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by Ali Masoudi

Over the past two decades, distributed optical fibre sensors (DOFS) based on Brillouin
and Raman scattering have been extensively studied. As a result, a wide range of dis-
tributed temperature and strain sensors with different sensing range and accuracy levels
have been developed. However, due to the weak nature of Brillouin and Raman scatter-
ing, most of the research in this field has been focused on DC or quasi-DC measurement
of temperature and strain. On the other hand, the Rayleigh-based DOFS which have
been previously proposed are only able to detect dynamic disturbances along the sensing
fibre. In this thesis, a new sensing technique has been developed which is capable of
quantifying and tracking multiple dynamic perturbations along the sensing fibre, simul-
taneously.

The sensing mechanism of the proposed technique relies on the phase of the Rayleigh
backscattered light. For any given segment along the fibre, the difference in the phase of
the backscattered light radiating from the two ends of that segment changes as a function
of the external perturbations at that segment. Therefore, dynamic vibration along the
sensing fibre can be extracted by comparing the phase of the backscattered light from
two different sections of the sensing fibre. By implementing this technique using an
imbalanced Mach-Zehnder Interferometer (IMZI), a distributed sensor was developed
that was capable of quantifying dynamic perturbations within the frequency range of
200Hz ~ 5kHz along a 1km sensing fibre.

Furthermore, the same principle was used to develop a distributed magnetic field sensor.
By coupling an optical fibre to a magnetostrictive wire and by using this combination
as a magnetic field to strain transducer, a distributed magnetic field sensor was formed
with magnetic intensity range of 1Gs ~ 8Gs and frequency range of 50Hz ~ 5kHz.
In addition, the IMZI arrangement was used as a frequency-to-intensity convertor to
develop a distributed dynamic strain sensor based on Brillouin scattering. The proposed
sensor exhibited a strain range of 400ue ~ 4me and a sensing range of 2km.
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Chapter 1

Introduction

1.1 Optical Fibre Sensor and its Advantages

Today, sensors play an increasingly important role in various aspects of human life, from,
for instance, measuring the heart rate of a patient to monitoring power-grid networks.
Amongst the various types of sensing mechanisms, optical fibre-based sensors (OFS)
have attracted a considerable amount of attention due to the advantages they offer such
as robustness, flexibility, and high sensitivity. However, what distinguishes OFS from
their rivals is the capability of a certain category of these sensors to spatially resolve
measurands along the sensing fibre. This class of sensors which are known as distributed
optical fibre sensors (DOFS) use the optical scattering phenomenon in optical fibre to
measure the physical variables such as temperature, strain, and magnetic field. In recent
years, the majority of studies on DOFS have been focused on using inelastic scattering
processes (i.e. Brillouin and Raman scattering) to measure physical phenomena such as
temperature and strain. High sensitivity, simplicity, and long sensing-range of Brillouin-
and Raman-based DOFS have established them as the primary means of measurement
in many applications from monitoring the strain across large structures such as bridges
to measuring the temperature profiles of power cables. However, since the Raman and
Brillouin scattering processes are relatively weak in comparison with Rayleigh scattering,
the sensing procedures for the sensors that are based on Brillouin and Raman scattering
require a lot of averaging. Therefore, DOFS based on these scattering processes are best
reserved for DC and quasi-DC measurement of temperature and strain 7.e. measurands
which are either constant or varying very slowly with time. To overcome this issue,
a technique has been introduced and developed which is based on the phase of the
backscattered Rayleigh light.

1.2 Research Objectives

The aim of this research was to develop a DOFS capable of measuring the dynamic

strain along the sensing fibre and to expand this concept to design distributed sensors
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for other dynamic phenomena such as distributed dynamic magnetic field sensing. The
concept was to use the phase variation between the coherent Rayleigh backscattered
light from two segments of the sensing fibre to detect the strain-induced phase change
between those segments. Such DOFS can not only be used to quantify the vibrations
of stationary objects along the sensing fibre, but also to track mobile objects along its
path. There are a variety of applications for distributed sensors capable of measuring
dynamic phenomena. In the oil and gas industry, for instance, they can be used to
detect leakage along the pipelines. They can be used in the rail industry to track trains
across the rail networks and to monitor the condition of the trains and the railways.
Perimeter security and monitoring the power grids can be mentioned among the other

applications of these distributed sensors.

1.3 Thesis Outline

This thesis is organized in seven chapters. A brief description of each chapter is given

below:

In chapter |2 the basic principles of distributed optical fibre sensors are presented.
The Rayleigh, Brillouin, and Raman scattering processes are explained and the limita-
tions they impose on DOFS are discussed. Recent research on Rayleigh- and Brillouin-
based distributed dynamic strain sensors is presented and their fundamental limitations
are pointed out. The chapter concludes with a review of the recent studies on distributed

magnetic field sensors.

Chapter 3] establishes the basic principles of the distributed dynamic strain sensor
studied in this thesis. The theory of phase sensitive optical time domain reflectometry
(¢ —OTDR) is presented through mathematical equations and diagrams. It is explained
how an imbalanced Mach-Zehnder interferometer (MZI) can be combined with a 3 x 3
coupler to extract the phase of the backscattered light while avoiding the fading effect.
The experimental setup and the output results of the sensor are presented, followed by

a discussion on its capabilities and limitations.

Chapters [] and [5] expand on the concept introduced in chapter [3] to demonstrate
a distributed acoustic sensor and distributed magnetic field sensor, respectively. The
effect of the dimension and compound of the coating of the sensing fibre to acoustic vi-
brations is analyzed in chapter [4|and the response of different fibres to acoustic vibration
generated by a loud speaker is presented and discussed.

In chapter 5] the magnetostrictive properties of a Nickel wire are utilized to measure
the dynamic magnetic field. It is shown how the dynamic magnetic field can be quantified
by coupling an optical fibre and a Nickel wire and by measuring the magnetic-field-
induced strain on the optical fibre. The theoretical and experimental aspects of the

sensor are presented and discussed as well.
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In chapter[0] a Brillouin-based distributed dynamic strain sensor is introduced which
uses the concept described in chapter [3| to passively avoid the fading effect. The the-
oretical section demonstrates how the strain-induced frequency shift in backscattered
Brillouin light is converted to optical intensity variation by an imbalanced MZI. The ex-
perimental work and results are presented, and advantages and drawbacks of the sensor

are discussed.

Finally, chapter [7] summarizes the research and provides an outlook on the future of

these sensors and recommendations for potential future works.
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Chapter 2

Distributed Optical Fibre Sensor:

Principles and Literature Review

2.1 Introduction

Optical fibre sensors (OFS) are generally classified into two main categories; these are
extrinsic sensors (where the optical fibre is used to carry the light to and from the sensing
target) and intrinsic sensors (where the fibre itself is used as the sensing element) [1].
Intrinsic optical fibre sensors are further categorized into single-point sensors, quasi-
distributed sensors, and distributed sensors [2]. Single-point sensors are the simplest
form of intrinsic sensor where the sensor measures the net effect of the measurand on
the entire length of the sensing fibre. Figure (a) shows an example of such a sensor.
In this configuration, which is know as Mach-Zehnder interferometer (MZI), the sensing
arm is exposed to the sensing target while the reference arm is kept isolated. Changes in
the physical properties of the sensing arm are measured by combining the light emerging
from the sensing and the reference arms and monitoring the intensity variation at the
output ports.

Another class of intrinsic sensors are quasi-distributed sensors which are sensitive
to measurands at certain and predetermined points along the length of the sensing
fibre. Fibre Bragg grating-based OFS are the most common type of quasi-distributed
sensors where multiple fibre Bragg gratings (FBG) with different Bragg wavelengths
are combined to form the sensing fibre (Figure [2.1[b)). The sensing procedure of such
sensors relies on the variation of the wavelength of the reflected light from each individual
FBG due to changes in their physical properties such as their length.

Unlike quasi-distributed OFS where the sensing fibre is sensitive at discrete sections
of the optical fibre, a distributed optical fibre sensor (DOFS) is capable of measuring
physical phenomena all along the fibre since it does not rely on the introduction of any
extra features to individual sections of the optical fibre (Figure 2.1c)). Instead, DOFS
relies on the scattering of light within the fibre. As light propagates inside an optical

fibre, it interacts with its surrounding medium. As a consequence of this interaction,
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a)

Sensing arm

LS

Reference arm

b)
C
BBLS —=— I:
(] %
c)
Sensing
C .
Fibre
PLS O I:

Figure 2.1: Three categories of intrinsic optical fibre sensors (a) single-point sensor, (b) quasi-
distributed sensor, and (c) distributed sensor. LS: Laser source; FC: Fibre coupler; PD: Photode-
tector; BBLS: Broad-band laser source; C: Circulator; FBG: Fibre Bragg grating; PLS: Pulsed
laser source.

light scatters in all directions. A fraction of the scattered light which propagates back-
ward towards the front end of the fibre is called the backscattered light. The sensing
procedure of DOFS relies on this backscattered light which carries useful information

about the physical condition of the fibre at the point where the scattering has occurred.

2.2 Principles of Light Scattering

Despite the conventional perception which considers the scattering of light as a re-
direction of light that occurs when a light ray encounters the particles of a medium, the
light-scattering process is in fact a complex interaction between an incident electromag-
netic (EM) wave and atoms or molecules of a medium. Light scattering occurs through
three different processes [3]: Rayleigh scattering, Brillouin scattering, and Raman scat-

tering. These scattering processes are investigated in the rest of this section.

2.2.1 Rayleigh Scattering

When an EM wave encounters density fluctuations in an otherwise homogeneous medium,
it periodically perturbs the electron cloud of the molecules within the medium. The os-
cillation of the electron cloud results in a periodic polarization of atoms or molecules in

that region which forms an oscillating dipole moment. The oscillation of the induced
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dipole moment leads to the radiation of a secondary EM wave known as Rayleigh scat-
tering. It can be shown that the sum of the secondary waves radiated from a fully
homogeneous medium is zero in all directions except in the direction of the propaga-
tion of the incident wave [4]. Therefore, the Rayleigh scattering phenomenon can be
observed in an inhomogeneous medium only. Furthermore, since the induced dipole
moments are oscillating at the same frequency of the incident EM wave, the wavelength
of the Rayleigh scattered light is equal to that of the incident light. Therefore, the
Rayleigh scattering phenomenon is an elastic process.

Rayleigh scattering occurs due to randomly-distributed density fluctuations in the
fibre. These inhomogeneities, which in size are much smaller than the wavelength of
the propagating light, form during the fibre fabrication process. Although a carefully
planned fabrication process can reduce the size and concentration of these inhomo-
geneities, it cannot eliminate them completely.

Rayleigh scattering is characterized by a coefficient which is inversely proportional
to the power of four of the wavelength of the incident light, A\. For a condensed isotropic

media, this coefficient is given as

873

TR

where the description of the parameters along with their values for a standard single-
mode fibre (SSMF) is given in table The derivation of this equation is provided in

Appendix [A]

2.2.2 Brillouin Scattering

Brillouin scattering, first predicted by Leon Brillouin in 1922, occurs as a result of the
interaction between incident light and thermally generated acoustic phonons. Since
acoustic phonons are quantized vibrational modes of atoms or molecules in condensed
matter, they can be considered as thermally generated acoustic waves propagating in
all directions over a wide range of frequencies. Therefore, Brillouin scattering can be
thought of as the diffraction of incident light due to the periodic variation in the refrac-
tive index of a medium caused by acoustic waves.

The Brillouin scattering process within an optical fibre follows similar principles as

Symbol Description Value
n Fibre refractive index 1.46
D Average photoelastic coefficient | 0.286
Br Isothermal compressibility at Tp | 7 x 1071t m2N—1!
K Boltzmann’s constant 138 x 1078 JK!
Tr Fictive temperature 1950°K

Table 2.1: Definition of the parameters in equation along with their values for a standard
single-mode fibre.
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that within bulk material. As the light travels through the fibre, it interacts with the
thermally generated acoustic phonons. Among all the phonons in the fibre, only those
which are phase-matched with the incident light (i.e. those which satisfy the Bragg
condition) contribute to the Brillouin scattering process. Under the Bragg condition, it
can be shown that

2n A\, sin(g) =\p (2.2)

where n is the refractive index of the fibre, A\, is the wavelength of the acoustic wave, ¢
is the angle between the incident and scattered light, and Ap is the wavelength of the
incident light. Figure illustrates the process of Brillouin scattering for an acoustic
wave propagating parallel to the waveguide. From all the scattered rays, however, only
those within the numerical aperture (NA) of the fibre are guided by the fibre. Therefore,
only the acoustic phonons propagating in parallel with the axis of the fibre contribute
towards the Brillouin backscattered light which is guided towards the front-end of the
fibre.

As a result of the interaction of light with the acoustic phonons travelling at a
velocity vg, the scattered light undergoes a Doppler shift. The frequency of the acoustic

phonons, f,, can be expressed in terms of its velocity, v,, and its wavelength

Uq
fa= N (2.3)

Incident Scattered
Wave Waves

Acoustic
Phonons

Figure 2.2: Brillouin scattering (Ag) as a result of interaction between an incident light (Ap)
and thermally generated acoustic waves (Ag).
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Combining equations (2.3)) and (2.2 gives

2
fa= ﬁva sin(g). (2.4)

which demonstrates the frequency of the phonons in terms of the wavelength of the
incident light and the refractive index of the fibre. The frequency difference between
the incident and scattered light, which is called Brillouin frequency shift, Avpg, is equal
to the frequency of the acoustic wave, f,. Since only the scattered light in forward and
backward directions is guided (i.e. ¢ = 0° and ¢ = 180°), the frequency shift of the
Brillouin backscattered light idT]

vy — vBs| = |Avg| = iZUu (2.5)
where v, and vpg are the frequencies of the incident and backscattered light, respec-
tively. The sign of the Brillouin frequency shift depends on whether the acoustic wave
is co-propagating or counter-propagating with the incident light. Equation shows
that, for a given incident wavelength, the Brillouin frequency shift depends only on the
refractive index of the fibre and the acoustic velocity within the fibre. In turn, both of
these parameters are dependent on the environmental conditions of the fibre such as its
temperature and strain. In addition, the intensity of the Brillouin backscattered light
is also dependent on the temperature and strain of the fibre. The Brillouin scattering

coefficient, g, is given by [6]

873

=3\ nPp? KT (pv?)~! (2.6)

B
where T is the absolute temperature and p is the mean density of the fibre. Therefore, by
analyzing the intensity and frequency of the Brillouin backscattered light, the distributed

strain and temperature along the sensing fibre can be unambiguously measured [7,8].

2.2.3 Raman Scattering

In section [2.2.1] it was shown that the induced dipole moment, P, is the source of
Rayleigh scattering where
P =caE. (2.7)

Here, E is the incident electric field and « is the polarizability of the medium. The
assessment of Rayleigh scattering was carried out with an assumption that the value of
« is fixed at each point along the medium. However, since polarizability is defined as
the ability of a medium to be polarized, the value of a depends on the instantaneous
position of the individual atoms within that medium as well. Considering the fact that

the individual atoms vibrate within the boundary of their molecular bonds, the value of

1For ¢ = 0°, equation ([2.4)) shows that Avg = 0. This shows that the Brillouin scattering is mainly
a backward process.
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« can be written as
Jda
a=ap+ 20 dqQ (2.8)
where « is the polarizability at equilibrium and d@ is the physical displacement of the
atoms. In addition, for a given molecular bond, quantum mechanics has shown that
the individual atoms are confined to specific vibrational modes in which the vibrational

energy levels of each vibrational mode, &;, are quantized, and is given by [9)

1
E; = (J+5) hvuw (2.9)

where j is the vibrational quantum number (j = 0,1,2,...), h is the Planck’s constant,
and v, is the frequency of the vibrational mode. Therefore, the physical displacement

of an atom with vibrational frequency of v,;, can be expressed as
dQ = Qo cos(2m vyppt) (2.10)

where Qg is the maximum displacement about the equilibrium position. Combining

equations (2.8), (2.9) and (2.10) gives

P=E[a+ Sg Qo cos(2m vypt)]. (2.11)

Substituting electric field |E| = Ejcos(2m1pt) in this equation results in

0
P = agEy cos(2mpt) + % Qo Eq cos(2mvpt) cos(27 vypt). (2.12)
Using trigonometric identities, equation (2.12)) can be transformed into
0 E
P = apEy cos(2mpt) + % Q02 O lcos(2m (v — vuin)t) + cos(2m (o + vei)t)]. (2.13)

The first term of this equation corresponds to Rayleigh scattering while the next two
terms are the source of Raman scattering. According to equation , Raman scat-
tering is an inelastic process where the frequency difference between the incident and
scattered light is determined by quantized vibrational modes of the medium. Therefore,
unlike Brillouin scattering, changes in the environmental condition of a medium do not
affect the frequency of the Raman scattered light. Additionally, equation shows

that the Raman scattering process occurs only in media where da/9Q is non-zero.

The Raman scattering process can also be explained in terms of the energy of the
incident light and the energy levels of the molecular vibrational modes, also known as
optical phonons. Figure 2.3 illustrates the process for both Raman Stokes and anti-
Stokes scattering. In the Stokes scattering process, for instance, an incident photon
with energy hyg excites a phonon from energy level £ to a virtual energy state £ =

&1 + hyy. If the excited phonon decays to energy state & in return, it emits a photon
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Figure 2.3: Schematic representation of Raman scattering process by means of the energy levels
of molecular vibrational modes.

with a lower energy h(vg — ) and the process is called Raman Stokes scattering.
The population density of phonons in both energy levels £ and & depends on the
temperature of the medium. However, since the population density of higher-energy
phonons are more sensitive to the temperature variations than that of lower-energy
phonons, the temperature at certain point along an optical fibre can be measured by
calculating the ratio of the anti-Stokes power to Stokes power of the backscattered
Raman [13]:

_Ias  Aas h Av
R(T) = Ig _()\S KT

where Agg and Ag are the Raman anti-Stokes and Stokes wavelengths, respectively, and

)t exp(——=+) (2.14)

Av is the frequency difference between the Raman anti-Stokes and the incident light.

2.2.4 Comparison

Since DOFS are based on one or more of the scattering processes introduced in this
section, comparing the properties of backscattered light as a result of these scattering

processes can provide a valuable insight of the main advantages and drawbacks of DOFS

Stokes «——}—— anti-Stokes

Rayleigh
0dB

-10dB

Brillouin Brillouin
-20dB

Raman Raman

-30dB
/\ I\ : I\ : A ! A /\ »
+ \ + \ + V + V +

-13THz -11GHz 0 11GHz 13THz

Normalized backscattered
light Intensity

Frequency Shift

Figure 2.4: Schematic diagram showing a typical spectrum of spontaneous backscattered light in
silica fibre for 1550nm incident light .
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using them. A schematic diagram of a typical spectrum of spontaneous backscattered
light in silica fibre for 1550nm incident light is shown in figure This figure illus-
trates the frequency shift, bandwidth, and relative intensity of Raman and Brillouin
backscattered light in comparison with that of Rayleigh scattering. From this figure, it
can be seen that the intensities of Brillouin and Raman backscattered light are ~ 20d B
and ~ 30dB weaker than that of Rayleigh backscattered light, respectively. Therefore,
DOFS which are based on Brillouin and Raman scattering require a larger amount of
averaging in their signal processing procedures to achieve a reasonable signal to noise
ratio (SNR) [10-12]. As a result, most of the Brillouin- and Raman-based DOFS are
developed as quasi-static distributed temperature or distributed strain sensors.

In addition, figure shows that the Raman frequency shift is much larger than
that of the Brillouin. Therefore, prior to development of fibre Bragg grating, it was
much easier to filter and analyze the Raman backscattered light without any concern
for Rayleigh contamination. However, Raman scattering is sensitive to temperature
variation only (equation . On the contrary, Brillouin scattering is an inelastic
scattering process which is sensitive to both temperature and strain. Since any variation
in temperature or strain of a fibre changes the intensity and frequency of both Brillouin
Stokes and anti-Stokes backscattered signals, Brillouin backscattered light can be used
to disentangle the temperature variations from strain fluctuations.

Of the three scattering processes, Rayleigh scattering is the most powerful and the
only scattering phenomenon which is elastic. Although the coherent nature of Rayleigh
backscattered light may not be convenient for mapping the fibre loss along optical fibre
cables, coherent Rayleigh backscattering has been widely used as distributed sensors
for detection of dynamic disturbances along the sensing fibre. Most of the studies
presented in this thesis take advantage of the coherence nature of the coherent Rayleigh
backscattered light between two separate regions of the fibre.

The key parameters of spontaneous Raman, Brillouin, and Rayleigh scattering for
silica fibre for 1550nm incident light are summarized in table

2.3 Distributed Optical Fibre Sensing Techniques

DOFS employ different techniques to analyze the backscattered light from the sensing
fibre. These techniques can be divided into three main categories; these are includ-
ing optical time-domain reflectometry (OTDR), optical frequency-domain reflectometry
(OFDR), and optical correlation-domain analysis (OCDA).

Optical-Time Domain Reflectometry (OTDR)

OTDR is the simplest form of fibre interrogation technique. This technique is based on
launching a pulse of light down one end of the sensing fibre and collecting the backscat-

tered light from the same end. Backscattered light from the sensing fibre forms a trace
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Rayleigh Brillouin Raman
Principle of scattering | Inhomogeneites | Acoustic phonons | Optical phonons
Scattering Process C’ohergnt, C’ohere@t, Incohere?lt,
Elastic Inelastic Inelastic
Gain bandwidth = incident light | ~ 20— 100M Hz ~bT'Hz
Frequency shift 0Hz 11GHz 13THz
Correspondin,
wavelen]; ih s hi?‘ " Onm 0.09nm 104nm
Compamszon wz'th - ~ 20dB weaker ~ 30dB weaker
Rayleigh scattering
Backscattered power
for 10ns pulse with ~ 100nW 1.6nW 100pW
1W peak power

Table 2.2: Key characteristics of Raman, Brillouin, and Rayleigh scattering for silica fibre for
1550nm incident light.

where the time axis along the trace represents the distance along the sensing fibre. Har-
tog et al. [15] have shown that for an optical pulse with a peak intensity of Iy, the
intensity of the backscattered light at the front-end of the fibre is given by

1
I(t) = 5vgloty Ss eap(—272) (2.15)

where = tv,/2 is the distance from the front-end of the fibre and S is the fraction of

capture which, for a step-index fibre, is given by [15]

(N A)?

= —. 2.1
4.3n2 (2.16)

The description and typical values of the elements in these equations are given in table
2.3l

OTDR-based DOFS can be further divided based on the scattering processes they
rely on and the techniques they use. Rayleigh-based OTDR, systems fall into three cate-
gories including polarization OTDR (POTDR) which relies on the polarization state of

Symbol Description Value

Vg Group Velocity ~2x108m/s

tp Pulse width -

S Fraction of capture 2.11 x 1073

s Scattering coefficient sca tlt)ei"];zchiz?ht:;sm
~y Total attenuation coefficient ~ 4.6 x 107°

NA Numerical aperture 0.14

n Fibre refractive index 1.46

Table 2.3: The description and typical values of the elements of equations and for
step index standard SMF fibre.
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the backscattered Rayleigh, phase OTDR (¢p-OTDR) which relies on the phase of the
backscattered Rayleigh, and coherent OTDR (COTDR) which relies on the variation
in the intensity of the backscattered coherent Rayleigh noise (CRN). It should be men-
tioned that the operation of POTDR and ¢-OTDR techniques relies on the fact that
the Rayleigh scattering radiates coherent light.

Since Brillouin scattering is not an elastic process, OTDR techniques which rely on
Brillouin scattering differ from that of Rayleigh scattering. Brillouin OTDR (BOTDR)
is the simplest form of Brillouin-based DOFS in which the wavelength and the intensity
of the spontaneous Brillouin backscattered signal from a pulse of light are used to map
the temperature and strain at each point along the sensing fibre [16}|17]. Brillouin
optical time domain analysis (BOTDA) is a more complex form of BOTDR which relies
on stimulated Brillouin scattering. In this technique, an optical pulse and CW light
with frequency difference equivalent to the Brillouin frequency shift are launched at the
two opposite ends of the sensing fibre. The interaction between these two waves at
the sections of the sensing fibre which meet the Bragg condition results in stimulated
Brillouin scattering. Therefore, by scanning the wavelength of either the CW light
or the optical pulse over a range of frequencies, the temperature and strain along the
sensing fibre can be mapped [18]. Although this technique generates a more powerful
backscattered light, it has a number of problems which are discussed in the next section.

Due to the unique properties of Raman scattering, Raman OTDR (ROTDR) is the
only Raman scattering-based OTDR which has been thoroughly studied. The principle
of the ROTDR technique is similar to that of BOTDR, but instead of Brillouin backscat-
tered light, the intensity of Raman backscattered light is used to map the temperature
distribution along the sensing fibre. Since Raman frequency shift does not depend on
the environmental condition of the sensing fibre, optical time domain analysis described

for BOTDA technique cannot be adopted for Raman scattering.

Optical Frequency-Domain Reflectometry (OFDR)

In the OFDR technique, instead of an optical pulse, a highly monochromatic CW light
is used to interrogate the sensing fibre. In the simplest version of this technique, light
from a narrow linewidth tunable laser source is coupled to the sensing fibre while its
frequency is linearly swept over a range of frequencies. It is shown that by adjusting the
sweeping frequency correctly, the entire length of the fibre can be mapped as a function
of the frequency of the backscattered light [20]. A more advanced version of the OFDR
technique was proposed by Froggatt et al. [19] which relies on the relationship between
the intensity of the backscattered light as a function of wave number, ¥(/3), and the
variation in the permittivity of the fibre core as a function of distance along the fibre,

Ag(x). This relationship is given by [19)

U(p) = E%f / Ai(x) exp(i2px) dz (2.17)
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where (3 is the wave number, ¢ is the mean permittivity of the fibre, £y is the amplitude
of the incident electric wave, and ¢ is the imaginary number. This equation shows that
the complex amplitude of the backscattered light at a certain wave number is equal to the
spatial Fourier transform of the fluctuations in the permittivity of the fibre as a function
of distance evaluated at twice the spatial frequency of the exciting field. Therefore, by
measuring the backscattered light as a function of the wave number, the permittivity
along the fibre core can be spatially mapped, and any change in it can be used to measure
the changes along the fibre. Although the main application of the OFDR technique is in
the distributed measurements of the parameters of optical fibres [21},22], this technique

has been used for distributed sensing purposes as well [23)24].

Optical Correlation-Domain Analysis (OCDA)

Among the three interrogating techniques, OCDA is the most complex one, and can
only be applied to Brillouin scattering. The principle of the Brillouin-OCDA (BOCDA)
technique is based on the interaction between two counter-propagating CW lights while
the wavelengths of the lights are being modulated. The point at which the two lights
interact to generate stimulated Brillouin scattering (SBS) can be controlled by adjusting
the wavelength-modulation frequency of the two counter-propagating waves as well as
their frequency difference. Therefore, by controlling the correlation between the two
counter-propagating CW lights, the temperature and strain along the sensing fibre can
be mapped one point at a time [25]. The Brillouin optical correlation-domain reflectom-
etry (BOTDR) is another technique which takes advantage of the correlation between
the Brillouin backscattered light and reference light. In this technique, wavelength-
modulated CW light is divided into pump and reference light. The pump light is injected
into the sensing fibre and the Brillouin backscattered light is mixed with the delayed
reference light. Similar to the BOCDA technique, the sensing fibre can be mapped by
controlling the wavelength-modulation frequency of the source [26].

The tree diagram of figure summarises the different interrogation techniques used
in DOFS based on the scattering phenomenon they use. In the next chapter, DOFS
capable of either detecting or quantifying the dynamic variations or magnetic fields along

the sensing fibre are reviewed according to this diagram.

2.4 Distributed Dynamic Strain Sensing: An Overview

2.4.1 Distributed Vibration Sensor Based on Rayleigh Scattering

As mentioned earlier, only Rayleigh and Brillouin scattering processes are sensitive to
the induced strain in an optical fibre. Among the Rayleigh-based sensing techniques
described in the previous section, three techniques are used in distributed vibration
sensors (DVS). The following reviews the main studies in Rayleigh scattering-based

DVS and looks at their advantages and drawbacks.
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Figure 2.5:  Summary of the different interrogation techniques used in DOFS based on the
scattering phenomenon that each uses.

COTDR-based Sensor

The simplest form of DVS which was first proposed by Taylor et al. [27] is based on
COTDR traces. In this technique, the perturbations along the sensing fibre change
the distribution of the inhomogeneities within the fibre. The redistribution of inhomo-
geneities changes the intensity of the coherent Rayleigh backscattered light from which
the vibrations are detected. A number of such sensors have been proposed [28-30], with
the recent studies demonstrating DVS with frequency and sensing range of 1kHz and
2km respectively. In addition, a range of commercial devices with a sensing range as
long as 50km are available which are based on COTDR and are used as an intruder
sensor. However, since the redistribution of inhomogeneities in the fibre results in a
random variation in the intensity of the backscattered CRN, the DVS using this sens-
ing technique cannot provide a true measure of the magnitude and frequency of the

perturbation.

OFDR-based Sensor

Unlike the COTDR-based sensors, DVS which are based on OFDR are capable of quan-
tifying perturbations along the sensing fibre. The sensing mechanism of this technique
is based on continuously monitoring the changes in the permitivity of the sensing fibre
as a function of distance by the method introduced eariler [19]. Although this technique
allows for quantification of perturbations with a high spatial resolution, it has a limited
frequency and sensing range. For instance, Zhou et al. [31] have demonstrated a sensor

with a spatial resolution of 10cm, but sensing and frequency ranges of 17m and 32H z,
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respectively. In addition, it should be noted that the long-range OFDR-based vibration
sensors demonstrated in a number of publications (e.g. [24]) are not distributed sensors
since, at any given time, they can detect the vibration at one point along the fibre by

gating the backscattered light.

p-OTDR-based Sensor

©-OTDR has also been used as a sensing technique in a number of distributed vibration
sensing systems. The underlying principle of all of the p-OTDR, sensors is based on the
relative changes in the phase of the backscattered light from two separate regions of the
fibre. In contrast with the intensity of CRN which varies in an unpredictable manner as
a result of the external disturbances, changes in the phase difference between two regions
of the fibre is a linear function of the separation between them. Therefore, vibrations
between two regions along the fibre can be quantified by monitoring the variation in the

phase of the backscattered light from those regions.
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Figure 2.6: The outline of the experimental setups of three DVS, the operations of which are
based on p-OTDR.
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Utilization of ¢-OTDR as an DVS was first proposed by Dakin et al. [32]. The
operation of the proposed sensor was based on launching a pair of optical pulses of
slightly different frequency, separated by time AT, into the sensing fibre and measur-
ing the phase difference between two separate regions of the fibre by mixing the two
backscattered traces at the photodetector (figure [2.6(a)). The frequency difference of
the two pulses results in a signal with beat frequency of Af = | fi — f2 |where the phase
of this signal represents the differential phase between the two regions of the sensing
fibre separated by distance Az = AT.c/2n where ¢ is the speed of light in vacuum and
n is the group refractive index of fibre. Although, in theory, the proposed concept can
provide the phase information along the sensing fibre, in practice, for the setup to work,
a precise control over the phase of the two interrogating pulses is required. Therefore,

this system cannot be practically implemented.

In the year 2000, Posey et al. [33] demonstrated an alternative measurement tech-
nique in which the relative phase of the backscattered light between two locations in the
sensing fibre was measured using an imbalanced Mach-Zehnder interferometer (MZI) to
monitor 2kHz dynamic strain along 400m of sensing fibre (figure [2.6(b)). In the pro-
posed technique, the backscattered light from a single pulse is launched into two unequal
paths to provide two similar traces with temporal shift of AT =AL.n/c where AL is the
path imbalance. Afterward, the two traces are mixed in a 3 x 3 coupler to provide three
electromagnetic wave with a nominal phase-shift of 120° between them. It was shown
that the differential phase information at a certain section of the sensing fibre can be
extracted by gating the signals at the outputs of the three photodetectors and demodu-
lating the signal using a differentiate and cross-multiply demodulator. Farhadiroushan
et al. [34] later modified this technique to develop a DVS capable of detecting pertur-
bations along the sensing fibre simultaneously. However, using this technique, their
proposed scheme has a minimum detectable frequency of over 100k H z according to the
specification of the commercial products. The reason for this limitation is the demodu-
lation process of the technique which relies on the derivative of the backscattered trace

as a function of distance.

Another technique proposed by Hartog et al. [35] measures the phase difference
between two segments of the sensing fibre in an electrical domain (figure[2.6{c)). In this
technique, an acousto-optic modulator (AOM) is used to generate optical pulses with
a frequency shift of Af relative to the input CW light. The backscattered light from
the fibre is mixed with the CW light from the laser source at a balanced photodetector
to provide a beat signal which retains both the amplitude and phase information. The
phase information along the fibre is then measured in the electrical domain by a phase
detection circuit. However, the analysis of this approach shows that the fluctuations
in the intensity of the backscattered traces (also know as CRN) introduce noise to the
phase measurement since the phase detection mechanism cannot distinguish between
intensity and phase variation. Therefore, this technique cannot provide an accurate

measurement of the amplitude of vibration.
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POTDR

There was no study found on the utilization of the POTDR, technique as DVS. Studies
suggesting such an approach were either not entirely based on the polarization of the
backscattered light (such as [36],37] which rely on both the intensity and the polarization
of the backscattered light) or they were not distributed sensors at all (such as Liu et
al. [38] which demonstrated a sensor capable of detecting a single perturbation along

the sensing fibre).

2.4.2 Distributed Vibration Sensor Based on Brillouin Scattering

As previously noted, Brillouin is a weak scattering process in comparison with Rayleigh
scattering. Therefore, most of the studies on Brillouin-based DVS are based on stimu-
lated Brillouin sensing techniques (i.e. BOCDA and BOTDA) which provide a stronger
backscattered signal. With a more powerful signal, less averaging time is required and,
as a result, Brillouin sensing techniques can be used as distributed vibration sensors.
Following is a review of the DVS which rely on BOCDA and BOTDA in their sensing

mechanism.

BOCDA

One of the first studies of Brillouin-based dynamic strain measurement was introduced
in 2003 by Hotate et al. |[39] in which the BOCDA technique was used to interrogate
a short-range sensing fibre. With a short sensing range, the frequency sweeping rate
of the BOCDA was increased to form a high spatial resolution distributed dynamic
strain sensor capable of quantifying dynamic strains with an accuracy of +38uc. In
2011, a more advanced version of this technique was introduced by the same research
group [40] offering specifications such as a sampling rate of 20H z and a strain accuracy
of £50ue over a 100m sensing fibre. However, since the BOCDA interrogation technique
is a slow process, DVS based on this technique have a limited frequency and sensing
range. Although the sensing range can be increased, there is a trade-off between the
sensing range and the spatial resolution in the sensors which are based on this technique.
Therefore, this technique is not suitable for measurement of the dynamic vibrations over

a long sensing range.

BOTDA

The Brillouin optical time-domain analysis (BOTDA) technique has also been used
for distributed dynamic sensing. Bernini et al. [41] were the first to experimentally
demonstrate a DVS based on this technique. In their approach, the range of the sensing
fibre was reduced to 100m to allow for a higher interrogation rate and, consequently,

measurement of dynamic disturbances along the fibre. Recent studies on this technique
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have demonstrated a scheme with an effective sampling rate of less than 2kHz and a

spatial resolution of 1m over a sensing range of 160m [42,43].

The BOTDA sensing technique, however, suffers from two main drawbacks. The first
problem is the trade-off between the sensing and frequency range of the sensor. BOTDA
is a slow sensing process similar to BOCDA which requires the scanning of the whole
length of the sensing fibre in small frequency steps. Therefore, the frequency range of
the BOTDA-based sensors is at best limited to few tens of hertz. On the other hand,
the BOTDA sensing technique is best reserved for monitoring single disturbances in the
sensing fibre with relatively high strains where the strain-induced shift in the Brillouin
frequency relative to the unstrained fibre is greater than the Brillouin linewidth. If
not, the apparent Brillouin gain spectrum at a point from which the strain is computed
is influenced by the strain distribution along the fibre. This effect, first identified by
Horiguchi et al. |44] and later analyzed by Geinitz et al. [45], is due to the potential
transfer of power between the CW pump light and counter-propagating interrogating
pulse all along the fibre from the point where the pulse enters the fibre to the point of

measurement.

2.4.3 Distributed Dynamic Magnetic Field Sensor

Distributed optical fibre magnetic-field sensors (DOFMS) are based on monitoring the
variation in either the polarization or the phase of the backscattered light from the
sensing fibre. DOFMS which are based on the polarization of the backscattered light
exploit the Faraday effect phenomenon, a magneto-optical phenomenon which causes the
rotation of the plane of polarization of the light propagating inside the fibre as a function
of the magnetic field. The theoretical principles of this sensor were first elucidated back
in 1981 by Rogers [46] and referred to as polarization optical time domain reflectometry
(POTDR). In 2012, experimental results of a state of the art DOFMS were published
by Palmieri el at. [47] which uses polarization optical frequency domain reflectometry
(POFDR) for magnetic field detection. Despite its wide intensity range (1.57), the
proposed sensor has a number of limitations including the sensitivity of 100m7T (which
is due to the weak nature of the Faraday effect), the spatial range of 15m, and repetition

rate of 10s which makes it suitable only for DC and quasi-DC magnetic field sensing.

Previously reported magnetostrictive-based optical fibre magnetic field sensors are
based on coupling an optical fibre to a magnetostrictive material and measuring the
magnetic field by monitoring the strain induced on the fibre. Although this technique
has been successfully used to develop point sensors using MZI [48-50] as well as quasi-
distributed sensor using fibre Bragg gratings (FBG) [51-53], it has never been employed
to develop a DOFMS.
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2.5 Conclusions

In this chapter, the physical principles of Rayleigh, Brillouin, and Raman scattering
were introduced. It was shown that DOFS use techniques including time-domain reflec-
tometry, frequency-domain reflectometry, or correlation-domain analysis to interrogate
the sensing fibre. After a brief introduction to the working principles of these techniques,
DOFS capable of detecting the dynamic variation of strain and magnetic fields along the
sensing fibre were reviewed. OFDR- and BOCDR- based sensors capable of quantifying
multiple dynamic strain disturbances were described and it was shown that DOFS based
on these techniques have a limited frequency and sensing range. On the other hand,
a number of long-range DOFS were reviewed which are capable of detecting, but not
quantifying, dynamic disturbances along the sensing fibre.

In the next chapter, a DOFS is introduced which is based on ¢-OTDR and is capable
of quantifying and tracking multiple dynamic perturbations over a large frequency and

sensing range.
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Chapter 3

Dynamic Strain Sensor Based on

Coherent Rayleigh Scattering

3.1 Introduction

Brillouin-based DOFS have been established as standard tools for measuring the distri-
bution of physical quantities such as temperature and strain [1-6]. Despite their capabil-
ity of measuring DC and quasi-DC changes in strain and temperature, Brillouin-based
DOFS have not been used for long-range dynamic measurements of such quantities since
their sensing mechanism requires a lot of averaging. This high averaging requirement is
due to the weak nature of the Brillouin scattering as illustrated in table

Distributed dynamic strain sensing has most successfully been explored using coher-
ent Rayleigh scattering [7]. In this technique, an induced strain causes a change in the
coherent Rayleigh noise of the backscattered trace from which the location of the pertur-
bation can be spatially located. However, it was shown in the previous chapter that this
technique cannot provide a measure of the magnitude of strain-induced perturbation.
An OTDR system based on the phase of the coherent Rayleigh noise, first proposed by
Posey et al. [8], provided a means to quantify the strain at a single section of the fibre
at any one time. This chapter builds on this work, utilizing the same proposed phase
demodulation scheme but capturing the entire backscattered trace which allows for a
true measurement of distributed dynamic strain along the sensing fibre. The advantage
of this technique lies in its ability to quantify and track multiple disturbances along the
fibre.

The underlying principles of the proposed scheme are detailed in section [3.2] followed
by a description of the experimental layout in section Experimental results including
the 3D plot of the sensing fibre under strain are presented in section Discussion
and analysis of the experimental results are presented in section and the final section

highlights the outcome of the study.
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3.2 Principles

3.2.1 ¢ — OTDR principles

The basic principle governing the operation of the dynamic strain sensor is based on
measuring the relative phase variation of the backscattered Rayleigh light between two
segments of the sensing fibre due to induced strain. The relative phase difference between
the backscattered lights from the two segments of the fibre, A¢, is a function of the
distance between the two segments, L, as shown in figure [3.1] In the absence of any
strain perturbations, the value of L changes at low frequency due to ambient temperature
variation. In the presence of an external perturbation, however, the value of L changes as
a function of the frequency and magnitude of the induced strain due to that perturbation.
Therefore, the value of the distance between the two segments of the fibre can be written

L(t) = Lo+ AL (t) (3.1)

where AL denotes the changes in L due to external perturbations and L is the station-
ary distance between the two segments.

The changes in the separation length between the two segments of the fibre results
in a change in the phase difference between the backscattered light from those segments.
The changes in the phase difference between the two segments is measured using a Mach-

Zehnder fibre interferometer (MZI). The measurement procedure relies on launching a
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Figure 3.1: Principle of the dynamic strain sensing using o-OTDR. This figure shows the graph-
ical representation of two groups of scatterers in a section of the sensing fibre (a) before external
perturbation, and (b) after external perturbation.
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short pulse of light into the sensing fibre and feeding the backscattered coherent Rayleigh
light into an imbalanced MZI (IMZI) with a path-imbalance Af¢. The role of the path-
imbalance in the MZI is to add delay to the backscattered light propagating in the
longer arm of the MZI relative to the light travelling in the shorter arm, therefore
mixing the phase of the backscattered light from two separate segments of the sensing
fibre. Therefore, the path-imbalance, Af, determines the spatial resolution of the sensor.
For a spatial resolution of Ly metres, the relationship between the path-imbalance and

the separation between the two segments should be Af = 2Ly.

Figure [3.1] explains the principle of operation of an imbalanced MZI. Two segments
shown in this figure (A and B) represent two segments on the sensing fibre, L metres
apart. As a result of the path-imbalance of the MZI, the backscattered electric field
from the segment A which travels through the longer arm of the MZI (the arm with the
delay fibre) mixes with the backscattered electric field from segment B which travels
through the shorter arm of the MZI. Neglecting the fibre loss along L, these electric

fields can be written as

Ey = Eoexp[i(wt+g01)]
Ep = FEyexpli(wt+ p2)] (3.2)

where 1 and @9 are the phases of the backscattered light from A and B respectively,
w is the angular frequency of the backscattered light, and Ej is the magnitude of the
electric field of the backscattered light. As a result of the optical path-imbalance of the
MZI, the backscattered electric field FE4 is delayed and mixes with the backscattered
electric field Fp. Therefore, the intensity of the combined electric fields at the output
of the MZI is given by

Idet = (EA|delayed + EB)(EA|delayed + EB)*
2 2 \
= (B4 exp[z(% A0)] + E)(Ex exp[z(% A0)] + Eg) (3.3)
2
= 2EZ[1 + cos[(¢1 + %Aé) .t (3.4)

The phase-difference between F 4] delayed 204 E'B (i.e. the electric field at the end of the

two arms of the MZI) can be written as

Ap = (p1+ZEA)—py = (P+ZFEAl)—(®+F2L)

= I (AL —2L) (3:5)

where ® is a random phase and A is the wavelength of the backscattered light. Since
Al = 2Ly, substituting equation (3.1]) into (3.5)) gives

A= 27” (AL — 2Ly — 2AL) = 727” (2AL). (3.6)
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Finally, substituting equation (3.6]) in (3.4)) gives

Lje: = 2E(2) [1 4 cos(Ag)]

4
= 2E2[1+ COS(; AL). (3.7)
Equation (3.7)) shows that the detected intensity depends on the cosine of the phase
difference between the backscattered light from the two segments. Therefore, any ex-
ternal disturbances (e.g. acoustic vibration) within the gauge length which affect the

separation of the two segments will change the intensity at the output of the MZI.

3.2.2 Principles of Signal Fading Elimination

According to equation , variation in the output of the photodetector is a function
of AL. However, for AL = Man (n = 1,2,3,...), the value of the cosine function
reaches its extremum and, consequently, the sensitivity of the sensor reaches zero. This
phenomenon is known as signal fading in interferometers [9]. Among the different optical
techniques which have been demonstrated to solve the signal fading problem [10], a
passive technique based on directional 3 x 3 fibre coupler was adopted. In this technique,
the 3dB coupler at the output end of the MZI is replaced by a symmetrical 3 x 3 fibre
coupler as shown in figure [3.2]

The operation of a MZI utilizing 3 x 3 fibre coupler was analyzed by Priest et al.
[11] using transfer matrices of the components forming the interferometer. The same
procedure is employed here to analyze the operation of an IMZI with a 3 x 3 coupler
at the output end. In principle, the operation the IMZI shown in figure can be

described in terms of the product of transfer matrices in the form of

Eq bi1 biz bis 0 0 0 0 0 0 0
Es = | b21 baz bag 0 e 0 0 a1 aiz Ein
Es bs; bs2 bss 0 0 1 0 az; a2 0
Eout M; MDpelay Mo Ein
(3.8)

where My and Ms are the transfer matrices of the 2 x 2 and 3 x 3 couplers respectively,

Photodetector
Delay

fibre

Symmetric
3x3
coupler

Symmetric
2x2 Input
coupler signal

Figure 8.2: Schematic of the setup used to eliminate signal fading in the interferometer by using
a symmetric 3 X 3 coupler at the output of the interferometer.
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A¢ is the phase difference between the two arms due to path-imbalance, and E;, and
FE,u+ are the column vectors specifying the electric fields at the input and output of the
IMZI. Zero row and column are added to the M, matrix to allow for integration of a
2 x 2 coupler with a 3 x 3 coupler.

Generally, the elements of the transfer matrix of couplers are complex numbers
which are determined by the properties of the couplers. However, for a symmetrical
2 x 2 coupler, it is shown that [11]

1
a1l = ajz = a1 = —azz2 = 7\[,
2

while, for a symmetrical 3 x 3 coupler, the square of the modulus of its transfer matrix
elements is shown to be equal to 1/3. Therefore, the product transfer matrix of an IMZI

composed of symmetrical couplers is given by

E eidbi1 pidbiz  idbig 0 0 0 0 O 0 0
By | = % etéb21  ilbaz  ilbas 0 e o 0 % % FEin
ES eilbgl 67:41)32 e’ilb33 0 0 1 0 % \7/7% O
(3.9)

where Zbj; is the angle of the bj; phasor. The product of the transfer matrices in

equation (3.9) gives

E, %Em ez‘(Ad)+4b12)+%Em ¢i(£b13)
Ey, | = % B, ei(A0+baz) | % B, ¢i(£b23) | (3.10)
E5 % Ein ci(A¢+baa) 4 % E;n ¢#(£bs3)

The intensity of the electric fields at the output arms of the IMZI can be calculated by
multiplying the electric field of each arm with its complex conjugate. Therefore, the

intensity of the output arms of the IMZI is given by

1 1 A A
L =BEf= sh+Io me!(A0Tebr2=ebis) | omi(AdHebiz—sbis)]
1 1 , .
Iy = E)E}= 3 Io + 610 m[QZ(A¢+Zb22—Zb23) + e—l(A¢+Zb22—4b23)]
1 1 : .
Is =E3E; = 3 Iy + g Iy m[eZ(A¢+4b32_4b33) + e_’(A¢+4b32—4b33)] (3.11)

where Iy = (Ep)? and m is a parameter which determines the state of polarization
between the two arms of the IMZI (0 < m < 1). Using Euler’s formula, equation (3.11])

becomes
1
L = 3 Iy[1 + mcos(A¢ + Lbiz — Lby3)]
1
I, = 3 Iy[1 + mcos(A¢ + £Lbaz — Zbas)]

1
I3 = g Io[l + mcos(AgZ) + £Lbgg — Zb33)] (312)
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Another important feature of a symmetrical 3 x 3 coupler is the 27 /3 phase difference
between the output of its three arms. Therefore, if Zb1s — Zb1g = 0, it can be shown
that

Zb22 — szg = 0 + 2’7['/3
/bgz — /bzs = 0—21/3. (3.13)

Without the loss of essential generality, it can be assumed that § = 0. Therefore,

substituting equation (3.13]) into (3.12) gives

L = % Ip[1 + mcos(Ag)]
L = é]g[l—i-mcos(AqH— 2%)]
Is = é Ip[1 + mcos(A¢ — 2%)] (3.14)

According to this equation, the output intensities of the IMZI shown in figure are
functions of the phase difference between the two arms and the output of each arm is
27 /3 out of phase with respect to the output of the other two arms. As a result, for any
given A¢, the output intensities of at least two output arms of the IMZI are not at their
stationary points (figure . Therefore, signal fading can be avoided by monitoring

the outputs of the three arms simultaneously.

Normalized Intensity Variation

/2 b 3n/2 2r Sn/2
Phase Difference (rad)
Figure 8.3: The normalized output intensities of an IMZI utilizing a 3 X 3 coupler as a function

of phase difference A¢. While the output intensity of one arm (the blue line) is at its minimum,
the output intensities of the two other arms are not.
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3.2.3 Differentiate and Cross-Multiply Demodulation

Although the signal fading problem can be solved by introducing a 3 x 3 coupler in the
IMZI, this technique has two main drawbacks. The first problem is to determine which
output has the highest sensitivity at any given time which requires complicated signal
processing. But the more important issue is the non-linear response of the interferometer
outputs represented in equation (3.14]).

Both problems can be addressed by using a phase detection technique known as the
differentiate and cross-multiply demodulation scheme [12]. In this technique, by using
the data acquired from the three outputs of the 3 x 3 coupler, the phase difference
between the two arms of the MZI (i.e. A¢ in equation ) can be directly measured.
The block diagram of the differentiate and cross-multiply demodulator is depicted in
figure For an interferometric output in form of equation , the mathematical
analysis shows that the output of the demodulator is given by (appendix

Vour = V3A¢ (3.15)

which is a linear function of the phase difference.

3.3 Experimental Arrangement

3.3.1 Experimental Setup

The experimental setup, shown in figure (3.5 can be divided into three principle sections:
optical pulse generator, sensing fibre, and interferometer and data acquisition unit. In

order to generate the interrogating pulse, the injection current of a distributed feedback
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Figure 8.4: Block diagram of the differentiate and cross-multiply demodulator, adopted Camron
et al. [19)].
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Figure 3.5: Experimental arrangement. EDFA: Erbium-doped fibre amplifier, PD: photodetector,
FBG: fibre Bragg grating, PC: polarization controller, C: circulator, DFB: Distributed feedback.

(DFB) laser diode was directly modulated to generate 10ns optical pulses with a peak
power of 10mWW at a repetition rate of 10us. Using a 90/10 fibre coupler, 90% of
each output pulse was amplified by a 28dB gain Erbium-doped fibre amplifier (EDFA)
(980nm laser diode-pump with 100mW cw output; 10m of Erbium-doped fibre) while
the remaining 10% was used to trigger the oscilloscope. An optical isolator was used after
the 1550nm laser diode to prevent the backward ASE (amplified spontaneous emission)
generated in the EDFA(1) from causing instabilities in the laser diode. Forward ASE
from EDFA(1) was filtered by an ASE-filter (3dB bandwidth of 7nm) and the amplified
optical pulses (~ 4W peak power) were launched into the sensing fibre.

The sensing fibre included two regions of length 3.5m and 7m subjected to dy-
namic strain using a disk PZT and a cylindrical PZT, respectively. 320m of unstrained-
unheated fibre was used to separate these two regions. A further 400m and 280m long
streches of unstrained-unheated fibre were added before and after the 7m and the 3.5m
strained sections respectively to separate them from the front-end and far-end of the
sensing fibre.

Since the intensity of the backscattered Rayleigh light was low, it was amplified by
another Er-doped fibre amplifier (EDFA(2) - 980nm laser diode-pump with 100mW
cw output; 5m of Erbium-doped fibre) with 20dB gain. A fibre Bragg grating (FBG)
(Reflectivity 99%; AX = 3nm; Ap = 1550.7nm) was used to filter the EDFA2 forward
ASE. The output of the FBG filter was fed into a thermally isolated IMZI via a 50/50

coupler. To combine the backscattered light from two separate regions of the sensing
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fibre, the path-imbalance of the IMZI was set to 4m which corresponds to 2m spatial
resolution. The three arms of the 3 x 3 coupler at the output of the IMZI were connected
to three detectors (40V/mA transimpedance, 125M Hz bandwidth, 22.5pW/+/Hz NEP).
The outputs of the detectors were collected by a 250M H z oscilloscope (PicoScope model
6402B) with a sampling rate of 300M Sa/s. Since the data acquisition process of the
oscilloscope was based on interleaved sampling, the length of the optical fibre leads from
the 3 x 3 coupler to the photodetectors were adjusted to eliminate the consequent data

acquisition time delay between the channels.

3.3.2 Signal Processing Procedure

The acquired signals on each detector consisted of a train of backscattered traces (figure
a)). The length of each trace was proportional to the length of the sensing fibre,
and its repetition rate was equal to the repetition rate of the pulse generator. The
train of the traces were rearranged to provide a 3D plot of the backscattered traces as

shown in figure b). Since each data point on the backscattered traces represents a
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Figure 3.6: Rearrangement of (a) a two dimensional train of trances into (b) a three dimensional
diagram depicting the sequence of traces. (c) Output of the differentiate and cross-multiply
demodulator for an input data from three photodetectors, and (d) the FFT of the differentiate
and cross-multiply demodulator output.
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certain section of the sensing fibre, the rearrangement of backscattered traces allows for

monitoring the sensing fibre as a function of both distance and time.

In order to quantify the disturbances at a particular position along the sensing fibre,
the differentiate and cross-multiply demodulation procedure should be applied to the
backscattered data collected from that position. Therefore, the differentiate and cross-
multiply demodulation scheme was implemented digitally along the lines of the block
diagram shown in figure [3.4] so that the demodulation process can be applied to each
section of the sensing fibre individually. It should be pointed out that the demodulation
process should not be implemented directly after the photodetectors by connecting the
outputs of the detectors to an analogue demodulator. The reason for this is that, if the
phase-demodulator is implemented directly after the photodetectors, the differentiator
within the phase-detector would measure the spatial derivative of the backscattered data
along the length of the sensing fibre [13] while for the sensor to measure the perturbation
at each point, the differentiator is expected to measure the temporal derivative of that
point. Therefore, the signal processing procedure was implemented digitally to provide

the backscattered data for each point along the sensing fibre as a function of time.

The MATLAB code used to implement this algorithm is presented and explained in
appendix |[Cl A fast Fourier transform (FFT) was performed on the demodulated data
along the time axis (figure ¢)) to identify the frequency components of any phase
perturbation occurring within that section. This process was then repeated for all of the
points along the sensing fibre and drawn as a 3D plot showing the frequency spectrum
of the perturbations along the sensing fibre as shown in figure [3.6{d).

3.3.3 Experimental Procedure

Both the disk and the ring PZTs were initially characterized using a MZI to determine
their voltage-strain relationships at different frequencies before installing them in the
experimental setup. To demonstrate the effect of induced strain on the sensing fibre,
the applied voltages to the PZTs were initially adjusted to stretch the fibre sinusoidally
by approximately 750nm or m radians corresponding to 375ne strain. The frequency
of the disk PZT and the cylindrical PZT were set to 1500H z and 1900H z respectively.
To determine the frequency and strain range of the sensor, data were acquired for a
range of frequencies and input voltages with a repetition rate of 10us for 12ms. To
investigate the linearity of the sensor, the input frequency of the disk PZT was set to
a fixed value while different voltages were applied to strain the fibre over the range of
50ne to 1.5ue. In addition, to assess the accuracy of the sensor, the sensor response to
0.7Vpp input voltage for a range of frequencies was collected and compared to the PZT

response which was determined eariler using a MZI.



Chapter 3. Dynamic Strain Sensor Based on Coherent Rayleigh Scattering 39

3.4 Experimental Results

Figure a) depicts the FFT of the phase-detector output in a 3D diagram. The
horizontal axes at the bottom of the figure represent the distance and the frequency of
perturbation while the vertical axis shows the magnitude of perturbation. The two peaks
in the figure correspond to the two strained regions in the sensing fibre at distances of
400m and 720m from the front end of the fibre under test (FUT). Figure [3.7[(b) shows
the output of the phase-detector for 12m section of the sensing fibre where the disk PZT
is located. The horizontal axes of this figure represent time and distance.

A 2D view of the diagrams from figure 3.7]is depicted in figure The two frequency
components shown in figure (a) correspond to the applied strain at 400m (red trace)
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Figure 3.7: (a) 8D plot of FFT of the phase-detector output of the experimental setup. (b) 3D
plot of the phase-detector output as a function of time and distance for a section of the sensing
fibre in the vicinity of 720m.
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Figure 3.8: (a) 2D cross section of figure (a) at points 400m and 720m. (b) 2D cross section
of the phase-detector output at the same points.

and 720m (blue trace) from the front end of the sensing fibre by the disk and cylindrical
PZT, respectively. Figure (b) shows the output of the phase-detector as a function
of time for the same positions.

Figure depicts a 2D cross section of the 3D plot of figure (a), perpendicular
to its frequency axis at 1500H z. The spatial range of the diagram is set to include the
section of the sensing fibre where the disk PZT is located. The spatial response of the
sensor to the the ring PZT is also shown in figure [3.13

Figure shows the sensor’s response when the disk PZT was subjected to a

sinusoidal disturbance at 900H z sinwave of varying amplitude. The data points on this
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Figure 3.9: a 2D cross section of figure (a) perpendicular to its frequency axis at 1500H z.
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900H z.

figure represent the peak value of the FFT of the phase-detector output. A correlation

coefficient of 0.9979 was determined.

The frequency response of the sensing fibre to longitudinal strain induced by the
disk PZT with an input voltage of 0.7Vpp is plotted in figure [3.11] In this figure, the
output of the distributed sensor is shown in blue trace while the red trace shows the

disk PZT frequency response characterized using a MZI.

1.0
—O— Distributed Sensor
08 4| —v— Mzl
— 0.6 4
w
=3
= 0.4 A
[o]
B
w2
0.2 A1
0.0 A1

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Frequency (Hz)

Figure 3.11:  Frequency response of the PZT for input voltage of 0.7Vpp where the red trace
shows the frequency response of the FUT using a MZI and the blue trace shows that of the
distributed sensor.



42 Chapter 3. Dynamic Strain Sensor Based on Coherent Rayleigh Scattering

3.5 Discussions

3.5.1 Interpretation of 3D Figures

The two peaks of figure (a) correspond to the strains applied by the two PZTs at
400m and 720m. The 2D plot shown in figure (a) confirms that the peaks on the 3D
diagram are accurately indicating the frequency and the amplitude of the strains applied
to the FUT. Figure [3.7|(b) shows the 3D plot of the phase-detector output as a function
of time and distance for a section of the sensing fibre in the vicinity of disk PZT (i.e.
720m). The 2D cross section of the phase-detector output at 400m and 720m shown
in figure [3.8(b) confirms that the output of the phase-detector follows the sinusoidally
applied strain to the sensing fibre.

3.5.2 Frequency Resolution of the Sensor

The frequency resolution of the sensor is governed by the data acquisition period of each
experimental run. Frequency resolution, A f, for a data acquisition period of T is given
by

1 1
A = — =
=7 R x Ng

where Ng is the overall number of traces captured at a repetition rate of R. This

(3.16)

equation indicates that a higher frequency resolution can be achieved by capturing the
data for a longer period of time. For the current experimental setup, the oscilloscope was
set to capture 1200 traces per channel with a repetition rate of 10us. This corresponds
to a theoretical frequency resolution of 83H z. This value was confirmed experimentally
using the 3dB value of the peaks of the Fourier transform of the phase-detector output
(figure[3.8|(a)). The frequency range of the sensor was measured to be 500H z to 5000H z.

3.5.3 Spatial Resolution of the Sensor

The spatial resolution of the sensor is determined by the length of the delay fibre as well
as the duration of the probe pulses. In the current setup, the length of the delay fibre
was 4m with interrogating pulse width of 10ns, providing a spatial resolution of 2m.
The 2D cross section of figure [3.9] shows the mean value of the strain applied via the
disk PZT. Unlike the ring PZT, vibrations initiated by the disk PZT form a travelling
wave. Due to the elastic nature of the fibre, these travelling waves attenuate as they
propagate away from the disk PZT. Therefore, the peak on the left in figure has a
higher amplitude than the peak on the right since it represents the strain of the sensing
fibre for a section next to the disk PZT.

Figure[3.12]explains the behaviour of the sensor output for the 6.5m segment specified
in figure Since the delay fibre is added to the IMZI to compare the backscattered

light from two sections of the sensing fibre, the operation of the setup can be modelled
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Figure 3.12: Diagram for explaining the behaviour of the sensor output for a 6.5m section of
the sensing fibre in the vicinity of the disk PZT.

by the phase difference between two 10ns pulses which are separated by 2m. A 10ns
optical pulse in an SMF fibre with a group velocity of 2 x 108m/s has a length of
2m. Due to the round-trip propagation time of optical pulse in the sensing fibre, the
backscattered trace from an optical pulse is twice as long as the length of the sensing
fibre. Therefore, the spatial resolution of each point along the backscattered trace is
half of the temporal length of the interrogating light pulse. Hence, the spatial resolution
of an OTDR system with 2m interrogating pulse is 1m.

The sensor output changes as soon as the rising edge of the red pulse enters the 3.5m
region under strain (figure[3.12|(a)). The strain keeps increasing for the next 2m=+0.33m
(£0.33m is added to allow for 3000 Sa/s sampling rate of the oscilloscope) since there
are no phase variations at the green pulse. As soon as the green pulse enters the 3.5m
region (figure (b)), the output experiences a sharp decrease since the phase of the
green pulse starts to change at a rate higher than that of the red pulse since it is closer to
the PZT. The amplitude of the strain keeps falling until the red pulse starts leaving the
3.5m region (figure ¢)). From this point onward, since there are no strain variations
at the red pulse, the output starts to increase. However, this increase is not as large as
the initial increase since the fibre experiences less strain away from the PZT. The total

length of all these stages are shown to be 6.5m in figure [3.12

To experimentally verify the 2m spatial resolution of the sensor, the section of the
sensing fibre wrapped around the ring PZT can be used where a relatively uniform
strain is applied to the fibre. Figure [3.13] shows the FFT of the phase-detector output
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as a function of distance for f = 1900Hz (i.e. the 2D cross section view of the 3D
diagram of figure [3.7(a) for the peak at 1900Hz). The 10% ~ 90% step response on
this figure shows that the spatial resolution of the sensor is within the predicted value
of 2m + 0.33m. The spatial resolution can be improved by reducing the pulse width
duration and the length of the delay fibre simultaneously.

3.5.4 Strain Range and Strain Resolution of the Sensor

Figure shows a linear relationship between the amplitude of 900 H z sinusoidal strain
applied on the FUT and the sensor output. Similar experiments at other frequencies
(i.e. 1400H z, 1900H z, and 2300H z) verified that this linear relationship is independent
of the frequency. The R? value of 0.9979 for the fitted line confirms a high level of
linearity. The minimum detectable strain was measured to be 80ne with signal to noise
ratio (SNR) of 1. The strain accuracy was measured to be 30ne.

The main limiting factor for the minimum detectable strain and the strain resolution
was the digitization level of the 8 — bit digitizer used in the experimental setup. In order
to optimize the experimental setup, the 8 — bit input array of the digitizer should be
adjusted to accommodate a phase-shift of 7 in the interference pattern of the MZI. The
minimum detectable phase-shift for an 8 — bit digitizer would be 7/28. For 1550nm light
source, this phase-shift corresponds to 3nm fibre elongation which, for 2m gauge length,
translates to 1.5ne strain. However, since the signal processing procedure involves as-
sessing the slope and amplitude of interferometric fringes, at least 3 bits of data are
required to identify any perturbation. This increases the strain resolution of the oscil-

loscope to 12ne. However, since the intensity of the light varies along the backscattered
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Figure 3.13: The FFT of the phase-detector output as a function of distance for f = 1900H z.
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trace, the voltage of the oscilloscope should be adjusted with regards to the highest
intensity. Therefore, the strain resolution of the sensor was measured to be 30ne. The
other sources of noise such as photodetector noise, ASE-ASE beat noise, ASE-signal
beat noise, and shot noise can be neglected in the calculation of strain resolution since
their contribution to the overall noise level are less significant in comparison with the

limitation imposed by the digitizer.

The maximum detectable strain of the sensor depends on two factors: the length of
the sensing fibre and the frequency of the dynamic strain. The length of the sensing fibre
determines the repetition rate of the interrogating pulse which itself governs the sampling
rate for each point along the FUT. Therefore, the frequency of the interferometric fringes
should be kept less than half of the sampling frequency to ensure that each point along
the sensing fibre is sampled at the Nyquist rate. On the other hand, the magnitude
of the strain perturbation determines the phase-change and hence the frequency of the
interferometric fringes. If the fibre elongation magnitude exceeds the wavelength of the
probe pulse (A = 1550nm in case of the proposed setup), the output of the interferometer
will travel over one fringe. As a result, perturbations with higher magnitudes exhibit
a higher frequency at the output of an interferometer. The relationship between the
frequency of the strain, fsirqin, the length of the FUT, L, and the maximum detectable
strain, €4z, is governed by

Emaz- fstrain- L = K (3.17)

where K is a constant. In order to determine the minimum sampling rate requirement
for the detection of perturbations with large-magnitudes, the maximum slope of the
interferometer output for a sinusoidal strain should be calculated first. The normalized
intensity of an output of the IMZI (figure can be written as

I =1+ sin(Ag(t)). (3.18)

Substituting equation (3.6)) in (3.18)) gives

AL(t
I=1+ Sin[47r)\()

] (3.19)

where AL(t) represents the elongation of the sensing fibre due to induced strain as a
function of time. For a sinusoidal strain, equation (3.19)) becomes

L
I=1+ sin[47T€T0 sin(2n f )] (3.20)

where Lg is the mean distance between the two segment, € is the magnitude of the strain,
and f is the frequency of the induced strain. To find the maximum rate of change in
the intensity of the interferometer output, the derivative of equation (3.20f) needs to be
calculated

dI

pri 005[477% sin(2m f t)].47r% cos(2nft).2nf. (3.21)
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It can be shown that the maximum of this equation occurs when ¢t = n/f (n € Z).

Therefore il
- — 2
dt |max 8T f

Using linear approximation, it can be shown that

€L0

< (3.22)

lim sin(2rft) =2nft

3.23
t—0 ( )

Therefore, for t =n/f (n € Z), equation (3.20) can be approximated by
L
[=1+ sz’n(47r5T0 o ft). (3.24)

In addition, according to the Nyquist theorem, the minimum sampling rate required to
accurately quantify a sinwave function is twice the frequency of that sinwave. Therefore,

the minimum sampling frequency (Se ¥ f) required for sampling the sinusoidal function
of equation is given by

Sepp =8nf %. (3.25)
Equations and demonstrate the limitations imposed on the strain and
frequency ranges of the sensor. First of all, the maximum repetition rate of any OTDR
system is limited by the round-trip of the pulse-light in the FUT. As a result, the
maximum sampling rate in equation is determined by the length of the FUT.
Therefore, for any setup with a fixed sensing length and at any given frequency, the
maximum detectable strain is determined by equation . In order to maintain the
linear relationship between the sensor output and the imposed strain, it is essential to
keep the strain below this maximum value.

Figure shows the response of the digitally implemented phase-demodulator to
sinusoidal phase variation with three different magnitudes (27, 37, and 47 radian) as
a function of frequency. The four diagrams in this figure represent the effect of the
sampling rate on the phase-demodulator output. The vertical dashed-lines on the two
diagrams at the bottom of figure determine the maximum frequency limit of each
strain rate calculated using equation . Although the dashed-lines correctly esti-
mate the maximum detectable frequency, it can be seen that the phase-demodulator
responses are not constant even for the frequencies below the maximum frequency iden-
tified by the dashed-lines. This deviation from a straight line is due to the differentiation
procedure of the phase-demodulator explained in appendix [C]

According to equation , the maximum detectable frequency for 1.5ue strain
using the proposed experimental setup (1km sensing length which is equivalent to 10us
repetition rate and 100kSa/s sampling rate, 2m spatial resolution, A\ = 1550nm) is
4111Hz. The maximum frequency measured experimentally was 4000H z. To increase
the frequency range of the sensor, either the gauge length of the sensor should be reduced

or the sampling rate of the sensor needs to be increased using an arrangement with
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Figure 3.14: The response of the digitally implemented phase-demodulator to sinusoidal phase
variation with three different magnitudes (2w ~ 4m radian) as a function of frequency. The
four diagrams represent four different sampling rates; these are (a) 1Sa/2us, (b) 1Sa/5us,
(c) 18a/10us, and (d) 1Sa/20us. The dashed-line on these diagrams represents the mazimum
detectable frequency according to equation .

wavelength division multiplexing.

The blue and red traces of figure [3.11] which show the measured frequency response of
the fibre using the distributed sensor and a MZI arrangement indicate good correlation.
This demonstrates that the strain rate measured using the distributed sensor agrees with
the data collected using the MZI. Therefore, the proposed setup is capable of quantifying

the frequency and the magnitude of perturbations along the fibre.

3.5.5 Data Acquisition Limitations

The lower frequency limit of the sensor’s frequency range is determined by the data
acquisition period of each experimental run. For 12ms acquisition period, the lower
frequency limit of 500H z was experimentally determined. To reduce the lower frequency
limit, the data acquisition period needs to be increased either by using an oscilloscope

with a deeper internal memory (for instance, to save 1s worth of data using the current
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experimental setup, 2.5GB memory was required) or by streaming the data from the
oscilloscope to an external data storage unit.

To calculate the required data transfer rate for streaming the data, the rate at
which the backscattered data were sampled needs to be determined first. The triggering
instant of the oscilloscope is an important factor in determining the required sampling
rate. Since the time along the backscattered trace represents the distance along the
sensing fibre, a small change in the triggering time affects the locations at which the
backscattered light is being sampled. For instance, if the triggering time changes by 1ns,
the location of the samples along the sensing fibre will change by 20cm (1ns x 2 x 108 =
20cm). Since the operation of the sensor is based on sampling the backscattered light
from certain points along the sensing fibre and measuring the phase-variation at those
points as a function of time, any changes in the location at which the backscattered light
is sampled will introduce an error in the output of the sensor. Therefore, the triggering
jitter of the oscilloscope plays a crucial role in the operation of the sensor.

Due to the influence of trigger jitter on the operation of the sensor, a sampling rate
of 50M Sa/s (which is equivalent to one sample every 2m) is not sufficient for a sensor
with 2m spatial resolution. Therefore, a higher sampling rate of 300M Sa/s was adopted
(which is equivalent to one sample every 33cm) which corresponds to sampling rate of
4 x 300M Sa/s = 1.2GSa/s for four channels (three channels for the IMZI outputs,
one channel for triggering output). Since the oscilloscope used to capture data was not
capable of transferring data at this rate, all of the experiments were conducted using the
internal memory of the oscilloscope. 1.2GSa/s determines the minimum data transfer

rate required for real time data analysis.

3.6 Conclusions

The principle of dynamic strain measurement has been established in this chapter using
phase-sensitive OTDR. It is shown that by combining an IMZI with a symmetrical
3 x 3 coupler, the frequency and amplitude of multiple perturbations along 1km sensing
fibre can be measured simultaneously with a spatial resolution of 2m. It is shown that
such a measurement requires a digitally implemented differentiate and cross-multiply
demodulator to extract the phase information from the output of the IMZI while avoiding
the signal fading problem. The experimental results show a strain resolution of 30ne
over a frequency range of 500H z to 4000H z. The frequency and strain range and their
relationships with the pulse repetition rate and the length of the sensing fibre have been
established.

In this chapter, the response of the distributed dynamic strain sensor to uniform
longitudinal strains was assessed. The next chapter expands on this concept to demon-
strate a distributed acoustic sensor (DAS) capable of measuring non-uniform spherical
acoustic waves. The effect of the longitudinal strain induced by PZT and acoustically

induced transverse strain on the sensing fibre is demonstrated, and it is shown that the
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sensing fibre can be used as a distributed microphone.
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Chapter 4

Acoustic Wave Sensor

4.1 Introduction

Following the early demonstration in 1977 by Cole et al. |1] and Bruno et al. |2| that
sound could be detected using optical fibres, much of the subsequent research activity
has focused on developing optical fibre hydrophones. The majority of such devices
have utilized multiple fibre optic Mach-Zehnder interferometers (MZI) for detecting the
acoustically-induced phase perturbations. An early reported distributed sensor proposed
by Kurmer et al. [3] used a Sagnac interferometer to detect acoustic vibrations anywhere
along a 5km of fibre. Whilst this technique is capable of detecting the location of a
single acoustic perturbation along the sensing fibre, it does not allow multiple acoustic
disturbances to be monitored as the output of the Sagnac interferometer returns the net
phase-change due to all acoustic perturbations along the Sagnac loop.

In the previous chapter, a DOFS capable of detecting dynamic strains along the
sensing fibre was demonstrated. In this chapter, a similar experimental setup is used to
evaluate the effect of acoustic waves on the sensing fibre and to confirm that the output
of the sensor corresponds to the frequency and amplitude of acoustic disturbances along
the fibre. In addition, the effect of the mechanical properties of the sensing fibre on the

sensitivity of the sensor is studied.

4.2 Principles

In order to evaluate the effect of acoustic perturbations on an optical fibre, the propaga-
tion of an acoustic wavefronts generated by an acoustic transducer needs to be studied
first. For a point acoustic source, the acoustic power radiates equally in all directions.
Therefore, the wavefronts of such a source are spheres which propagate radially outward.
The distance between the wavefronts defines the wavelength of a sound wave. Therefore,
the wavefronts of a sound wave with higher frequency are closer to each other than that
with lower frequency.

The sensing mechanism of the distributed sensor demonstrated in the previous chap-
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ter depends not only on the frequency and amplitude of the imposed sinusoidal strain,
but also on the phase of the strain. The sensor measures the net induced strain within
the gauge length of the sensing fibre. Therefore, while strains with similar phase are
added constructively within the gauge length, strains with opposite phase cancel each
other out and, as a result, they will not be observed at the output of the sensor.

The interaction between spherical acoustic wavefronts and an optical fibre results
in a non-uniform strain in the fibre. Considering the inverse relationship between the
sound-pressure level, P, and the distance from the sound source, r,(P o 1/r) and with
an assumption that the acoustic pressure level has a linear relationship with the induced

strain on the sensing fibre, £(r), the strain at each point on the fibre is given by

sin(2rft + )

8(7’) X PSO’U/I’CE r = (4..1)

where Psoyree 18 the sound pressure at the source, f and A, are the frequency and
wavelength of the sound wave (f A\, = 340m/s in air), and r is the distance between the
sound source and the fibre. Figure demonstrates the normalized strain distribution
induced on a 2m sensing fibre as a result of the acoustic waves emitted by a sound
source at a distance of 50cm from the fibre. It can be seen that the strain distribution
is not only a function of the sound-pressure level, but also of its frequency. Figure
shows the net induced strain on a 2m optical fibre as a function of the frequency of the
acoustic source for the arrangement shown in figure The blue line in this figure
represents the integrated strain over the entire length of the fibre (i.e. 2m) while the
red and the green lines represent the integrated strain on the mid 1m and mid 50cm

sections of the fibre, respectively. This figure demonstrates that the strain sensitivity
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Figure 4.1: The normalized strain distribution induced on a 2m optical fibre as a result of the
acoustic waves of a sound source at a distance of 50cm from the fibre.
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Figure 4.2: Net induced strain on a 2m optical fibre as a function of the frequency of the acoustic
source positioned at a distance of 50cm from the fibre.

of the sensor reduces as the frequency of the acoustic wave increases. In addition, for
any given frequency interval along the frequency axis of this figure, it can be seen that
the variation of the net strain over a shorter gauge length (e.g. the green line) is slower
than that of a longer gauge length (e.g. the blue line), a phenomenon which can be
observed intuitively from figure Therefore, in order to employ the experimental
setup introduced in the previous chapter as a distributed acoustic sensor, a shorter

gauge length needs to be used.

The properties of the sensing fibre such as its geometry and composition are impor-
tant factors in determining the sensitivity of a distributed acoustic sensor as well. The
relationship between the pressure-induced phase-shift, A¢, in an optical fibre due to
pressure P is given by [4]

A¢ B —2p) [n2

PL - I 3(21)12 + p11)] (4.2)

where L and E are the length and Young’s modulus of the fibre, while y represents its
Poisson’s ratio. n denotes the effective refractive index of the fibre, £ is the propagation
constant of the light in the fibre, and p11 and pio are the strain-optic coefficients of the
fibre. This equation shows that the pressure-induced phase-shift is inversely proportional
to the Young’s modulus of the fibre. Although the value of the Young’s modulus for an
SMF-28 silica fibre cannot be directly adjusted to change the sensitivity of an optical
fibre, it is shown that the pressure-induced phase-shift can be enhanced by embedding
the fibre in a different elastic material [5]. By coating the sensing fibre with a polymer
with low Young’s modulus in comparison with the Young’s modulus of the fibre, and by
increasing the coating thickness with respect to the diameter of the fibre, the sensitivity

of the sensor can be improved by two orders of magnitude [5]. Increasing the thickness
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of the fibre coating enhances the sensitivity of the fibre to acoustic waves by expanding
its effective surface area. The effective surface area of the fibre can also be improved
by attaching it to an object with large surface area and high sound wave absorption

coefficient.

4.3 Experimental Arrangement

4.3.1 Experimental Setup

The experimental setup of the sensor studied in this chapter was similar to that of the
distributed sensor investigated in the previous chapter except for three changes. The
first change was to replace the ASE filter after the first Erbium-doped fibre amplifier
(EDFA1) with a FBG filter (Reflectivity 99% ;A\ = 3nm ;A = 1550.7nm) to improve
the rejection of the ASE noise. The second change was a reduction in the path-imbalance
of the MZI to improve the spatial resolution of the sensor from 2m down to 1m. The
final change was the introduction of an acoustic module to the setup in order to assess
the effect of acoustic perturbations on the fibre. The acoustic module comprised of two
70cm optical fibres attached to a 700mm x 450mm x 25mm polystyrene sheet and a
loud speaker. Both of the fibres used in the acoustic module were SMF-28, one with
acrylate CPC6 coating with a thickness of 165um and the other without any coating.
The two fibres were used separately to evaluate the effect of the diameter of the fibre
coating on its sensitivity to acoustic perturbations. The polystyrene sheet was used to

enhance the acoustic sensitivity of the fibres by increasing its effective surface area. A
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Figure 4.3: Experimental Setup. DFB-LD: distributed feedback laser source, IS: isolator, EDFA:
Erbium-doped fibre amplifier, PD: photodetector, FBG: fibre Bragg grating, C: circulator.
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calibrated microphone was also attached to the polystyrene sheet in order to monitor
the frequency and pressure-level of the sound waves at the middle section of the fibres.
The experimental setup is shown in figure .3} In order to demonstrate the sensitivity of
the setup to both longitudinal and transverse strains, the disk PZT module used in the
experimental setup of the previous chapter was included in the arrangement alongside
the a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>