted that this

measurement took place before the optimisation of the CBS described in Section [3.2.

Oven
@ ;@; @ 780110\
........... P R
600m 400m 22km
50/50
| 50/50 | | \;
Laser Source
:) | ry =
EDFA1 LO AOM EDFA2 PS
[ Detection System )(}:’ \ O =
50/50 c Isolator EDFA3
BG

Figure 4.2: Experimental set-up for measuring temperature and strain simultaneously.

The source was a ~100u4W tuneable laser at 1533.17nm with EDFA amplification, gener-
ating a probe pulse of 120mW, and 100ns duration. This was launched into the sensing
fibre. Coherent detection of the spontaneous Brillouin backscatter signal was achieved
by direct measurement of the 11GHz beat frequency between the optical LO and the
Brillouin signal, using a wide bandwidth lightwave detector along with the MDS. The
SMF used in this experiment has a loss of ~0.20dB/km and an effective area of ~80um 2.
The sensing fibre was arranged as shown in Figure 4.2l The first 22km remained on the
original spools at room temperature. The next 400m was loosely coiled and placed in an
oven to allow heating, whilst ensuring zero strain. The subsequent 600m were used as a
reference and maintained at room temperature with zero strain. The following 130m sec-
tion was passed round 9 pairs of pulleys and loaded by placing weights suspended at the

end of the rig to strain the fibre at room temperature. The last 4km was used as a second
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reference length and maintained at room temperature with zero strain. The distributed
temperature and strain variation around the heated and strained sections were deter-
mined by analysing the frequency shift and power change of the anti-Stokes Brillouin
backscatter signal. Brillouin spectra were built from 18 separate backscatter traces, each
averaged 2'° times, and taken every 10MHz, starting at 11.05GHz. A Lorentzian curve
was fitted to each spectrum and the peak frequency and its power were evaluated at each
point along the sensing fibre. All Brillouin frequency shift measurements were referenced
to room temperature and zero strain. Brillouin power was measured by evaluating the
sum of Brillouin spectrum components at each point along the sensing fibre and was
normalised by a Brillouin trace taken at room temperature/zero strain to account for
fibre splice/loss. Initial measurements were performed to reconfirm Brillouin frequen-
cy/power reported coefficients with respect to temperature/strain using standard SMF

(Section 2.4.4)). Results are shown in the following table.

Table 4.1: Temperature and strain coefficients obtained in SMF.

Coefficients Corresponding values
KY 1.07£0.070  MHz(°C)"!
K 0.048 +0.003  MHz(pe) !
KP 0.36+0.030  %(°C)~!
KP —9x 107 £17° %(ue)~!

The measured coefficients’ values are in close agreement with previously reported values
(Section 2.4.4). Such coefficients were used in the subsequent measurements. In order
to validate the performance and accuracy, measurements were taken between ~20 and
23km at oven temperatures of 60°C and applied strain of 1500ue for the heated and

strained sections, respectively.
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4.2.4 Experimental Results

Figure [4.3 shows the normalised Brillouin frequency shift and power change around the

heated and strained fibres.
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(a) Brillouin frequency shift referenced to room temperature.
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(b) Normalised Brillouin power change.

Figure 4.3: Normalised Brillouin frequency shift and power change around the heated
and strained sections.

Using the measured Brillouin frequency shift Av and power change AP (Figure 14.3)

along with the measured Brillouin frequency and power coefficients, temperature and

strain profiles were derived using equations 2.15 and 2.16), respectively. Results are

shown in Figure 4.4l
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(b) Derived strain profile.

Figure 4.4: Deriwed temperature and strain profiles around the heated and strained
sections.

As can be seen from Figure 4.4, there is a little cross talk between temperature and strain,
and the nonuniform strain distribution is due to pulley friction on the strained fibre. The
derived temperature and strain resolution can be obtained by using Brillouin frequency
and power RMS errors v and d P, respectively. The RMS errors were measured at the
reference section (Figure 4.3) and were found to be ~1.31MHz and ~1.64%, respectively.
Using equations 2.17/ and 2.18, the temperature and strain resolution were found to be
~4°C and ~120ue, respectively. These values will be compared to the other temperature

and strain resolutions obtained using different measurement techniques.
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4.2.5 Discussion

Initially, it was verified that Brillouin power was temperature dependent, but that the
power was relatively weakly dependent on strain; i.e., 1°C or 300ue produces the same
change in power, whilst 1°C or 20ue produces the same change in frequency. In fact, it
was reported that power error is responsible for 99.7% of the temperature error and 94%
of the strain error [1]. The effect of the power error on the measurand resolution can
be seen clearly by using the obtained frequency and power errors, so that, for example,
if the power error is halved, then the temperature and strain errors will be ~2°C and
~T70ue, respectively, compared to 4°C and 120pe. On the other hand if the frequency
error is halved, then the computed temperature and strain resolution will be ~4°C and
~110ue, respectively. In order to explore other techniques which provide an alternative
to relying on the Brillouin power for separating temperature and strain, the use of
sensing fibres with multiple Brillouin peaks that exhibit different frequency variations

with temperature was investigated and is reported in the next section.
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4.3 Multiple Peaks of Brillouin Frequency Based Tech-

nique

4.3.1 Introduction

It was demonstrated and concluded in the previous section that measurand errors arise
mainly from the noise on the Brillouin power trace. Hence, to avoid the Brillouin
power measurement, a solution recently proposed by Lee et al. [3] is to use Brillouin
frequency shifts in Large Effective Area Fibre(LEAF)T™  which is Non-zero Dispersion
Shifted Fibre (NZ-DSF)Y. This kind of fibre has a positive dispersion (4.3ps/nm.km) at
1550nm and a multiple composition fibre core, and hence multiple Brillouin peaks. The
previously reported work [3] was restricted to a relatively short sensing fibre length of
~3.7km; in this work the range was extended to over 23km and its accuracy determined

for later comparison.

4.3.2 Principle of Operation

The Brillouin spectrum of a silica fibre depends on the structure and doping composition
of the fibre core. In SMF, only one peak is observed (Figure 4.1(b)), whilst multiple peaks
are observed in LEAF. These peaks can arise mainly from the refractive index profile of
the core and other factors, as described in Section [3.6: two peaks were observed for core
profiles, with a central dip in refractive index [4]. Figure [4.5 illustrates the refractive
index profile and Brillouin spectrum in LEAF fibre measured at room temperature and

1550nm.

LA dispersion shifted single mode fibre that has the zero-dispersion wavelength near the 1550nm
window.
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Figure 4.5: Refractive index profile and spontaneous Brillouin spectrum in LEAF
measured at room temperature and 1550nm

As shown in Figure 4.5(a), the LEAF refractive index profile across the core region is
not uniform; hence multiple peaks appear in the Brillouin spectrum, as shown in Figure
4.5(b). The central frequencies of these peaks, (P! and P?) at room temperature were
found to be at ~10.97 and ~11.14GHz, respectively. The third peak at ~11.24GHz
is relatively small and is neglected in this work. Lee et al. [3] demonstrated that the
frequency shift dependence of the Brillouin 1% and 2"? peaks are notably different for
temperature, but similar for strain. Using the Brillouin frequency shift and power change
matrix equation (described in Section 2.4.4), but substituting the power change by the
frequency shift of the LEAF 2"¢ peak, the Brillouin frequency shifts of peak one Av?

and peak two Av'? are related to temperature AT and strain Ae by the following
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relation:

AP = KEIAT + K Ae (4.1)

Where t=1 and 2, K fTZ and K1 are the changes in frequency of peak i with temperature
and strain, respectively. Since the strain coefficients for LEAF peaks P! and P? are
equal, the change in temperature and strain can be derived from equation 4.1 and are

given by equations 4.2/ and |4.3| respectively:

A P1 —A P2
AT = =Zor o (4.2)
KZ/T - KI/T

P2 7-P1 P17-P2
AviK s — AvT K f

Ae =
P11 P1 P2 1o P1
K K~ K 7K.

(4.3)

By measuring both Brillouin peaks’ frequency RMS error, the error in derived temper-

ature and strain can be calculated using the following equations:

KfQ‘ svfl 4 |K£1| o2

£

o=
KKE KK

(4.4)

o BB v+ K5 ov
| KORKL — K2K |

(4.5)

Where dvF! and 6vF? are the measured RMS error on the Brillouin frequency shift of

peak one and two respectively.
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4.3.3 Experimental Details and Measurements

The experimental set-up for this measurement was similar to that for the previous mea-
surement (Figure 4.2). The LEAF investigated was NZ-DSF single mode fibre with the
following characteristics: loss of ~0.199dB/km, effective area of ~72um?2, and disper-
sion of 4.3ps/nm.km at 1550nm. Initial tests were performed to establish values for
the coeflicients governing the frequency shifts of peak one and two for their variations
with temperature and strain. By applying different combinations of temperature and
strain to the LEAF fibre and measuring the Brillouin frequency shifts of both peaks,

the relative temperature and strain coefficients were obtained. The results are shown in

Figure 4.6l
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Figure 4.6: LEAF peak one and two dependence on temperature and strain, respec-
tively.
Figure 4.6(a) shows that peak two has stronger dependence on temperature than peak
one. However, for strain, the two peaks exhibited the same dependency, as shown in
Figure 4.6(b) which agrees with previously reported work [3]. Using the data of figure

4.6, the measured coefficients’ values were averaged, as summarised in Table [4.2.
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Table 4.2: Temperature and strain coefficients in LEAF

Measurands Peak One Peak Two
i=1 i=2

KB MHZ(°C0)7! 1.0340.081 1.1940.083

KEP' MHz(pue) ™" 0.051+0.001 0.05040.002

The LEAF fibre was then heated to 60°C and strained to 1500ue, as in the previous
measurement, at a distance of 23km, and measurements for the Brillouin frequency
shifts of peak one and two were established. Brillouin anti-Stokes backscatter traces
were collected at a number of frequencies for both peaks. The Brillouin spectrum at

each point was obtained by fitting double Lorentzian curves to the data.

4.3.4 Experimental Results

Figure 4.7 shows a three dimensional plot of the Brillouin frequency shift of P and P2

from 22 to 80°C at a distance of 9km, chosen for clarity, down the sensing LEAF.
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Figure 4.7: Three dimensional representation of LEAF peak one and two frequency
shifts at a heated section some distance down the sensing fibre.
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Figure 4.8 shows the Brillouin frequency shifts of both peaks measured from ~21.8 to

~23.3km. Both frequency shifts were referenced to room temperature and zero strain.
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(a) Brillouin frequency shift of peak one.
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(b) Brillouin frequency shift of peak two.

Figure 4.8: Brillouin frequency shift of peak one and two in LEAF, referenced to room
temperature and zero strain.
The variation in frequency over the strain region is attributed to the friction in the
pulley system. Using the Brillouin frequency shifts of peak P! and P2, temperature
and strain were computed using equations 4.2/ and 4.3l Figures 4.9(a) and 4.9(b)| show

the derived profile of temperature and strain, respectively.
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Figure 4.9: Deriwed temperature and strain profiles around the heated and strained
sections of LEAF.
There is some induced crosstalk between temperature and strain, as shown in Figure
4.9, Using the data of figure 4.8, the frequency error of peak one 6! and peak two
ovP? were calculated and found to be ~2.16MHz and ~2.56MHz, respectively. The
temperature and strain resolution were then calculated using equations 4.4/ and 4.5, and

found to be ~29°C and ~630ue respectively.
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4.3.5 Discussion

At present, the technique of using the two frequency peaks of the LEAF to measure tem-
perature and strain yields increased errors when compared to the frequency and power
analysis of the single frequency peak in SMF. Whilst the CBS method allows detection
of the peak frequency to a resolution of less than a few MHz at this range, this new
technique imposes more stringent requirements on the resolution of the frequency mea-
surement; it is a differential frequency change that provides temperature information,
ie. ~190kHz/°C compared to ~1MHz/°C in SMF. A temperature resolution better
than 1°C requires individual frequencies to be resolved to approximately 190//2 or
~135kHz. The spontaneous Brillouin linewidth is approximately 35MHz and, in the
presence of noise will limit the frequency resolution measurement. Direct detection of
the differential frequency may prove to be a means to achieving some improvement, as
would fibres specifically designed to have a greater differential frequency change with
temperature. It is believed that most of the measurand’s error is associated with the
second peak measurement, because it is smaller in magnitude compared to the first
peak (40% smaller). Investigations indicated that it was just as troublesome to measure
the differential frequency with the required precision and as yet it has been impossible
to demonstrate any significant performance advantage over the frequency/power tech-
nique. As a result, another technique based on combining Raman power with Brillouin

frequency shift was investigated, and is reported in the next section.
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4.4 Combined Raman and Brillouin Scattering Based Tech-

nique

4.4.1 Introduction

In this section, an innovative technique to measure both temperature and strain simul-
taneously, which avoids Brillouin power measurement, is presented. This technique is
based on measuring both the spontaneous Raman power and Brillouin frequency shift
simultaneously. The two signals are generated from a single light source and access to

only one end of the fibre is required.

4.4.2 Principle of Operation

The principle of this technique is based on optical time domain reflectometry, using a
single pulsed light source operating at 1533nm and spatially resolving both the Brillouin
anti-Stokes frequency shift and the power of the Raman anti-Stokes signal at 1450nm.
The Raman signal is sensitive to temperature, but not to strain, and the temperature
along the fibre can be determined. This is the basis of conventional Raman based Dis-
tributed Temperature Sensors (DTS) 7M. With knowledge of the temperature of the
fibre, the strain can then be computed from the Brillouin frequency shift information.
The power of the anti-Stokes Raman signal is more sensitive to temperature 0.80%/°C
[5], than the anti-Stokes Brillouin signal, ~0.30%/ °C. This to some extent compensates
for it being more than one order of magnitude smaller than that of the Brillouin signal.
To accurately predict the temperature changes, the Raman signal has to be referenced
to a temperature independent signal measured with the same spatial resolution. In com-
mercial Raman based distributed temperature sensors, a second source is normally used
to generate the Rayleigh signal at the Raman shifted wavelength. For experimental con-
venience we used the Raman signal, recorded prior to heating the fibre, as our reference

for normalisation and hence compensation for splice and fibre losses.
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The temperature profile due to Raman power measurement along the fibre can be ob-

tained using the measured Raman power change as follows:

ATg(L) = —5— (4.6)

Where L is the distance along the fibre, APr(L) is the normalised change of Raman
power, and K II;T is the temperature coefficient of the Raman power. The Brillouin
frequency shift is dependent on both temperature and strain, and, by measuring Brillouin
frequency shift and using the now known temperature, the strain profile along the fibre

is given by:

_ Avp(L) — KyATR(L)

Ae(L) v

(4.7)

Where Avp(L) is the Brillouin frequency shift along the sensing fibre referenced to
room temperature and zero strain, K7 and K? are the temperature and strain coeffi-
cients for the Brillouin frequency shift, respectively. These coeflicients are taken to be
1.07MHz/ °C for temperature and 0.048MHz/ ue for strain in standard SMF as measured

in Section 4.2,
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4.4.3 Experimental Details and Measurements

The experimental set-up for measuring temperature and strain simultaneously, using
both spontaneous Brillouin and Raman scattering, is shown in Figure 4.10. It is essen-
tially as described previously in Figure [3.2, but with an additional WDM (1450/1550)

and Bragg grating BG2 to allow measurement of the Raman signal.
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Figure 4.10: Ezperimental set-up for measuring both spontaneous Raman power and
Brillouin frequency shifts.

Two detection systems were employed; a direct detection system was used to spatially
resolve the Raman anti-Stokes power, and coherent detection was used to spatially
resolve the Brillouin frequency shifts. In the direct detection measurement of the Raman
signal, a 1550/1450 WDM was used to provide some initial filtering of the 1533.2nm
Rayleigh signal from the anti-Stokes Raman signal. The Rayleigh signal was ~30dB
bigger than the Raman anti-Stokes, so a fibre Bragg grating (BG2) (reflectivity = 99%,
ANy = Inm, Ay = 1533nm) was placed before the detector to provide further rejection
of the backscattered Rayleigh light. The two fibre sections were heated to 60°C and
strained by 1500uc respectively as in the previous measurements. Initially, the Raman
power was measured along the ~23km with a probe power of ~1W; then a detailed
measurement around the heated and strained sections was performed. The Raman
anti-Stokes signal was averaged 2'° times and normalised using a trace obtained prior to

heating and straining the fibre. The Brillouin frequency shifts due to the combined effect
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of both temperature and strain were subsequently measured using a reduced probe power

of ~80mW to avoid any nonlinear effects on the Brillouin signal, such as MI (Chapter [5)).

4.4.4 Experimental Results

A plot of the Raman backscatter power measurement at 1450nm over the entire length
of the sensing fibre is shown in Figure 4.11; the heated section is visible in the inset

figure.
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Figure 4.11: Raman anti-Stokes power trace along the sensing fibre; the heated section
is clearly visible at ~22km.

Figure 4.12(a) shows an enlarged scale of the normalised Raman power change around
the heated and strained sections. The Raman power change at the heated section was
measured to be ~32%, and the RMS percentage resolution was measured to be ~4.8%.

Figure 4.12(b) shows the normalised Brillouin frequency shifts for both the heated and

strained sections relative to the unheated and unstrained fibre.



Chapter 4 Simultaneous Temperature and Strain Measurement Techniques 82

100
80 -
g
$ 60 -
2
o
o
o
3 404
E
[}
z
S 204
£
]
o
0
-20 T T T T T T T
22.0 222 224 226 228 23.0 232
Distance (km)
(a) The Raman anti-Stokes normalised power change.
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(b) The Brillouin frequency shift around the heated and strained
sections.

Figure 4.12: Normalised Raman anti-Stokes power change and the Brillouin frequency
shift around the heated and strained sections, respectively.

Using the Raman power change obtained from the normalised Raman trace and the
known Raman anti-Stokes temperature coefficient of 0.80%/ °C, the temperature profile
was obtained, as shown in Figure 4.13(a). The temperature change at the heated section

was calculated using equation 4.6/ and was found to be ~39 °C.
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Using this temperature information and the Brillouin frequency shift data from Figure

4.12(b), the strain profile was derived using equation 4.7, as shown in Figure 4.13(b).
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(b) Derived strain profile.

Figure 4.13: Derived temperature and strain profile around the heated and strained
sections using the combined spontaneous Raman and Brillowin scattering based tech-
nique.

The strained fibre is not uniformly strained, due to friction in the pulley system, as

mentioned earlier. The temperature resolution was determined from the Raman power

RMS error (Figure 4.12(a)) and found to be ~6 °C. The strain resolution was determined

from the data of figure 4.13(b) and found to be ~150u¢.
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4.4.5 Discussion

The feasibility of using this new technique to measure temperature and strain simultane-
ously was demonstrated. Despite not currently achieving better results when compared
to the Brillouin frequency and power technique, there is scope for improvements. The
noise on the temperature and strain measurements mainly arises from the noise associ-
ated with the Raman power measurement, and may be reduced by increasing the number
of averages. Some of the noise is also thought to arise from contamination of the Ra-
man signal with coherent Rayleigh noise. Improved filtering and further attenuation of
the Rayleigh contamination would help to reduce this noise. The contribution to strain
errors from errors in the determination of the Brillouin frequency shift is small in com-
parison to the noise in the Raman power measurements; the RMS frequency error was
evaluated in the 150m reference fibre, and converted to the corresponding temperature
and strain errors. It was calculated to be less than ~0.74MHz, which is equivalent to a
temperature error of less than 0.7°C and a strain error of less than 15us. Commercial
Raman DTS systems can now readily achieve 1°C temperature resolution over this dis-
tance [6], so if combined with the Brillouin frequency measurement, this would allow a

strain resolution of around 30ue.
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4.5 Comparison between Simultaneous Measurements Tech-

niques

In this section, a comparison between the three techniques for measuring temperature
and strain simultaneously is presented. Table 4.3 summarises temperature and strain

resolutions at 23km for all three techniques.

Table 4.3: Comparison of temperature and strain resolutions estimated in all three
sensing techniques.

Measurands Brillouin LEAF Spontaneous
Frequency & Power | Peak 1 & 2 | Raman & Brillouin

Temperature(°C) 4 29 6

Strain(pe) 120 630 150

Analysis of the temperature and strain resolutions in all three techniques reveals that
the Brillouin frequency and power based technique gives the best resolution for both
measurands, whilst measurands resolution obtained using the spontaneous Raman and
Brillouin based technique is better than those obtained with the multiple Brillouin peaks
based technique. The temperature and strain resolutions using the LEAF fibre and the
two frequency measurements were ~7 and ~5 times worse than that achieved using the
Brillouin frequency and power measurements. The temperature and strain resolution
using the spontaneous Raman and Brillouin signal were ~1.5 and ~1.2 times worse than
those achieved using Brillouin frequency and power measurements. It is concluded that
distributed fibre sensors based on LEAF or other fibres with multiple Brillouin peaks
provide an exciting new possibility for extending range and accuracy. However, this
preliminary investigation to compare the performance of the dual frequency analysis of
the Brillouin spectrum to the peak frequency and power analysis of Brillouin spectra
in SMF proved that there was no advantage of using such a technique at present. The
feasibility of the spontaneous Raman and Brillouin based technique was demonstrated,
and it may prove suitable, especially if combined with commercial Raman DTS. In

fact, the large input power and high temperature sensitivity make the Raman technique
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worth consideration for combined sensor applications at medium ranges. However, for
a combined long range sensor >30km, the Brillouin frequency and power technique is

considered to be the best candidate so far.
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4.6 Conclusions

Three different techniques for measuring distributed temperature and strain simultane-
ously were investigated and compared. Analysis of the two frequency components of
the LEAF fibre to determine temperature and strain produced almost seven fold dete-
rioration in the temperature resolution from 4°C to ~29°C, and more than a five fold
deterioration in the strain resolution compared to the Brillouin frequency and power
based technique in SMF. Raman anti-Stokes power was used to measure the tempera-
ture and is independent of the strain, and this, combined with the Brillouin frequency
shift measurement, allows the strain information to be determined. The results of this
technique are encouraging and demonstrate its feasibility, with Raman sensitivity and
higher input power making this technique worth considering, for example, combined
with commercially available DTS. The best measurand resolutions obtained were with
the Brillouin frequency and power based technique measured in SMF. This technique
may be used in longer sensing range, provided that the accuracy of the power measure-
ment can be improved. One obvious way is to launch a higher pulse power, as the signal
strength is directly proportional to the pulse power. The next chapter investigates in de-
tail the nonlinear effects that limit the launched pulse power and investigates a possible

solution.
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Chapter 5

The Influence of Modulation
Instability on Spontaneous

Brillouin Based Sensors

5.1 Introduction

In the previous chapter, it was concluded that the Brillouin frequency and power based
technique provides the best sensing results when compared to other techniques using
standard SMF and its performance is expected to improve further provided that accurate
measurement of the Brillouin power can be achieved. The Brillouin power accuracy is
greatly dependent on the strength of Brillouin backscattered signal which in turns is
proportional to the pulse energy within the sensing fibre. The pulse energy depends on
the pulse peak power and width. However, the pulse width is limited by the spatial
resolution requirement and the pulse power is limited by the need to avoid nonlinear
effects. Typical nonlinear effects that affect spontaneous Brillouin based sensors in SMF
are stimulated Raman scattering, stimulated Brillouin scattering, self-phase modulation,
four wave mixing and modulation instability. This chapter initially reviews the nonlinear
effects, and, since modulation instability was found to have the lowest threshold, this is

then investigated in greater detail.

89
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5.2 Nonlinear Effects on BOTDR Based Sensors

Nonlinear effects in Brillouin Optical Time Domain Refractometry (BOTDR) based
sensors distort the backscattered trace either directly or via probe spectral broaden-
ing and/or depletion of its power. Probe spectral broadening occurs when part of the
Rayleigh signal is spread to the Brillouin signal due to the small separation (~11GHz)
between Brillouin and Rayleigh signals. As a result, Brillouin sensitivity to temperature
and strain is degraded. Probe power depletion occurs when some of the probe energy
is transferred to generate other signals at different wavelengths. As the probe signal
becomes weaker, so does its backscattered light, hence limiting its sensing range and
accuracy. This section reviews the major nonlinear effects in BOTDR based sensors and

theoretically approximates their power thresholds.

5.2.1 Stimulated Raman and Brillouin Scattering

In Brillouin based OTDR systems, when the pulse power approaches a certain threshold,
SRS/SBS amplification will occur, and the pulse power is significantly transferred to the
Stokes signals. Therefore it is important to keep the pulse power below this nonlinear
threshold. The threshold pump power for SRS/SBS is defined as the input pump power
required, such that the Stokes power becomes equal to the pump power at the fibre

output. The SRS/SBS threshold powers in SMF can be approximated using [1] [2]:

C.pKA
P It%}}B = ;:)Tefe;f (5.1)
Where C,.j is a constant, 16 and 21 for Raman and Brillouin respectively, Acy; is the
effective area which is calculated to be approximately 80um? for conventional silica
fibres [3], the term K is a polarisation factor and its value, between 1 and 2, depends on
the polarisation of the pump and Stokes waves, its value will be assumed to be 1 in the
subsequent calculations. L.y is the effective length of the fibre and g is the Brillouin

gain coefficient (~ 5x 107! m/W) at 1550nm [2]. g, is the Raman gain coefficient which

was reported to have a value of (~ 1x 10713 m/W) at 1064nm and can be approximated
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at other wavelengths, related by [2]:

9r(Ap) = (106;?7”) (1.0 x 10713) (5.2)

Using equation 5.2 for A, = 1550nm gives g, ~ 7 X 10~1m/W. The effective interaction
length for the Brillouin scheme is half the pulse width, as both the pump wave and
Brillouin backscattered wave are counter-propagating. However, in the case of Raman,
the effective interaction length results from the forward propagation of the pump and

Raman signals, and is given by equation [5.3:

1 —Q
Lepp = (1 —e™%) (5.3)

P

~

Where «,, is the absorption coefficient of the pump pulse in the sensing fibre (ay,
4.5 x 107°m~! at 1550nm) and L is the length of the sensing fibre. As the pump
and Raman Stokes wavelengths are separated by a large frequency difference (~13THz),
another effect becomes dominant when calculating the effective length for SRS threshold
power. This effect is due to the significant wavelength difference between the pump and
Stokes signal; the difference in group velocities at the two wavelengths leads to a pulse
walk-off, i.e. the pump and probe pulses move apart as they travel down the fibre. This

walk-off length is calculated by [4], using the equation:

Ly=—— (5.4)

Where W is the pump pulse width, D is the fibre dispersion parameter (~17 ps/nm.km
in SMF at 1550nm), and A\ is the wavelength separation between the pump and signal
(~100nm). Figure 5.2) illustrates both the effective length due to fibre loss and the

walk-off length as a function of pulse width.
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Figure 5.1: Variation of the effective length due to fibre loss and the walk-off length

with a sensor pulse width modelled for 100km fibre length. Both lengths have the same

value, around ~35ns, and for shorter pulse widths the walk-off length dominates the
SRS threshold power.

For a pulse width of ~35ns, the effective and the walk-off lengths are equal. The sig-
nificance of this is that, for pulse widths less than ~35ns, the SRS power threshold is
dictated by L,, but above that value it is dictated by L.;s. Both SRS and SBS place
a constraint on the maximum power that can be launched into the sensing fibre and,
by using equation 5.1, their power thresholds can be approximated at any pulse width,
provided the fibre length is known. Figure 5.2]illustrates SRS and SBS threshold powers

as a function of pulse width, modelled for 100km fibre length.
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Figure 5.2: Raman and Brillowin threshold powers as a function of pulse width mod-
elled for 100km fibre length.
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Figure 5.2/ shows that, as the pulse width is reduced, the threshold value is governed by
the stimulated Raman threshold, which increases to about 3W for 10ns pulses, corre-
sponding to a spatial resolution of 1m. Both scattering processes, SRS and SBS, had a
similar threshold power of about 860mW for input pulse widths of ~390ns, correspond-
ing to a spatial resolution of ~39m. Beyond this pulse width, the threshold power is
determined by the SBS effect. The effective length for Raman scattering (Equation 5.3)
initially increases with fibre sensor length, gradually tending to a constant value of (a%,)
for very long lengths, i.e. a,L > 1; hence the Raman threshold power becomes almost
independent of the long sensing length. The Brillouin threshold power is likewise unaf-
fected by sensing length, because it is a function of pulse width only, assuming the pulse

width is very much less than the fibre length.

5.2.2 Self-Phase Modulation and Four Wave Mixing

Self-phase modulation is a phenomenon that leads to spectral broadening of optical
pulses [2]. It occurs because the refractive index is power dependent and hence varies in
a single pulse of light. As a result, the phase of the light waves that make up the pulse
changes, leading to change in frequency; thus the pulse is spread out and distorted. This
effect produces a broadened Rayleigh signal that eventually overlaps with the Brillouin
signal, which hence becomes less sensitive to measurand variations. The threshold power

of SPM along the fibre can be approximated as follows [2]:

th — (Zsmax (5 5)
spm VLeff

Where ~ is the nonlinear parameter given by:

2T Ny
v = 5.6
CAeff ( )

Where ns is the nonlinear index, typically ~ 2.2x 10720 m?>W~1 [5], v, is pump frequency,
Acyy is fibre effective area and c speed of light. For standard SMF at A=1550nm, with

an effective area of 80um?, the nonlinear parameter v ~1.1W~lkm~!.
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The ¢max in equation [5.5 is the maximum phase shift given by [2]:

1.16x
w

¢max = (57)

Where k is the broadening factor and W is the pump pulse width. In order to estimate
the SPM threshold power for this application, it is defined as the power that broadens
the probe spectrum to >1GHz. Using equation 5.5, the SPM threshold power can be
calculated as a function of fibre length for certain pulse widths or vice versa. Figure 5.3

illustrates the SPM threshold for both cases.
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(a) Threshold power of SPM versus pulse width (b) Threshold power of SPM wversus fibre length
modelled for 100km fibre length. modelled for 35ns pulse width.

Figure 5.3: Theoretical analysis of SPM threshold power versus fibre length and pulse
width modelled for 35ns pulse width and 100km fibre length, respectively.

For a short pulse width, less than ~25ns, SPM occurs at a relatively low power compared
to SRS and SBS (Figure 5.2). For a pulse width of ~1ns, the SPM power threshold is
calculated to be ~50mW. This value increased to ~1.2W at a pulse width of ~25ns
(Figure 5.3(a)). For the same pulse width and at 100km sensing length, SPM threshold

is approximated to be ~1.2W, as can be seen in Figure 5.3(b).
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Another nonlinear phenomenon that may degrade Brillouin based sensors employing
EDFAs and narrow pulse width signals is four wave mixing. The process of FWM is
where beams of frequency w; and we are mixed through action of third order suscep-
tibility to produce output at frequency 2w; — we. FWM gives rise to new frequencies
located either side of the Rayleigh frequency. It was reported [6] that for a high power,
narrow-band sensing pulse with residual ASE, FWM is believed to cause pump deple-
tion, which leads to weak backscattered light, hence limited sensing range and accuracy.
A preliminary investigation of the nonlinear effects in BOTDR based sensors [7] has led

to include this.

5.2.3 Modulation Instability

Modulation instability is a nonlinear process that operates in the anomalous dispersion
regime where small amplitude and phase perturbations grow rapidly under the com-
bined effects of nonlinearity and dispersion [8][9]. In such processes, during propagation
the optical beam induces spectral sidebands situated symmetrically around the initial
frequency of the pulse which grow with power and distance along the fibre. Due to the
small frequency difference between Brillouin and Rayleigh, these sidebands contaminate
the Brillouin signal leading to poor measurand resolution. Our investigation identified
MI to have the lowest threshold in our applications and this is analysed in some detail

in the following sections.
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5.3 Theoretical Investigation of Modulation Instability in
BOTDR Based Sensors

In this section, the influence of MI on spontaneous BOTDR, based sensors is investigated
theoretically. Firstly, a theoretical analysis of the origin of MI and its behaviour in
lossless fibre is undertaken, and then its gain and critical frequency in lossy fibres are

evaluated and introduced.

5.3.1 Introduction

In distributed temperature and strain sensors, based on spatially resolving the frequency
and power of the spontaneous backscattered anti-Stokes Brillouin signal along the sensing
length, MI effect is detrimental to the measurement. Operating at 1550nm, the Brillouin
backscattered signal is typically about ~11GHz from the pulse frequency. The MI in-
duced sidebands in the pulse’s spectrum lead to a broadening of both the backscattered
Rayleigh and Brillouin signals. Any overlap of these spectra prevents accurate deter-
mination of, in particular, Brillouin power. Initially it was considered that stimulated
Raman, stimulated Brillouin scattering and Self-phase modulation were the nonlinear
effects that limit the permissible input powers. It is now identified that in long range
sensors, using standard SMF, operating at 1550nm, MI has a much lower threshold.
However, MI is only present in anomalous dispersion fibre and so by using fibre with
negative dispersion at 1550nm such as NZ-DSF| this limitation is overcome, and a much
higher pulse power can be launched safely. In fact, this opens the door for exploring
opportunities arising from advances made in fibres, originally designed to handle higher

power for the telecommunications industry, being used in sensing applications.

5.3.2 Analysis of Modulation Instability

For further insight and to gain understanding, the modulation instability phenomenon
may be explored mathematically by considering the nonlinear Schrodinger equation,

with the assumption that the fibre is lossless [2]:
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57 = 5 zp VA (5.8)
Where A(L,t) is the amplitude of the pulse envelope, 32 and v are broadening and
nonlinear parameters respectively. In the case of CW radiation, the amplitude A is
independent of time (¢) at the fibre front end (L = 0). A steady state solution from
equation 5.8 can be obtained if A(L,t) is assumed to be independent of ¢ during propa-

gation along the fibre:

A = /P, expLy (5.9)

Where P, is the incident power at L = 0, and the nonlinear phase shift is given by:

OnL =P L (5.10)

The steady state solution suggests that CW light should propagate through the fibre
unchanged rather than having a power phase shift and power reduction if fibre loss is
present. However, the steady state solution is not stable against small perturbations. If

the steady state solution is perturbed slightly, such that the amplitude A becomes:

A = (\/P, + a) exp'®Ly (5.11)

And if the weak perturbation a(L, t) evolution replaces A(L,t) in equation 5.8, assuming
a general solution of such an equation, the weak perturbation wave number k, and critical

frequency w. (w. = 27 f.) can be obtained as follows:

by = 5 o] /(2 + sgn(B2)?) (5.12)

2 4 - 4vP,
B2l Ly P

(5.13)
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Equation 5.12] shows that the stability of the steady state depends on whether the
pulse experiences normal or anomalous group velocity dispersion. In the case of normal
dispersion (B2 > 0, A < \g) where (A3=21300nm represents zero dispersion), the steady
state is stable against small perturbations. However, in the case of anomalous group
velocity dispersion (B2 < 0, A > )\y), the perturbation grows exponentially with L.

Analysis of the nonlinear Schrodinger equation 5.8, for anomalous lossless fibre, yields
the following key results [2]: The gain at a frequency w from the critical frequency w.

of the launched pulse is given by:

G(w) = [Bow] V(w2 — w?) (5.14)

Equation [5.14 represents the gain at the frequency w, 4+ w for a perturbation shifted by
w from the incident frequency w,, and it only exists for |w| < w. . Figure 5.4 illustrates

MI gain when the input power was varied from 100mW to 400mW.
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Figure 5.4: Modulation instability gain in lossless fibre computed using equation|5.14
with various input powers from 100 to J00mW, in steps of 100mW.

The maximum gain will occur at two frequencies, which are given by:

1
We 27P0>2
w =4+— =+ 5.15

max =77 ( 5 (5.13)
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By substituting the maximum frequency in the gain expression (Equation [5.14), the
maximum MI gain becomes G4 = 2P, and increases linearly with the incident power
[2]. In Brillouin based sensors, when the f. exceeds ~11GHz as a result of higher
input power/fibre length, MI gain leads to contamination of the Brillouin signal by the

broadened Rayleigh backscattered light.

5.3.3 Modulation Instability Gain and Critical Frequency

The MI gain spectrum changes along the fibre as a result of fibre loss and CW or quasi-
CW beam power depletion. The power depletion can generally be neglected unless the
sidebands are strongly seeded and the gain profile along the fibre is determined by the
local pulse power that decreases with distance. When fibre loss is taken into account,

—al/2) where

the previously calculated critical frequency we, is replaced by (w.exp
is the attenuation factor ~0.045km~'and L is the fibre length. As a result, w. varies
along the fibre length eventually decreasing to 0 as the fibre length goes to infinity [§].
Using the expressions provided by Hasegawa et al. [9], the spatially integrated gain
and the critical frequency along standard SMF were computed. Figures 5.5 and 5.6

illustrate respectively the evolved MI gain and critical frequency along standard SMF

fibre modelled for a 30km fibre length.
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Figure 5.5: Spatially integrated gain versus distance along standard SMF, modelled
for launched pulse powers from 100 to 400mW, in steps of 100mW.
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It can be seen from Figure 5.5 that MI gain becomes larger as the input power and/or
fibre length increases, and at around 25km asymptotically reaches a constant value due to
pump depletion and/or fibre attenuation. The MI integrated gain can be approximated

from Figure 5.5/to be ~35dB at fibre length of 20km for a launched power of ~400mW.
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Figure 5.6: Spatially integrated MI critical frequency versus distance along standard
SMF, modelled for launched pulse powers from 100 to 400mW, in steps of 100mW.
It is shown in Figure 5.6 that the critical frequency decreases as the fibre length is
increased or the launch power is decreased. For a fibre length of ~20km, the critical

frequency is approximately ~28GHz for a launched power of 400mW.

5.3.4 Discussion

Clearly, modulation instability can lead to contamination of the detected Brillouin signal
when operating in the anomalous dispersion regime using standard SMF at 1550nm.
This contamination is seen as an upward drift in the ”Brillouin” signal along the fibre
and translates to an upward drift in temperature along the fibre. In order to validate
the MI effect, it was experimentally investigated in two different sensing fibres. Results

were compared and are reported in the next section.
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5.4 Experimental Investigation of Modulation Instability

in Different Sensing Fibres

5.4.1 Introduction

In this section, the MI effect was investigated and compared in sensing fibres that have
different dispersion regimes at 1550nm. Around 20km of both standard SMF and NZ-
DSF MetroCor™™ Fibre!' (MCF) were used as a sensing medium for distributed tem-
perature measurements. The MI effect on temperature resolution in both fibres was
investigated, compared and reported. The characteristics of these sensing fibres are

summarised in Table 5.1, according to the specifications provided by the manufacturers.

Table 5.1: Comparison of the characteristics of SMF and MCF fibres at 1550nm.

Fibre Type Fibre Loss Effective Area Dispersion
(dB/km) (um?) (ps/km.nm)
SMF <0.20 ~ 80 +17
MCF <0.25 ~ 50 —1.384

It can be seen from Table 5.1/ that MCF has higher fibre loss and smaller effective area
compared to SMF. However, the MCF dispersion is negative; hence, the MI effect is

expected to be overcome using such a fibre

! Available from Corning” ™.
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5.4.2 Experimental Details and Measurements

The experimental set-up for measuring the MI effect in a spontaneous Brillouin based

sensor using different sensing fibres is shown in Figure [5.7.

C Laser Source }—{ I

EDFA1 AOM1 EDFA2
BG2 é
Detection System “—é—{ H @
BG3 C2 BG1 C1
Reference Fibre Oven Reference Fibre PM R
Section 2 Section 1

Figure 5.7: Experimental configuration for measuring MI effects in different sensing
fibres.

Modulation instability was first demonstrated using a source consisting of a distributed
feedback laser operating at 1533nm, linewidth <10MHz, amplified by EDFA1, gated
using AOM1 and then further amplified using EDFA2. A pulse width of 100ns was
used and the output power was varied from 100-400mW. A series of power spectra were
measured using an optical spectrum analyser? at the output end of 20km for each fibre
as a function of the input pulse power. The influence of MI on the detected Brillouin
backscattered trace was then measured in the SMF and finally distributed temperature
measurements using both fibres were performed, using the principle of BOTDR and
direct detection of the power of the Brillouin signal [10] over a distance of 20km. The
Brillouin signal was optically filtered from the Rayleigh signal by thermal tuning of
two identical fibre Bragg gratings, BG1 and BG3 with reflectivity >99% and an optical
bandwidth of 0.1nm, to the wavelength of the pulse. BG2 was used to gate any residual
amplified spontaneous emission generated by the EDFAs. The optical bandwidth of BG2
was Inm with a centre wavelength of 1533nm and reflectivity >96%. In both cases, the

majority of the selected fibre was maintained at room temperature and around 500m of

?Hewlett Packard, model: 86142A.



Chapter 5 The Influence of Modulation Instability on Spontaneous Brillouin Based
Sensors 103

the fibre was placed in an oven and heated to 60°C. MI was evaluated by measuring
the probe optical spectrum in each fibre at different input powers. Then both the power
of the Brillouin and Rayleigh signals along both sensing fibres were measured with 21°
averages and 10m spatial resolution. The Rayleigh signal was measured using a second
broadband (~3nm) pulsed source to avoid significant coherent Rayleigh noise. The
Brillouin signal was then divided by the Rayleigh signal to account for any splice and
fibre loss. Using the relative Brillouin power temperature coefficients for both fibres,
the apparent temperature profiles along the sensing fibre at different input powers were

derived and plotted. The MI effect as a function of fibre length and the lowest nonlinear

threshold in MCF were also evaluated.



Chapter 5 The Influence of Modulation Instability on Spontaneous Brillouin Based
Sensors 104

5.4.3 Experimental Results

Figure 5.8 shows the output spectra recorded at the far end of both sensing fibres as the

input launch power of the pulse increased.
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(a) Pulse spectrum measured in SMF.
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(b) Pulse spectrum measured in MCF.

Figure 5.8: Power spectra for different pulse powers at the output end of the SMF and
MCF. The power was increased from 100mW to 400mW, in steps of 100mW.
In figure 5.8(a), the MI effect becomes more pronounced in SMF as the power increases.
Figure 5.8(b) demonstrates the expected absence of the MI effect in the MCF due to
its negative dispersion at 1530nm (Table 5.1) and suggests that larger input powers can
be safely used. It is worth noting that the pulse spectrum peak in MCF was increased
by around 5dB as the input power increased from 100mW to 400mW, without any

significant broadening. However, in SMF, as the power increases, the pulse spectrum
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peaks do not increase as expected but power is instead transferred to MI sidebands.
Using the data from Figure 5.8, the spectrally broadened linewidth was approximated
at ~30dB from the peak in both fibres, and referenced to the unbroadened spectrum

measured at 100mW input pulse power. The results are shown in Figure [5.9.
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Figure 5.9: Probe spectral broadening ratio in both fibres approximated using the data
of figure 5.8 as referenced to 100mW input pulse power.

In SMF, the probe spectra were broadened by more than 4dB for input powers from 100
to 400mW. On the other hand, MCF exhibits negligible spectral broadening as input
power is increased (Figure 5.9). To calculate the MI gain in the SMF, the measured
power spectra in Figure 5.8(a) were normalised by the source spectrum, which was also
measured at the far end of the fibre, but at a low input power. The result is shown in

Figure 5.10.
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Figure 5.10: Normalised MI gain spectrum measured at the output end of 20km of
SMF for pulse powers from 100 to 400mW.
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Figure 5.10/ demonstrates the expected characteristic and distinct MI sidebands. How-
ever, there was some asymmetry in the two sidebands, possibly attributed to the source
characteristic. The estimate of the peak of MI gain was therefore obtained by taking
the peak of the lower sideband. The critical frequency was taken to be one half of the
spectral width defined by the distance between the outer limits of the lower and upper
sidebands, i.e. where the gain was estimated to have fallen to zero dB. The measured
values are summarised in Table 5.2] and compared to the theoretical values computed

for figures 5.5/ and (5.6 for a fibre length of 20km.

Table 5.2: The theoretical and measured MI gain and critical frequency in standard

SMF.
PO G(max) (Theoretical) fc(Theoretical) G’(max) (Measured) fC(Measured)
(mW) (dB) (GHz) (dB) (GHz)
400 35 28 30£3 37
300 25 24 21£3 307
200 16 20 17+ 3 257

It is believed that the different values of the theoretical and measured frequency are
within the experimental errors of the measurements, i.e. the resolution of the OSA used
in such measurements was limited to ~60pm or (~7GHz). The theoretical analysis of
MI gain did not take into account power depletion, which may explain the slightly higher

theoretical gain values.
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The backscattered Brillouin Stokes and anti-Stokes spectra were detected at the front

end of the SMF and MCF for different input pulse powers and the results are shown in

Figure 5.11.
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(a) Brillouin Stokes and anti-Stokes measured in SMF.
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(b) Brillouin Stokes and anti-Stokes measured in MCF.

Figure 5.11: The Brillouin Stokes and anti-Stokes spectra measured at the front end
of both fibres for various input pulse powers. The power was increased from 100mW to
400mW, in steps of 100mW.
In figure 5.11(a), the two largest peaks correspond to the Brillouin Stokes and anti-Stokes

signals generated from SMF. The outer peaks are the Rayleigh backscattered signals
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from the spectrally broadened pulse. Figure 5.11(b)| illustrates the Brillouin Stokes and
anti-Stokes signals in MCF. As expected, the Brillouin backscattered light spectrum is
free from any broadening. In the SMF, the MI broadened pulse will also generate a
broadened Brillouin spectrum (shifted by ~11GHz) but this will be more than ~15dB
below the peaks due to Rayleigh scattering and hence below the noise floor. Although
the peaks of the MI gain do not coincide with the Brillouin peaks, there is sufficient
overlap for the measured Brillouin Stokes and anti-Stokes to be contaminated by the
Rayleigh scattering from the spectrally broadened pulse. In separate measurements, the
MI effect was evaluated at different sensing lengths of the SMF by measuring the probe
optical spectrum at certain fibre lengths with fixed input power of 400mW and 100ns

pulse width, as illustrated in Figure [5.12.
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Figure 5.12: MI effects measured at different sensing lengths in SMF with fixed input
power.
As can be seen from Figure [5.12, at zero length?, the MI effect has not yet developed.
However, as the beam propagates along the fibre, the MI effect grows rapidly. MI gain
broadening (critical frequency) tends to be reduced with fibre length and this is in close

agreement with the theoretical analysis described in [5.3.3.

3The front end of the sensing fibre.
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Using the data of figure 5.12) the linewidth of probe spectral broadening due to MI was
approximated at ~30dB from the spectrum peak (reference to probe spectrum at Okm)

and plotted against fibre length in Figure 5.13.

Spectral Brodening (dB)
N
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Figure 5.13: Spectral linewidth broadening at different SMF lengths approzimated at
~30dB from the spectrum peak.

By considering MI gain at the fibre front end (Okm) as a reference, MI seems to have

the largest broadening of its gain at ~30km, and beyond that broadening is reduced.
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In order to evaluate and compare the MI effect on temperature resolution in both fibres,
distributed temperature measurements were performed. Initially, a characterisation of
MCF was performed to evaluate the coefficient of Brillouin power with respect to tem-
perature. Around 500m of MCF at a sensing length of ~10km was placed in an oven and
the Brillouin power was measured at different temperatures, i.e. from 20 to 80°C, in
steps of 20 °C with input power of 100mW and 100ns pulse width. The result is shown

in Figure [5.14.
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(a) Brillouin power change at different temperatures.
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(b) Gradient of Brillouin power change with temperature.

Figure 5.14: Brillouin power change with temperature in MCF. Power was measured
at four different temperatures.

Based on the data in Figure 5.14) the Brillouin power percentage change in MCF with

respect to temperature was approximated to ~0.33%/°C. This value was used in the



Chapter 5 The Influence of Modulation Instability on Spontaneous Brillouin Based
Sensors 111

subsequent measurements. After measuring the distributed temperature change along
both fibres, the MI effect was clearly visible in SMF. Figure 5.15/ shows the effect in

both fibres at different launched pulse powers.
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(a) Temperature drift along SMF.
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(b) Temperature drift along MCF.

Figure 5.15: Temperature drift along (a) 20km of SMF, (b) 20km of MCF fibre for
various launched powers. The inner plot in (b) represents a heated section 10km along
the MCF fibre at different input powers.

Figure 5.15(a) shows how this contamination translates to a drift in the measured tem-

perature along the SMF. The effect is more marked as the launched power is increased
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and is only circumvented by limiting the power to around 100mW for a 20km sensing
length of SMF. At 400mW pulse power, a temperature error of only a few degrees is
observed up to about 8km of SMF, but then increases rapidly to more than 250°C at
16km. MCF (Figure 5.15(b)) shows a lower temperature error at the front end of the
fibre and no evidence of MI induced drift in the temperature measurement along the
entire 20km sensing fibre, even when the power was increased up to 400mW. The inset
indicates a heated section at 10km along the fibre and confirms that the MCF showed a
similar Brillouin power change with respect to temperature (0.33%/°C) as for SMF. As
well as the spatial drift in temperature measurement, the contamination of the Brillouin
signal with Rayleigh scattering also produces an increase in the RMS noise in temper-
ature resolution, primarily due to the presence of coherent Rayleigh noise. Figure |5.16

compares the RMS temperature resolution as a function of distance for the two fibres.
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Figure 5.16: RMS temperature errors measured every 2km and averaged over 500m
along the characterised sensing fibres at 400mW launched power.

The Brillouin power RMS value was calculated over 500m every 2km along the entire
sensing length and translated to the corresponding temperature resolution. Figure 5.16

shows that the RMS temperature error in SMF is higher, and increased rapidly with

distance (i.e. at 18km the temperature resolution was 52°C), whereas there is just a
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small deterioration in performance with distance using the MCF (i.e., temperature reso-
lution at 18km was ~4 °C), following the expected loss (~0.40dB/km) of backscattered
signal due to fibre attenuation.

To further explore MCF’s ability to handle higher powers, a length of 25km of the MCF
and a new light source were used. The pulse optical spectrum was measured at the
output end of the MCF at different input powers using an OSA. It was found that the
input power could be increased up to almost 1000mW before any significant stimulated
Raman scattering was observed. Figure [5.17 illustrates the effect of SRS in MCF as a

function of input power.
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Figure 5.17: FEvidence of stimulated Raman scattering measured at the output end
of 25km of MCF at different pulse powers. The input pulse power was increased from
100mW to 1000mW in steps of 100mW
Figure [5.17 indicates, that as the input power is increased, the Raman Stokes signal at
~1550nm is increased, which indicates that the pump power starts to be transferred to
the Stokes. At a certain input power, defined by the SRS threshold, the pump power

is significantly transferred. Using equation 5.1, the theoretical SRS threshold power in
MCF was calculated to be ~880mW for a fibre length of 25km.
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The measured SRS threshold power can be found by taking the ratio of the Raman
Stokes to anti-Stokes signals versus input pulse power. Figure [5.18 illustrates such a

ratio.
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Figure 5.18: Ratio of Raman Stokes and anti-Stokes versus input power in MCF.

When the Raman Stokes signal rises rapidly with increasing input powers this indicates
the onset of stimulated Raman scattering. The ratio of Raman Stokes and anti-Stokes
versus input power indicates that the onset of stimulated Raman scattering occurs at

around 900mW, which is in close agreement with the calculated value.

5.4.4 Discussion

It was evident from the experimental investigation that MI is a major limiting factor for
sensing range and performance in systems that use standard SMF at 1550nm. However,
the MI effect may be avoided by simply using sensing fibres that have negative dispersion
at 1550nm, e.g. MCF. In this fibre, the input power can be significantly higher, which
means longer range and better sensing performance. This obtained results have proven
the benefit of exploring fibres originally designed to handle nonlinear/dispersion effects

for the telecommunications industry; hence the DOFS may benefit.
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5.5 Conclusions

An investigation was conducted to evaluate nonlinear effects on spontaneous Brillouin-
based distributed sensors. Prior to this study, the nonlinear effects present in this type
of sensors, namely spatial drift in temperature along the fibre, were initially attributed
to exceeding the stimulated Raman scattering threshold. However, due to the absence of
any observed Raman signal at the end of the sensing fibre, it was subsequently thought
that SPM might be responsible. These new results now show that MI is responsible
for the drift. Using MCF avoids MI and allows pulse powers to increase from around
100mW up to ~900mW for sensing lengths of 25km. It is concluded that using NZ-DSF
with negative dispersion at 1550nm as a sensing medium may provide a longer sensing
range and better performance. On the other hand, in standard SMF, where the launched
probe power needs to be limited to avoid nonlinear effects, a substantial improvement
in sensing range and performance can still be achieved, provided that the double pass
fibre loss, weakness of Brillouin scattering and limited input power can be compensated.
One proposed solution is to use distributed optical amplification. The next chapter is
devoted to techniques for improving the Brillouin coherent sensor range and sensing

performance, utilising optical Raman amplification.
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Chapter 6

Long Range Distributed
Temperature/Strain Sensors

Utilising Raman Amplification

6.1 Introduction

As demonstrated in the previous chapters, the fibre double pass loss, weakness of Bril-
louin scattering and nonlinear effects limit the performance of long range BOTDR based
sensors. Recently, much attention has focused on the use of Raman amplifiers for optical
fibre communication systems. The most attractive feature of these amplifiers is their
large gain over a very wide bandwidth (multi-THz), combined with a small noise figure
(~3dB). This chapter investigates the combination of Raman amplification with CBS
to enhance sensing range and performance. A review of the optical Raman amplifica-
tion principle followed by the results of distributed temperature/strain measurements
using different Raman pump configurations are reported. The various configurations are

compared and their relative advantages are highlighted and discussed.

118
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6.2 Optical Amplifiers

EDFAs have been tremendously successful in the low-loss window (~1550nm) with broad
gain bandwidth over 80nm, high gain, low insertion loss and polarisation independent
gain [I]. However, these amplifiers are mainly used as discrete amplifiers’, i.e. as in-
line amplifiers and/or preamplifiers in communication systems. Whilst fibre Brillouin
amplifiers can be used for distributed amplification using standard SMF, they have a
narrow gain bandwidth (~35MHz) and a high noise figure (~20dB) [2], and this effec-
tively removes such amplifiers from further consideration. Raman amplifiers have been
developed and, along with the recent progress in high-power fibre lasers, now offer an
efficient means of distributed optical amplification. The advantage of these amplifiers for
distributed optical sensors is that any optical fibre can serve as the amplifying medium;
in essence, the sensing fibre itself becomes the amplifier medium and hence the gain is
distributed over the length of the fibre. In general, launching high-power pump light
into the sensing fibre and allowing it to co-propagate or counter-propagate relative to
the probe signal triggers distributed Raman amplification. Raman amplifiers were first
demonstrated to extend OTDR sensing range by Spirit [3] and recently for BOTDR,
based on direct detection, by [4]. Both have demonstrated potential improvements in

sensing range and accuracy.

6.2.1 The Raman Amplification Principle

Raman scattering may by used to amplify an optical signal if the signal propagates
simultaneously with a high-power pump beam and the signal falls within the Raman
gain spectrum for that pump frequency. In fact, by sending an intense pulse of light down
the fibre from a laser source, Raman Stokes wavelengths are generated, co-propagating
with the forward travelling pulse, with the maximum intensity occurring at a wavelength
shift of ~100nm [5]. These Raman wavelengths build up by a process of stimulated
Raman generation until the pump pulse is depleted. The generated first order Raman
wavelength can also go on to generate further multiple orders of Raman wavelengths,

each separated by ~100nm.

!The gain occurs over a short length of fibre.
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Raman gain can be derived analytically from the coupled power equations 6.1 and 6.2,
on the assumption that pump depletion due to Raman interaction and higher order
Stokes generation may be neglected. The coupled power equations below are provided

by [6]:

dPq 9r
= ——P,P,— asF; 1
dz Aeff p o (6 )
de _)‘sgr
N PP, — o, P, 6.2
dz ApAer s p — Qplp (6.2)

Where, P, a and X are the optical power, fibre loss, and optical wavelength, respectively.
Subscripts p and s refer to the pump and Stokes, respectively. A.ys is the effective core
area and g, is the Raman gain coefficient. The second terms on the right hand side
of equations 6.1 and 6.2 are due to linear absorption in the fibre medium; the other
terms describe Raman-type nonlinear coupling, e.g. the growth of the signal and pump
depletion. The distribution of all possible Stokes frequencies that may be produced via
Raman scattering is known as the Raman gain spectrum. The Raman gain spectrum
depends on both the frequency of the incident light and the nature of the host material.
Raman small signal gain can be approximated analytically from the coupled power
equations 6.1/ and 6.2/ on the assumption that the P,>P; and the pump depletion due
to Raman interaction and higher order Stokes generation may be neglected; Raman gain

in the forward pumping may be given by:

Gr(L) = exp(=5—) (6.3)

Where K is a polarisation factor, L.ss is the effective length given by equation 5.3,
Acpr & 80pm?, g, = 7.34 x 1071 m/W given by equation 5.2 for A\,=1450nm, and
ap =2 0.27dB/km. Using equation (6.3 with such parameter values, the integrated Raman

gain along a length of fibre L is plotted (Figure 6.1) at different pump powers.
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Figure 6.1: Theoretical integrated Raman gain profile along the fibre. The gain was
modelled for various pump powers from 100mW to 900mW.
It can be seen from Figure [6.1/ that Raman gain becomes larger as the fibre length
increases and, at around 50km, it asymptotically reaches a constant value due to the
attenuation of the pump power. From figure [6.1, the Raman gain can be approximated
to ~28dB at ~100km for a pump power of ~900mW, where a linear dependance on the
pump power is exhibited (~3.1dB/100mW). It is evident from equation 6.3 that Raman
gain is influenced by a number of parameters, such as pump power, fibre loss, fibre
effective area and gain coefficient. However, pump power and Raman gain coefficient
are considered to be the most important parameters. The latter governs the coupling
between the pump and signal and its value depends greatly on the pump wavelength
(Equation 5.2). For optimum Raman gain, the pump and signal wavelengths need to
be selected carefully, since the gain coefficient and effective length are governed by
pump wavelengths. In fact, operating with pump and signal at ~1450nm and ~1550nm

wavelength respectively, may provide the best performance [7].

Distributed Raman amplification may be achieved for BOTDR based sensors by using
different Raman pump configurations, i.e. CW co-propagation, counter-propagation
and delayed pulse Raman pump configurations. These Raman pump configurations were
investigated experimentally for long range distributed temperature/strain measurements

using the previously described CBS. The results are presented in the following sections.
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6.3 Temperature Sensor with CW Co-propagating Raman

Amplification

The single-ended distributed optical sensor is attractive because of the need only to
access one end of the sensing fibre. In this section, the single-ended CW co-propagation
Raman amplification technique is investigated. Initially, the optimum combination of the
probe and pump power was determined and subsequently this was used for a temperature

measurement along 100km of standard SMF, assuming zero strain.

6.3.1 Introduction

Raman amplification was initially demonstrated in Rayleigh based OTDR measurements
by Spirit [3], where a Raman gain of 8dB, translated to a similar increase in measure-
ment range, was obtained. For BOTDR based measurement, Raman amplification was
recently investigated by direct detection of spontaneous Brillouin scattering [4]. It was
found that the probe input power had to be significantly reduced, to avoid spectral
broadening of the probe pulse caused by nonlinear effects such as MI (Chapter [5)), an-
other limiting factor was the Raman ASE Stokes noise generated from the CW Raman
pump, which saturates the detection system at higher pump powers, these factors lim-
ited the potential increase in sensing range. An alternative solution was to combine
the optimised CBS, which has a good filtering system with the advantages of the co-
propagating Raman pump technique, which led to a significant improvement in sensing

range and performance.
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6.3.2 Experimental Details and Initial Measurements

The experimental arrangement for coherent detection of anti-Stokes spontaneous Bril-
louin backscatter with Raman amplification is illustrated in Figure 6.2.
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Figure 6.2: FEzperimental set-up of the coherent Brillouin sensor wutilising Raman
amplification.

The source was a tuneable laser at 1533.2nm, with ~1MHz linewidth. Two cascaded
EDFAs generated a peak probe power of ~80mW, with a pulse width of 200ns and a
repetition rate of 80Hz, which was launched into the 106km sensing fibre. A third EDFA
was used to amplify the weak backscattered signal prior to mixing it with optical LO.
The fibre Bragg grating BG1 was used to filter the anti-Stokes from the Rayleigh and
spontaneous Raman scattering and allow the optical LO to mix with the anti-Stokes
signal. A 20GHz optical detector and the MDS (described in Section 3.4) allow the
collection of time domain traces centred at the desired RF frequencies. The Raman
pump signal at 1450nm with ~1.5nm linewidth was coupled to the pulsed probe signal
using (1450/1550nm) WDM where up to ~1000mW of CW output pump power was
obtained. The total length of the sensing fibre was made up of 9 sections of standard
SMF, fusion spliced together. The first seven sections: 11km, 19km, 17.2km, 19km,
22.3km, 11km and 4.7km remained on their original spools at room temperature and
zero strain. Two additional fibre sections of 0.5km and 1.3km at 47.2km and 100km
respectively, were placed in an oven at 80 °C with zero strain. The temperature change

along the sensing fibre was determined by analysing the frequency shift of the anti-Stokes
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Brillouin backscatter signal. Brillouin spectra were built from 18 separate backscatter
traces, each averaged 2'° times, and taken every 10MHz, starting at 10.95GHz. A
Lorentzian curve was fitted to each spectrum and the peak frequency and corresponding
power were evaluated at each point along the sensing fibre. Using the current set-up,
the probe and Raman gain spectrum were measured at the end of 106km, at different
pump powers, using an OSA. The probe power was ~80mW and it had a 500ns pulse

width. The results are shown in Figure [6.3.
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Figure 6.3: Measured Raman gain profile at different pump powers. The pump power
was varied from 100mW to 1000mW, in steps of 100mW

The above figure shows the Raman gain spectra from ~1500nm to ~1580nm, which
increases with pump power. The gain peaks around 1550nm and is significantly reduced
for wavelengths greater than ~1560nm. It would be useful to have the probe signal
in the optimum Raman gain region (~1550nm). However, the optical set-up had been

constructed for a pulse wavelength of 1533.2nm corresponding to the peak of the EDFA

gain.
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In order to estimate nonlinear effects, such as MI on the probe signal, with the presence
of Raman gain, the probe optical spectrum was measured at the end of 106km and at
different Raman pump powers using an OSA whilst maintaining the input probe pulse

power of ~80mW and pulse width of 500ns. The result is shown in Figure 6.4.
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Figure 6.4: Probe spectrum versus pump power at the end of 106km with input pulse
power of ~80mW and pulse width of 500ns. The pump power was varied from 200mW
to 1000mW, in steps of 200mW.

As the Raman pump power increases the probe spectrum is broadened, due to the MI. In
order to avoid such broadening, but still make use of the Raman gain, it was necessary
to find the optimum combination of probe and pump powers to give the best sensing
performance. In order to achieve this, the temperature resolution was measured using
both Brillouin frequency and power at a range of 100km, with different combinations of
probe and pump powers. The range of probe powers was from 5 to 160mW and that of
the Raman pump was from 0 to 1000mW, in steps of 200mW. The probe pulse width

was 500ns.
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Figure 6.5: Performance analysis of the optimum combination of probe and pump
power using a CW co-propagation Raman pump configuration for both Brillouin fre-
quency and power based measurements.

Figure 6.5(a) shows the variation in the temperature resolution as the pump power is
increased for various input probe powers. At zero pump power, it can be seen that the
resolution initially improves as the probe power is increased to ~80mW, but then falls
when it is increased beyond this to 160mW. This is again due to the onset of MI. At

the two lowest probe powers, 5 and 10mW, the resolution continues to improve as the
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pump power is increased to 1000mW. For a 10mW probe power and 1000mW pump,
the temperature resolution was below 1°C. For probe powers greater than 10mW, a
minimum is observed at a certain pump power. As the pump power increases, the
minimum occurs at a lower probe power and the resolution improves. At 1000mW pump
power the best resolution was found using a 10mW probe pulse. The traces suggest that
the probe power could be increased a little, for a slightly improved resolution, but
should be kept below 20mW, as, above this, the resolution would worsen. Without a
Raman pump, it was found that ~80mW probe power gives the best result, and this is
considered as the MI threshold for such a sensing range. Using the Brillouin power based
measurements (Figure 6.5(b)), a similar conclusion can be derived. In order to simplify
the analysis of figure [6.5, the best result obtained with each combination is plotted in

Figure 6.6/ for both measurements.
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Figure 6.6: Optimum combination of probe and pump power based on both Brillouin
frequency and power measurements. The 10mW and 1000mW probe and pump power
combination is clearly shown to have the lowest temperature error in both measurements.

Figure 6.6 illustrates the optimum probe and pump power combination for the available
maximum pump power of ~1000mW. However, it is expected that the temperature res-
olution could improve further provided that a higher pump power is available, combined

with an even lower level of probe power.
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The forward Raman gain was approximated by measuring the probe optical spectrum
at the end of the sensing fibre using an input probe pulse of 10mW and comparing the
output amplified pulse to that of the unamplified pulse at the far end of the sensing
fibre, as the Raman pump was increased from 0 to 1000mW, in steps of 100mW. Results

are shown in Figure [6.7.
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Figure 6.7: Single Raman gain for CW co-propagating Raman pump measured at the
end of the sensing fibre.
Figure |6.7(a) shows the Raman gain as a function of Raman pump power and indicates
a linear increase in gain as the pump power is increased. The overall single pass gain is

shown in Figure 6.7(b) and was found to be ~15dB (~30dB for double pass).

In order to evaluate the advantages of using Raman amplification in a co-propagation
Raman pump configuration, the temperature change along the sensing fibre was mea-
sured using Brillouin frequency shift with/without Raman amplification at the optimum
probe and pump power combination with a pulse width of 200ns. The RMS frequency
errors were evaluated along the entire sensing length and converted to the corresponding

temperature resolution.
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6.3.3 Experimental Results

A plot of the peak frequency as a function of distance is shown in Figure 6.8(a) at a
probe power of 80mW over the 103km sensing fibre without Raman amplification. The

sharp spikes at 47 and 100km correspond to the 0.5 and 1.3km heated sections, at 80°C.
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Figure 6.8: Temperature measurements obtained without Raman amplification for
COMPATISON PUTPOSES.

The different fibre sections exhibit different Brillouin frequency shifts at room tempera-
ture, either due to differences in fibre properties or fibre winding tensions. Figure 6.8(b)
is an enlargement of the heated section (1.3km at 100km in length). The frequency
shift was referenced to room temperature and zero strain and then converted to the
corresponding temperature. The temperature resolution of the 1.3km heated section at
100km, based on the frequency measurement, was found to be ~12°C. The temperature
resolution based on the Brillouin power measurement was found to be ~100°C. Using
the optimum probe and pump power, the previous measurement was repeated with a
CW co-propagating Raman pump configuration. For clarity, figure 6.9 shows three di-
mensional representation of the Brillouin frequency spectrum around the 1.3km heated

section, 100km down the sensing fibre.
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Figure 6.9: Three dimensional representation of the Brillouin spectrum around the
1.3km heated section, 100km down the sensing fibre, with the presence of Raman am-
plification.

Figure 6.10(a) shows the Brillouin frequency shift along the sensing fibre. Figure|6.10(b)
is an enlargement of the 1.3km heated section, at 100km, for an oven temperature of

80°C. A temperature sensitivity of ~1.1 MHz/°C was measured, and this is in close

agreement with previous measurements.
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Figure 6.10: Temperature measurements with co-propagating Raman pump configura-
tion at the optimum probe and pump power combination.

The RMS Brillouin frequency and power errors along the sensing fibre were evaluated

with/without Raman amplification every 20km, averaged over a range of 5km, and were
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converted to the corresponding temperature errors. The results are shown in Figure

6.11.
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Figure 6.11: Temperature resolution along the sensing fibre with/without co-
propagating Raman pump configuration.

Figure 6.11(a) shows the RMS temperature resolution along the fibre based on Brillouin
frequency measurements. The sensor was able to record a temperature resolution of
less than 0.5°C, up to ~80km, with Raman gain amplification. The error was less
than 2°C at 100km compared to 12°C obtained without Raman amplification. For
the power based measurements (Figure 6.11(b)), temperature resolution was improved
with the presence of Raman gain from ~100 to ~30°C. The spatial resolution of the

measurement was 20m corresponding, to a pulse width of 200ns used in the experiment.

6.3.4 Discussion

The overall improvement of the temperature resolution at a 100km sensing range, due
to the use of a co-propagating Raman pump configuration, was found to be around
8.5dB and 5dB using Brillouin frequency and power based measurements, respectively.
Sensor performance is expected to improve further using a higher pump power with
further reduced probe power. The Raman ASE, observed with the direct detection
of Brillouin signal, was not observed with the CBS, due to its good optical filtering
system. To further investigate the advantages of using Raman amplification with the
coherent detection of Brillouin signal, a counter-propagating Raman pump configuration

was investigated and is reported next.
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6.4 Temperature Sensor with CW Counter-propagating

Raman Amplification

6.4.1 Introduction

Although Raman amplification with a co-propagating pump, described in the previous
section, can be used to improve the performance of the sensor, the improvement does
not match the Raman gain as the pulse power has to be reduced to avoid MI. In the
counter-propagation configuration, this is not the case for long sensors, as the probe pulse
is significantly attenuated before experiencing Raman amplification. In this section,
experiments were conducted to investigate this configuration for distributed temperature

measurement up to 150km, based on the Brillouin frequency shift.

6.4.2 Experimental Details and Measurements

The Raman pump signal was launched at the end of the sensing fibre, in counter propa-
gation mode relative to the probe signal, using the same experimental set-up previously
described and shown in Figure6.2. A preliminary investigation of the MI effect, with the
presence of counter-propagating Raman pump, reveals that the pump power could be
increased to its maximum available power of 1000mW before any spectral broadening
of the probe pulse was observed. Even when using a probe pulse power of ~80mW,
the Raman pump does not lower the nonlinear threshold of the incident probe power.
Measurements were therefore taken at these powers. Using a probe power of 80mW,
Raman gain along the sensing fibre was measured at pump powers of 300mW, 600mW
and 1000mW. The previous measurement of distributed temperature along 100km was
repeated with the optimum probe and pump power combination and a pulse width of
200ns. The RMS frequency errors along the same 100km were evaluated with and with-
out Raman amplification for a spatial resolution of 20m. The sensing fibre length was
extended in two steps by adding additional fibres to the front end, first of 25km then
50km: i.e. the original 0.5km and 1.3km heated sections at 47.2km and 100km sensing

length were shifted forward by 25 and 50km from the front end of the sensing fibre,
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respectively. The temperature measurement was then repeated for each length using an

increased pulse width of 500ns.

6.4.3 Experimental Results

The optimum probe and pump power combination was found to be ~80mW and ~1000mW,
respectively. Using such powers, integrated Raman gain was re-evaluated with this pump
configuration. Figure 6.12(a) shows the amplified Brillouin signals along the 100km at
different pump powers, and figure [6.12(b)| shows the corresponding Raman gain profile

along the sensing fibre for a probe power of ~80mW.
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Figure 6.12: Raman gain profile using CW counter-propagating Raman pump config-
uration. The gain was obtained by taking the ratio of an amplified signal to a reference
stgnal measured without the pump.

According to the measured gain, in Figure [6.12(b), the double path integrated gain
for a pump power of 1000mW at the end of the sensing fibre was approximated to
around 30dB (i.e. ~3.0dB for every 100mW pump power). This measured gain is
in good agreement with the single pass gain obtained using the co-propagation pump
configuration (Figure 6.7). Figure [6.13l illustrates a three dimensional representation
of the Brillouin spectrum along the sensing fibre measured at the optimum probe and

pump power of ~80mW and 1000mW, respectively.
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Figure 6.13: Three dimensional representation of the Brillouin spectrum along the
sensing fibre with counter-propagating Raman pump configuration. The Raman gain
effect is clearly visible at the end of the fibre
The counter-propagation Raman gain effect is clearly visible at the end of the sensing
fibre along with the two heated sections at 47.2 and 100km, respectively. The Brillouin

frequency shift and the corresponding temperature profile along the sensing fibre are

illustrated in Figure [6.14. Both heated sections are clearly visible.
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Figure 6.14: Brillouin frequency shift (left) and the corresponding temperature (right)
along the sensing fibre measured using a counter-propagating Raman pump configura-
tion.
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Based on the Brillouin frequency shift measurement, the temperature resolution was
found to be better than 1°C at the heated section, 100km down the sensing fibre, using
this pump configuration. Taking advantage of the accuracy of Brillouin frequency based
measurements and to explore a longer sensing range, the sensing fibre was extended
to 125km and the temperature was measured using the Brillouin frequency. After the
addition of the first 25km at the front end of the sensing fibre, the heated sections were
at 72km and 125km, respectively. The Brillouin frequency shift was measured using
a probe power of ~80mW , an increased pulse width of 500ns and a pump power of
1000mW. Figure [6.15/illustrates the temperature profile and the temperature resolution

along 125km of sensing fibre.
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Figure 6.15: Temperature measurements along 125km using a counter-propagating
Raman pump configuration.

Figure 6.15(b) shows the temperature resolution along the 125km sensing fibre measured
every 10km over a range of 2km. The temperature resolution was better than 1°C up to
~85km, then it increased to around 2 °C at 100km; at 125km the temperature resolution
was better than 1°C. Encouraged by such a result, the sensing fibre was extended by
another 25km. The heated sections were then at 97.2 and 150km down the sensing fibre
respectively, and the previous measurement was repeated. Figure 6.16/ shows Brillouin
frequency shift/temperature profile and the associated temperature error along 150km

of the sensing fibre.
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Figure 6.16: Temperature measurements along 150km using counter-propagation Ra-
man pump configuration.

The error in temperature increases with distance, when the probe signal becomes weaker
due to fibre loss. The worst temperature resolution occurred around 120km and then
it improved towards the end of the sensing fibre, where the pump signal was strong. A
~b °C temperature resolution was achieved at 150km. This temperature resolution also
occurs at ~80km, hence a greater than 70km improvement, which equates to around

30dB gain as measured earlier (Figure 6.12).

6.4.4 Discussion

Using a counter-propagation Raman pump configuration proved to increase significantly
the sensing range. However, the need to access both ends of the fibre is a potential
limitation. In order to further explore the use of Raman amplification with the CBS, a

pulsed Raman pump configuration was explored, as reported in the next section.
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6.5 Temperature Sensor with Pulsed Raman Amplifica-

tion

An alternative approach to avoid MI in the presence of Raman gain is to use the so
called delayed pulsed Raman amplification technique, first demonstrated at Southamp-
ton University with direct detection of the Brillouin signal. This section explains its

application to the coherent detection system.

6.5.1 Introduction

The principle of the pulsed Raman amplification technique is to co-propagate a pulsed
Raman pump with the probe pulse, such that it undergoes Raman amplification some
distance down the sensing fibre, resulting in an increase of the local backscattered Bril-
louin signal and hence the range. In this technique, the probe pulse at 1533.2nm will
be launched first, followed by the Raman pump pulse at 1450nm. The fibre dispersion
allows the pump pulse (shorter wavelength) to travel faster than the probe pulse down
the sensing fibre, provided that both pulses’ wavelengths are in the anomalous dispersion
regime. The two pulses overlap at a certain distance down the sensing fibre, determined
by the initial delay. The gain experienced by the probe pulse is determined by the
pump power and the walk off length (Equation [5.4), which is governed by the length
of both pulses. The amplification of the probe pulse allows greater pulse energy to be
achieved some distance down the sensing fibre. Eventually the faster exhausted pump
pulse will be depleted, leaving the boosted probe pulse capable of propagating over a
longer distance. Although the probe pulse width is limited by the required sensing spa-
tial resolution, the pump pulse width may be considerably larger, hence a large amount
of energy can be transferred to the probe pulse. In fact, by adjusting both pulses’ powers
and delay, the probe pulse may be amplified to the highest possible power, i.e. up to its
threshold limit some distance from the fibre front end, so that it provides longer sensing
range and better sensing performance. This technique was first demonstrated for the
Rayleigh based OTDR [8] and then for direct detection of the Brillouin based sensor,

the available pump power was the limiting factor [9].



Chapter 6 Long Range Distributed Temperature/Strain Sensors Utilising Raman
Amplification 138

6.5.2 Experimental Details and Measurements

In this experiment, the previous experimental set-up shown in Figure 6.2 was used. The
CW Raman signal at 1450nm was pulsed using an AOM before being coupled to the
probe signal, with an initial delay of about 50ns, which corresponds to an overlap position
of the two pulses at around 50km down the sensing fibre. The maximum pulsed pump
power, after AOM insertion loss (~9dB), was about 120mW. To allow the backscattered
light generated from all the sensing fibre to experience CW Raman gain during its
journey to the detector, the pump pulse width can be adjusted to around double the fibre
length?. With an available pump pulse power of 120mW and probe power of 80mW and
200ns pulse width, the pulsed Raman gain was obtained by measuring the Brillouin signal
with/without the Raman pump, and for comparison purposes, the previous temperature
resolution measurement along 100km was repeated with a 200ns pulse width. The probe

and pump powers were ~80mW and 120mW, respectively.

6.5.3 Experimental Results

For clarity, figure 6.17 illustrates the Raman gain induced on the probe pulse (200ns) as

a result of overlapping with the reduced pump pulse (200ns) measured at the front end

the sensing fibre.
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Figure 6.17: The probe and pump pulses overlapping effect measured in two conditions.

2In a 100km sensing length, a Brillouin backscattered signal needs 1ms to arrive at the detector.
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The probe pulse must lead with a suitable delay, according to the required overlap
position down the sensing fibre. Figure 6.17(a) shows the two pulses at the front end
of the sensing fibre measured separately with the probe pulse leading the pump pulse
in time. Figure 6.17(b) shows the two pulses measured simultaneously when the pump
pulse was allowed to overlap with the probe pulse. This initial overlap led to an increase
in probe signal power. Figure 6.18 shows pulsed Raman gain along the 100km sensing

fibre produced by the Raman pump pulse.
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Figure 6.18: Integrated pulsed Raman gain along the sensing fibre for 80mW and
120mW probe and pump power, respectively.

The Raman gain along the sensing fibre was obtained by taking the ratio of the amplified

Brillouin signal to that of the Brillouin signal without Raman gain as shown in Figure
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6.18(a). The average integrated Raman gain dependence on the pump power (~120mW)
was approximately 4dB at the end of the sensing fibre (Figure 6.18(b)), which is in close
agreement with the Raman gain ratio obtained using the CW co-propagating technique

(Page 149).

6.5.4 Discussion

The result of measuring temperature change with Brillouin frequency and power along
the 100km sensing fibre using this technique reveals no significant improvements due
to low pump power. However, the expected improvement corresponding to available
pump power was achieved i.e. ~3dB/100mW. It was concluded from this technique
that the reduced power of the pulsed pump signal is the main limiting factor. However,
this technique is anticipated to achieve significant improvement provided higher pump

power is used to compensate for the pulsing loss.
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6.6 50km Simultaneous Temperature and Strain Measure-
ment Utilising Co-propagating Raman Pump Config-

uration

6.6.1 Introduction

Of the three techniques investigated, only two can be utilised if access is restricted to one
end of the sensing fibre. Of these two, the CW co-propagating pump provided the most
significant improvement in resolution using the Brillouin frequency shift. This section
now explores temperature and strain resolutions that can be achieved over 50km using
both the frequency and power measurement of the Brillouin signal in the presence of a

CW co-propagating Raman pump.

6.6.2 Experimental Details and Measurements

The experimental arrangement for measuring temperature and strain simultaneously

utilising co-propagating Raman amplification with CBS is shown in Figure [6.19.

(1450/1850) . - . . . .
WDM
Coherent Brillouin Sensor

[ Raman Fibre Laser

Figure 6.19: Schematic diagram of the experimental set-up for measuring temperature

,,,,, Strain Rig
50km 400m 300m 112m 200m

and strain simultaneously using Raman amplification.

The details of the experimental arrangement have been described in Section6.3.2. How-
ever, the 980nm pump in the preamplifier was replaced by one with higher power. The
Raman pump signal at 1450nm with ~1.5nm linewidth and up to 1000mW of CW out-
put power was coupled to the probe pulse using a 1450/1550nm wavelength division
multiplexer. The sensing fibre was arranged as shown in Figurd6.19. The first 50km

remained on the original spools at room temperature. The next 400m was loosely coiled
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and placed in an oven to allow heating whilst ensuring zero strain. The subsequent
300m were used as a reference and maintained at room temperature with zero strain.
The following 112m section was passed around 8 pairs of pulleys and loaded with weights
suspended at the end of the fibre. The last 200m was used as a second reference length
and maintained at room temperature with zero strain. The Brillouin spectra were built
from 20 separate backscatter traces, each averaged 2'° times, and taken every 10MHz,
starting at 11.06GHz. Each individual spectrum was fitted to a Lorentzian curve to
identify the peak of the Brillouin frequency shift. The Brillouin power was measured by
numerical integration of the Brillouin spectral components and normalised using a mea-
surement at room temperature/zero strain, to account for fibre/splice loss. The changes
in the Brillouin frequency shift were also referenced to the room temperature/zero strain
values. Using the previously ascertained values of temperature and strain coefficients
governing frequency shifts and power change (Table 4.1), the temperature and strain
along the sensing fibre can be written using equations 2.15 and [2.16, and the tem-
perature and strain errors can be obtained using equations 2.17/ and 2.18) respectively
[10][11].

A 60 °C oven temperature and 1850ue strain were applied to the heated and strained sec-
tions, respectively. Distributed temperature and strain measurements were then made
over a b0km sensing range, followed by detailed measurements around the heated and
strained sections using the optimum probe and pump power combination (10mW and
1000mW respectively) with pulse widths of 50ns. Finally the Brillouin frequency shift
and power were measured along the sensing length and the RMS errors evaluated ev-
ery 10km over a distance of 500m and converted to the corresponding temperature and

strain resolution.
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6.6.3 Experimental Results

Figure 16.20 shows the measured Brillouin frequency shift and the measured Brillouin
power along the sensor length of 50km using the co-propagating Raman pump configu-

ration with optimised probe and pump power.
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(a) Brillouin frequency shift along the entire sensing fibre. Both the
heated and strained sections are visible.
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(b) Brillouin power change along the entire sensing fibre. The
heated section is visible 50km down the sensing fibre.

Figure 6.20: Brillouin frequency shift and power change over 50km sensing length
with the presence of Raman gain.
The frequency measurement in Figure 6.20(a) indicates the boundaries between different
fibre sections, where the difference in frequency shift along the fibre at room temperature
is attributed to differences in either the winding tension or intrinsic fibre properties. The
frequency measurements show the shift due to both heating and strain close to the far

end of the sensing fibre. The amplified power trace is shown with a maximum occurring
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around 24km, as shown in Figure 6.20(b). It is evident that the signal power at the far
end is greater than at the front end (~3dB), showing that the Raman gain more than

compensates for the two-way fibre loss of 20dB (50kmx2x0.2dB/km).

Figure 6.21] shows an enlargement of the normalised frequency shift and power change

at the heated and strained sections at the far end of the sensing fibre.
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(a) Brillouin frequency shift around the heated and strained
sections.
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(b) Normalised Brillouin power change around the heated and
strained sections.

Figure 6.21: Referenced Brillouin frequency shift and normalised power change around
both heated and strained sections at the far end of the sensing fibre.
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Using the normalised frequency shift and the percentage power change of figures 6.21(a)
and [6.21(b) for the region around the heated and strained sections respectively. The
derived temperature and strain profile were obtained using equations 2.15/ and 2.16, as

shown in Figure [6.22.
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(a) Derived temperature profile.
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(b) Derived strain profile.

Figure 6.22: Derived temperature and strain profiles based upon the measured data in
Figure 6.21.
The variation in strain over the strained region is attributed to the friction in the pulley
system. It can be seen that there is a little cross-talk between strain and temperature.
The RMS strain noise at the heated fibre (Figure 6.22(b)) is higher than the noise in
the 300m reference fibre. The RMS noise on the frequency shift and the power traces
over the heated section was measured, and the corresponding temperature and strain

resolution, were calculated using equations 2.17/ and [2.18, respectively.
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A temperature resolution of ~3.5°C and a strain resolution of ~85us were calculated.
The frequency and power resolutions along the fibre were also evaluated at 10km inter-
vals, averaged over a length of 500m; these values were used to derive the temperature

and strain resolutions, as shown in Figure 6.23.
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(b) Temperature (left) and strain (right) resolution.

Figure 6.23: (a) Brillouin frequency and power RMS error taken every 10km over a
range of 500m. (b) the corresponding temperature and strain resolutions based upon the
measured data of figure|6.23(a).

Figure 6.23(b) indicates temperature and strain resolutions of ~1.5°C and ~40ue, and
~3.5°C and ~85pue at sensing lengths of 20km and at 50km, respectively. It can be seen
clearly from Figure [6.23(b) that the two curves representing temperature and strain

resolution follow the power RMS error curve shown in Figure 6.23(a). This indicates
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clearly that the noise on the power trace is still responsible for more than 90% of the
temperature and strain errors, which confirms the previous conclusion that power mea-
surements remain the limiting factor on the accuracy of simultaneous temperature and

strain measurements.

6.6.4 Discussion

In general, the sensing performance has been improved significantly using the co-propaga-
ting Raman pump configuration. The Raman pump amplifies both the outgoing probe
pulse and the backscattered signal, leading to a significant improvement specially on the
accuracy of the Brillouin power measurement. This technique benefits from combining
the advantages of co-propagating optical Raman amplification, coherent detection and
spontaneous Brillouin measurements, which led to the best results ever reported in terms
of temperature and strain resolution, sensing range and spatial resolution. Furthermore

it maintains the advantage of requiring access to just one end of the sensing fibre.
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6.7 Combined Brillouin Frequency and Power Measure-

ments Beyond 50km

The investigation of combined frequency and power measurements of the spontaneous
Brillouin signal was then extended to cover a range up to 100km, and the merits of
the investigated Raman pump configurations were quantified. The RMS frequency and
power errors along the 100km, taken at 20km intervals and averaged over a length of
5km, were evaluated with/without Raman amplification at the optimum combination
of probe and pump power with a spatial resolution of 20m. The RMS errors were
obtained for the three Raman pump configurations and converted to the corresponding
temperature errors. The results are shown in Figures [6.24 and [6.25 respectively, and

summarised in Table 6.1l

Probe=80mW, Pump=0W

Co-propagating, Probe=10mW, Pump=1W
Counter-propagating, Probe=80mW, Pump=1W
Pulsed Raman, Probe=80mW, Pump=120mW

ob>bmeO

Temperature Resolution (°C)

Distance (km)

Figure 6.24: Temperature resolution based on Brillouin frequency measurement along
100km using different Raman pump configurations.
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200

Probe=80mW, Pump=0W

Co-propagating, Probe=10mW, Pump=1W
Counter-propagating, Probe=80mW, Pump=1W
Pulsed Raman, Probe=80mW, Pump=120mW
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Figure 6.25: Temperature resolution based on Brillouin power measurement along
100km using different Raman pump configurations.

Table 6.1: Fquivalent temperature resolutions for frequency and power measurement
of 100km wusing different Raman pump configurations. (Frequency=Frequency based
measurements, Power=Power based measurements).

Raman Pump | Probe | Pump | Temperature | Temperature
Configuration | Power | Power | Resolution Resolution
(Frequency) (Power)
(mW) | (mW) (°C) (°C)
No Pump 80 0 12 100
Co-
Propagation 10 1000 1.7 30
Counter-
Propagation 80 1000 1 200
Pulsed Pump 80 120 4 75

In the co-propagating Raman pump configuration, the improvement on the temperature
resolution was found to be around 7 fold compared to measurement without Raman
amplification using Brillouin frequency shift, i.e. the temperature resolution improved

from ~12°C to ~1.7°C, and with Brillouin power measurement, temperature reso-
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lution improved from ~100°C to ~30°C. In the counter-propagating Raman pump
configuration, using Brillouin frequency shift, the temperature resolution was ~2°C at
80km, and improved to less than 1°C at 100km. However, the temperature resolution
at 100km derived from the Brillouin power measurement was severely degraded from
~100°C to more than ~200°C. This is attributed to a combination of Raman amplifier
noise and/or possible broadening effects due to the onset of MI, sufficient to distort the
power measurement but still allowing accurate determination of the frequency measure-
ment. These problems are circumvented by using the pulsed Raman pump technique,
but because the attenuation produced by the AOM significantly restricted the Raman
pulse power, only a moderate improvement was demonstrated: from ~12°C to ~4°C

or ~100°C to ~75°C for the frequency and power measurements, respectively.



Chapter 6 Long Range Distributed Temperature/Strain Sensors Utilising Raman
Amplification 151

6.8 Conclusions

Distributed optical Raman amplification was explored and combined with the CBS to
compensate for fibre loss, weakness of Brillouin signal and limited input pulse power.
Using different configurations of Raman pump resulted in a significant improvement on
sensing range and performance. In the co-propagating Raman pump configuration, the
probe power needs to be reduced significantly to avoid nonlinear effects. Approximately
7 fold improvement on temperature resolution at 100km was achieved using Brillouin fre-
quency measurements with 20m spatial resolution. This technique was used to measure
temperature and strain simultaneously along 50km of SMF with 5m spatial resolution,
where the best ever reported temperature and strain resolutions of ~3.5°C and ~85ue
were achieved, respectively. An increase in the dynamic range of approximately 30dB
in the counter propagation case was achieved, which equates to an increase in sensing
range of approximately 75km using Brillouin frequency shift based measurements. A
temperature resolution of 5°C at a 150km sensing range, and better than 1°C at a
100km sensing range were achieved with a spatial resolution of 50m and 20m, respec-
tively. However, at higher pump power, temperature resolution based on Brillouin power
measurement was severely degraded due to nonlinear effects. The performance improve-
ment using the delayed pulse Raman pump technique was limited by the reduced pump
power available as a consequence of modulator loss. The CW co-propagating Raman
pump configuration is relatively simple and provides an effective means to extend the
range of such a sensor. It maintains the advantage of requiring access to only one end

of the sensor.
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Chapter 7

Conclusions

7.1 Summary of Thesis

This thesis has presented both theoretical and experimental research work on maximis-
ing the range and improving the sensing performance of Brillouin based distributed
temperature and strain optical sensors, based on the coherent detection of spontaneous
Brillouin scattering. It was the principal aim of this research to address the factors that
limit performance in order to surpass previous achievements in sensing range, measur-
and resolution, spatial resolution and overall sensing performance, and this has been

achieved. The work done and results achieved are now summarised.

An optimisation of the CBS was performed, where around 15dB improvement on the
Brillouin backscattered power was achieved. Along with improvement of the backscat-
tered signal, its measurement and processing methods were investigated and optimised
accordingly. This has led to a longer sensing range and better measurand resolutions
with less averaging time compared to the previous system. In spite of ASE reduction
through the gating process and with the currently available components, the main source
of system noise has been identified as the ASE noise generated from the preamplifier,
which is crucial to sensor set-up. However, with good optical filtering, such noise may

be reduced.

154
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Using the optimised sensor and its new microwave detection system, a high spatial
resolution (2m) temperature measurement over 30km of SMF with temperature error of
less than 1.6 °C was achieved. The optimised sensor along with its microwave detection
system was also used for the first time to characterise the Brillouin spectrum in special
fibres designed and fabricated to suppress SBS in high power fibre laser systems. Such

a measurement opens the way for new applications of this sensor.

Brillouin power measurement limits the range and accuracy of simultaneous temper-
ature and strain measurements. As a result, two other techniques for separating the
measurands simultaneously over 23km sensing range, while avoiding Brillouin power
measurements, were investigated and compared. These utilise frequency analysis of fi-
bre exhibiting multiple peaks and a combined Raman power and Brillouin frequency
measurement in standard fibre. At present, neither technique offers any advantage over
the Brillouin frequency and power measurement technique, but there is scope for im-

provement.

Spontaneous Brillouin power is proportional to the input pulse energy. An investigation
of the nonlinear effects that limit pulse power were conducted. Stimulated Brillouin
scattering occurs at significantly higher optical powers than SRS, with threshold powers
of the order of some watts for SBS compared to hundreds of milliwatts for SRS for a pulse
<390ns. For a pulse width of ~25ns, self-phase modulation occurs at relatively lower
power compared to both SRS and SBS. Modulation instability was found to have the
lowest threshold in standard SMF exhibiting positive dispersion at 1550nm. However, by
using NZ-DSF MCF which has negative dispersion at 1550nm, the MI effect is avoided,
hence higher input power up to ~900mW can be safely used, where longer sensing range

and better sensing performance are expected, but at the expense of using special fibres.

To improve the performance of sensors using SMF, the possibility of using Raman am-
plification was investigated. Different configurations of optical Raman pump were origi-
nally investigated with the CBS. It was found that with a co-propagating Raman pump
configuration, the probe power needed to be reduced to avoid nonlinear effects, such as
MI. The optimum probe and pump power for 100km sensing range measurements was

found to be ~10mW and ~1W, respectively. Improvements of 7 and 3 fold on temper-
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ature resolution based on Brillouin frequency and power measurements were achieved
respectively. Using a co-propagating pump configuration, simultaneous measurement of
temperature and strain was carried out along 50km, with 3.5°C and 85ue temperature
and strain resolutions achieved respectively, with 5m spatial resolution, the best result
ever reported. In the counter-propagating Raman pump configuration, the frequency
based measurement was improved significantly, but the Brillouin power sensitivity to
temperature was degraded due to MI and/or Raman ASE. Using the Brillouin frequency
shift, distributed temperature measurements were carried out for a sensing range up to
150km, with a probe and pump power of ~80mW and 1W, respectively. At ~100km the
temperature resolution was better than 1°C, with 20m spatial resolution, and at 150km,
5°C temperature resolution was achieved with spatial resolution of 50m. A pulsed Ra-
man technique was investigated but the reduced pump power due to Raman pulsing

limited the performance.

Combining Raman amplification with the coherent detection of spontaneous Brillouin

scattering demonstrates significant improvement on sensing range and accuracy.
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7.2 Future Work

Research and work on optical Brillouin based distributed temperature and strain sensors
has focused on the optimisation of sensor performance in terms of sensing range, spatial
resolution, temperature and strain resolution, measurement time, reliability and cost.

Further improvements on CBS are possible by researching the following:

Negative Dispersion Fibres for Long Range Distributed Sensors

As expected, MCF shows no signs of modulation instability, which suggests that higher
powers can be safely used. The next nonlinear threshold is expected to be SRS. This
needs to be investigated further, but an order of magnitude improvement in pulse energy

is possible.

Preamplifier and LO Noise

The major source of sensor noise was ASE coming from the EDFA preamplifier. Future
use of optical filtering is required. For example, a narrow optical filter (~2GHz of
Bandwidth) will reduce the noise by around 9dB compared to the current BG filter
(~15GHz Bandwidth). Additional narrow optical filters may be used to filter Raman
ASE. At present the LO noise is below the noise level of the preamplifier noise. However,

if the preamplifier noise is reduced, then LO noise needs to be investigated.

Higher Raman Pump Power

If a Raman pump source with higher power is used, the sensing performance is expected
to improve further, i.e. with the co-propagating pump configuration the Raman pump
power could be higher than 1W, with reduced probe power <10mW, and with a pulsed
Raman pump technique, higher pump power can be launched into the sensing fibre,

giving longer sensing range and better sensing performance.

Data Processing

With the current data acquisition system, data measurement and processing currently
takes more time than necessary. Theoretically, the time for complete measurement and
data analysis of a 100km fibre could be reduced by at least an order of magnitude, using

a faster data acquisition system.
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Temperature and Strain Measurements with Higher Spatial Resolution

The microwave detection system can recover a signal with a pulse width greater than
~10ns (~1m spatial resolution). For higher spatial resolution measurements the 1GHz
BPF bandwidth needs to be increased along with the use of a faster response time RF

rectifier.

Remote Amplification

Some preliminary investigation of Remote amplification has been made, remotely sited
erbium or Raman amplifiers have been recently implemented by the group, initially
using the direct detection technique. This should now be explored further using the

advantages of coherent detection.
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7.3 Key Achievements

This thesis has researched methods to improve sensing range and performance of coher-
ent Brillouin based distributed temperature and strain sensors. The main achievements

are:

e Simplification and optimisation of the CBS. This has led to an improvement of
about 15dB on the Brillouin backscattered power, which led to a longer sensing

range and improved sensing performance.

e Demonstration of a new microwave detection system for long range measurement
with high spatial resolution, with 1.6°C over a range of 30km and 2m spatial

resolution was achieved.

e Demonstration of the use of the high spatial resolution sensor for the first time to

characterise special fibres designed and fabricated to suppress SBS.

e Demonstration for the first time of the feasibility of using combined Raman power

and Brillouin frequency to measure temperature and strain simultaneously.

e Identification of the best technique to measure temperature and strain simultane-

ously for a sensing range >30km.

e Identification of modulation instability as the nonlinear effect with the lowest

power threshold, demonstrating that it can be avoided by using NZ-DSF MCF.

e Demonstration for the first time of the use of optical Raman amplification with
the coherent detection Brillouin based sensor, where a temperature measurement
over 150km was demonstrated, the longest distributed temperature sensing range

ever reported.

e Demonstration of the longest single ended sensing range of simultaneous mea-
surement of temperature and strain (50km) with the best measurand and spatial

resolution ever reported over such a range.

The results achieved represent a significant advance in distributed temperature and

strain Brillouin based sensors.
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