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Abstract

The application of interferometric techniques to the measurement of the thermal
and strain induced shift in the resonant reflected wavelengths from an in-fibre Bragg
grating array is reported in this thesis.

High power issues relating to the reliability, and subsequently to the interrogation
techniques, of fibre Bragg gratings inscribed with an infrared femtosecond laser using
the point-by-point writing method are reported. The study has revealed the presence
of broad spectrum power losses. When high powers are used, even at wavelengths far
removed from the Bragg condition, these losses produce an increase in the fibre tem-
perature due to absorption in the coating.

The principal interest of the work is in the application of Fourier Transform Spec-
troscopy and Hilbert Transform Processing techniques to the calibration of interfer-
ometric delay and to provide simultaneous, high resolution measurement of all grat-
ings in an array. These approaches are applied to interferograms captured using cus-
tomised interferometric configurations. The interferometric delay is scanned by me-
chanical means. Calibration is based on recovery of the temporal phase vectors of the
interferograms from which non-uniform delay sampling is corrected for using the tem-
poral phase vector obtained from a reference interferogram.

This thesis demonstrates the efficacy of the Hilbert transform processing approach
forlong-scan delay calibration (1.2 ns delay). A referencing system based on a multiple
transverse mode beam, allowing co-propagation with the measurand beam through
the demodulating interferometer, is also demonstrated to provide identical Fourier
transform spectral measurements.

The Hilbert transform approach to grating interrogation is also applied to an all-
fibre interferometric configuration to provide ~ 3 pm wavelength resolution. The Hilbert
transform technique bases measurement on the ratio of reference and measurand tem-
poral phase vectors, providing measurement of the mean reflected wavelength of the
gratings. A scheme where the reference interferogram for the all-fibre interferometer
is generated by a fibre Bragg grating is also evaluated.
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Chapter 1
Introduction

1.1 Optical Fibre Sensors

1.1.1 Background

In the optical sensing community, there has been intense interest in the interaction
of light with both itself and matter for sensing of measurand-induced environmen-
tal changes. Smart sensing is a recent and fast growing field of optical metrology and
is closely linked to the field of structural health monitoring, which is typically imple-
mented using optical fibre sensors. Fibre Optic Sensors (FOS) exhibit significant ad-
vantages over conventional electro-mechanical sensors such as high electromagnetic
immunity, measurement of a wide range of measurands, small size and high sensitivity.
Ideally, these sensors would be accompanied by a series of actuators to allow a struc-
ture to compensate or correct for any changes in position, strain or temperature which
deviate from its position of equilibrium.

Fibre Bragg gratings (FBG) represent a key element in the field of optical fibre sen-
sors. From the earliest stage of their development, fibre Bragg gratings have been con-
sidered for use as sensor elements capable of providing quasi-distributed sensing, suit-
able for measuring static and dynamic fields such as temperature [1], strain [2] and
pressure [3]. They have become an important component in the development of smart
structure technology. The key advantage of fibre Bragg gratings over other optical fibre
sensors is that the measurand is directly encoded in the reflected wavelength. Since
the wavelength is an absolute parameter, the signal returned from the FBG can be pro-

cessed such that its information remains immune to power fluctuations along the op-
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tical path. In addition, gratings can be written using a variety of inscription methods at
well defined wavelengths. They can operate over application-specific ranges making
them most suitable to wavelength division multiplexed (WDM) approaches. As such
any interrogation system should be compatible with multiplexing, so as to reduce costs
and take advantage of the suitability of these sensors for quasi-distributed sensing.
Individual lightwaves have oscillation frequencies that are too high to be individ-
ually detected with currently available technologies. Therefore, sub-wavelength res-
olution measurements have been obtained by means other than direct measurement
of the lightwave. Fourier transform spectroscopy (FTS) is a measurement technique
which bases spectral measurements on the temporal coherence of a radiative source.
Interferometric spectroscopy, which is typically implemented as FTS, forms the basis
for sub-wavelength resolution measurements to be made by direct comparison of a
lightwave with itself or a delayed version of itself. FTS has been widely used in spectral
measurement but high resolution measurement requires long delay scans. Further-
more, if the interferograms are sampled at uniform delay intervals, the modulus of the
FFT is the spectrum of the reflected signals from the gratings. In practice, the delay
scans are never sufficiently uniform. This broadens the peaks due to the individual

gratings, thus reducing the number of gratings which can be multiplexed.

1.1.2 Problem Definition

Reliability issues have been a concern with standard ultraviolet (UV) inscribed fibre
Bragg gratings because of the requirement that the buffer is stripped from the fibre due
to a sensitivity to the UV light. This results in a reduction of the mechanical strength of
the fibre. The development of inscription techniques by near infrared laser has re-
moved this requirement, but there is a need for reliability testing of these gratings,
particularly for use in high power applications. The telecommunications industry has
adopted Fibre Bragg gratings for use in a variety of capacities such as filtering and mul-
tiplexing, dispersion compensation, amplifier gain flattening and wavelength stabili-
sation [4]. The reflected wavelength of the grating and the grating bandwidth’s stability

2



1.2. Methodology, Objectives and Scope

assumes a greater significance as power levels increase in order to cater for the demand
for greater bandwidths.

The capability to measure a grating’s reflected wavelength, bandwidth and wave-
length stability has also significance outside the field of optical sensing. FTS has the
capability to provide the required high resolution measurements, not only on individ-
ual gratings, but on arrays of gratings multiplexed along the length of a single fibre [5].

The associated Hilbert transform technique (HTT), has been shown to generate
far higher resolution over shorter optical path difference (OPD) scans. The technique
provides measurement of the mean reflected wavelength of the grating [6, 7], but with-
out measurement of the spectral detail of the individual gratings. HTT processing also
overcomes the non-uniform scan velocity problem entirely in software (with no addi-
tional hardware requirements), while allowing for dense multiplexing of gratings.

The efficacy of HTT processing for calibration of interferometric optical path length
over far longer delay scans than previously reported needs to be investigated for FTS
applications. Such a demodulation system could provide high resolution measure-
ment of the intra-grating spectral detail, which may be potentially valuable in the de-
tection of non-uniform measurand fields [8].

The cost of demodulation systems in general for fibre optic sensors remains high.
In the case of interferometric interrogation units, there is a need to develop demodu-
lation systems which are not hindered by cumbersome translation stages, and which
contain a reduced number of components thereby increasing the portability of the in-
terrogation system. Such a portable demodulation scheme would be potentially useful
in applications such as structural health monitoring, while at the same time maintain-

ing the capability for demodulation over broad wavelength ranges.

1.2 Methodology, Objectives and Scope

Initially, a literature survey was conducted to determine the state-of-the-art of sens-

ing applications of fibre Bragg gratings and interferometric interrogation systems used
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for demodulation of grating arrays. Firstly, the operating principles of the Michelson
interferometer were studied and an experimental bulk optic version of the interferom-
eter and associated electronics designed. The aim of this experimental work was to
determine, and then limit, sources of noise and sources of error in the interferometric
configuration.

The operating principles of a single fibre Bragg grating had then to be examined, fo-
cusing on their functionality and implementation in various sensor configurations and
previous applications of the devices. A working knowledge of fibre photosensitisation,
fibre grating fabrication methods and reliability issues pertaining to fibre components
were also garnered at this stage of the review.

A collaborative, experimental project, involving Aston University, Birmingham, and
British Telecom, in which Bragg gratings were implemented in a sensing capacity re-
vealed some relevant issues pertaining to the work conducted in later chapters. The
aim of the investigation was to profile the temperature threshold for damage to oc-
cur to fibres in tight bend situations when subjected to high optical powers [9]. This
experimental work led to some observations on the reliability of near infrared fem-
tosecond laser inscribed fibre Bragg gratings when used in high power applications.
In particular, it led to observations on the reliability of measurements made on inter-
rogation systems which do not readily lend themselves to demodulation over broad
wavelength ranges. Near infrared inscribed gratings were chosen as the sensing ele-
ments for this experimental work as there are reliability issues with standard ultravio-
let inscribed gratings because of a requirement to strip the buffer off the fibre prior to
inscription [10].

FTS requires long optical path difference scans to provide high resolution measure-
ments [11]. Therefore, the next stage of the experimental work was to determine the
capacity for the Hilbert transform technique for calibration of optical path delay in
the long-scan case. In addition, an investigation of a method to reduce the error in-
troduced in the long-scan case, caused by non-parallel propagating measurand and
reference beams, where co-propagating reference and measurand beams were present

4
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in the demodulating interferometer [7] was undertaken. This work resulted in the use
of what has been termed an 'overmoded’ reference beam propagating in the demodu-
lating interferometer.

The interferometric techniques developed in the long-scan case were then applied
to the demonstration of the effectiveness of FTS measurements on fibre Bragg gratings.
This was done to provide repeatable high resolution measurements of the intra-grating
structural detail of the gratings, which could be potentially valuable in the detection of
non-uniform measurand fields [8]. The measurements made using the 'overmoded’
reference were then evaluated relative to measurements made using a singlemode ref-
erence.

The final component of experimental work described was the development of a
high speed, portable, grating-referenced demodulator for interrogation of grating ar-
rays. Typically, referencing of the reflected Bragg wavelength is obtained using a nar-
row linewidth source, while high reflectivity gratings have bandwidths ~ 500 pm. A
narrow linewidth (~ 40 pm), low reflectivity, grating was manufactured in Aston Uni-
versity to serve as the reference in this work. An all-fibre Michelson interferometer was
chosen as the interferometric configuration to reduce the number of bulk optic com-

ponents in the interferometer and render it immune to vibration.

1.3 Thesis Overview

1.3.1 Literature Survey

Chapter 2 offers a review of the fields of interferometry and optical sensing with par-
ticular focus on sensing using fibre Bragg gratings. A number of different techniques
for fibre Bragg grating array demodulation are discussed. Their merits and demerits
are analyzed and compared to the interferometric methods which are the subject of
the later chapters in this thesis. The theory of the processing techniques, which are
based on high resolution measurement of temporal phase, and are the basis for the

experimental work, is developed from coherence theory. Particular attention is paid
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1.3. Thesis Overview

to Fourier Transform Spectroscopy and the associated Hilbert transform technique for
correction of spectral degradation arising from mechanical path length scanning of the

interferometric optical path difference.

1.3.2 Implications of high power losses in near infrared femtosecond laser inscribed

fibre Bragg gratings

Chapter 3 investigates reliability issues surrounding fibre optic components and in
particular the implications of high power losses in near infrared femtosecond laser in-
scribed fibre Bragg gratings. The effects of the losses on the gratings have far reaching
consequences for use in telecommunications applications, where wavelength stability
is of concern in high power applications and also in sensing applications for measure-
ment of non-uniform measurand fields. The consequences of the losses are inves-
tigated using both a commercial spectrometer and a Mach Zehnder interferometric
configuration. The implications of these losses illustrate the potential problems asso-
ciated with demodulation schemes which are not capable of interrogation over broad

wavelength ranges.

1.3.3 Long-scan Hilbert Transform Interferometric Delay Calibration

Chapter 4 investigates the efficacy of the Hilbert transform technique for correction of
spectral degradation arising from non-uniform scanning of the interferometric OPD
in the long-scan case. Long OPD scans are required to provide high resolution Fourier
transform spectroscopic measurements. Conventionally, OPD calibration is conducted
using a single transverse mode reference laser which propagates parallel to the mea-
surand beam in the interferometer [6,7,12-14].

In this chapter, the ability of the Hilbert transform technique to calibrate optical
path length scanning when the reference beam propagates in more than one trans-
verse mode is also investigated. This technique allows for propagation of both mea-

surand and reference beams along identical paths in the interferometer.
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1.3.4 LongOPD Fourier Transform Spectroscopic demodulation of FBG sensors ar-

rays

Chapter 5 investigates the capability of long-scan Fourier transform spectroscopy us-
ing a customised Michelson interferometer for demodulation of fibre Bragg grating
sensor arrays with simultaneous recovery of the spectral detail of all gratings in the
array in a single scan of the interferometric OPD. The efficacy of a scheme for array
demodulation based on the collinear propagation of the reference and Bragg grating
beams in the demodulating interferometer is also demonstrated.

Previously reported applications of co-linearly launched reference and measur-
and beams have either used a zero-crossing detection circuit [12] or non-mechanically
scanned delay [14]. In this work, HTT processing for delay calibration is applied to a
mechanically scanned Michelson interferometer to provide high resolution measure-
ment of the individual gratings in the array. This customised demodulator is then ap-

plied to the single-parameter sensing of temperature.

1.3.5 High Speed Bragg Grating Sensor Array Demodulator for Structural Health

Monitoring

Chapter 6 develops an all-fibre Michelson interferometer for high speed grating array
demodulation for structural health monitoring. The all-fibre interferometric design
uses the HTT for correction of spectral degradation due to non-uniform path length
scanning and for calculation of the mean reflective wavelength of the individual grat-
ings in the array.

Previously reported applications of the HTT for calibration of delay [6, 15] have
been applied on bulk-optic mechanically scanned interferometers, with calibration
based on the temporal phase of a highly stable reference laser. The use of an all-fibre
design has several advantages over bulk optic interferometers, chief among which are
portability and immunity to vibration.

FTS and the HTT are applied to interferograms obtained on the all-fibre, mechan-
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ically scanned Michelson interferometer. The interferometer is referenced from both
a narrow linewidth, temperature stabilised fibre Bragg grating and a highly stable (< 1
pm) reference laser for comparison. The ability of such a scheme to demodulate a fibre
Bragg grating array is demonstrated and applied to the measurement of the thermally
induced mean wavelength shift and strain induced mean wavelength shift in the light

reflected from a single fibre Bragg grating in the array.

1.3.6 Conclusion

Finally, in Chapter 7, a brief summary is given of the work carried out in this thesis.
Initially, a review of the experimental techniques is given, and then the achieved results
are presented. Suggestions for future investigations are also discussed in light of the

achieved results.
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Chapter 2

Review

Introduction

The aim of this chapter is twofold and, as such, is divided into two sections. The first
section reviews the theory associated with the use of optical fibres as sensing elements,
with particular emphasis on fibre Bragg gratings (FBGs). The second details the inter-
rogation methods which are applied to the interrogation of FBGs in the work reported
in later chapters.

Optical fibre sensors are a means of sensing whereby the lightwave guided within
an optical fibre can be modified in response to an external influence [1]. The theory
of the wave nature of light is presented in Section 2.1.1, with Sections 2.1.2 and 2.1.3
devoted to the description of the propagation of a lightwave through an optical fibre.
Optical fibre materials and associated losses or attenuation as well as reliability issues
are reviewed in subsequent Sections 2.1.4, 2.1.5 and 2.1.6 respectively.

Highly sensitive fibre optic sensors (FOS) have been demonstrated for the mea-
surement of pressure, strain, electric and magnetic fields and vibration and tempera-
ture [2]. The high resolution of FOS is due to the fact that external perturbations can
lead to changes in the phase, wavelength, modal content, polarization or intensity of
the lightwave propagating in the fibre [1]. An overview of fibre optical sensors with
particular emphasis on the mechanisms responsible for modulation of the lightwave
in an optical fibre, namely the thermo-optic and thermo-elastic coeffiecients and the
photoelastic effect, is presented in Section 2.1.8.

A particular feature of FOS arises from the very large information carrying capacity

11



of the optical fibre [3] and consequently, there is scope for incorporating very many
sensors on a single optical fibre [4] or to use a single optical fibre as a distributed
sensor, interrogating the sensor at different points along its length [5]. However, to
date truly distributed sensing systems have not been utilised as they offer poor res-
olution, weak detectable signals and cumbersome interrogation schemes [7]. Quasi-
distributed sensing systems, which are based on an array of FBGs multiplexed along
the length of the fibre [6, 8], have been preferred in many civil engineering applications
requiring multiple point sensing distributed over a long range [7].

A FBG is a periodic modulation of the refractive index of the core of an optical fi-
bre [9]. The basic operating principle of a FBG is that the grating reflects a narrow
range of wavelengths of the light propagating along the fibre when the Bragg condi-
tion (or phase match condition) is satisfied [8-11]. Each FBG acts as a sensing element
offering localised measurement. The measured quantity is encoded via the peak re-
flected wavelength, known as the Bragg wavelength (1p), of the individual gratings in
the array. Ap changes as the grating is subjected to mechanical strain, temperature,
pressure, etc. This wavelength encoding is a unique characteristic of FBGs [12] that
offers advantages over intensity based schemes. Section 2.1.10 introduces the theory
of FBG manufacture, principles of operation and sensing principles.

Prior to introducing the theory of the interferometric interrogation schemes used
for grating demodulation in Section 2.2, an overview of some of the more relevant in-
terrogation schemes is presented in Section 2.1.16. Section 2.2 commences with an
overview of the theory of coherence which is the basis for all the interferometric mea-
surements reported in the following chapters. The concepts of coherence theory are
then applied to interferometric measurement in Section 2.2.6. The mathematical anal-
ysis, i.e. the Fourier transform and the Hilbert transform, used to extract the infor-
mation contained in the interferometric output of the later experimental chapters is

described in Section 2.2.10.
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2.1. Optical Fibre Sensing

2.1 Optical Fibre Sensing

2.1.1 Wave Nature of Light

A key element in the description of light is the interdependence of the electric, E,
and magnetic, B, fields. The wave nature of light can be represented in the form of
the classical electromagnetic field equations of Maxwell. The simplest statement of
Maxwell’s equations [3] applies to the behaviour of the electric and magnetic fields in

free space,

fE-dlz—ff(s—B-dS (2.1.1)
C A0t

fB'dl:,uOQ)ff 6—Ed5 (2.1.2)
C A0t
#B-dS:O 2.1.3)
A
#E.dszo 2.1.4)
A

These equations, where € = €y, 1 = 9, can be manipulated to form vector expres-
sions [3] for the case of non-conducting media, from which standard wave equations

can be derived to yield the general wave phenomena of electromagnetic fields.

5%E

6t o

Equations (2.1.5-2.1.6) are known as the standard wave equations [13]. A complete
derivation of these equations can be found in Appendix A.
Every component of the electromagnetic field obeys the scalar differential wave

equation [3]

5%y . &%y . &y 18y
6x2 6y 6z v? 52

(2.1.7)
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2.1. Optical Fibre Sensing

provided thatv =1/,/ofl.

The differential wave equation reveals a property of electromagnetic waves which
is the basis of the work reviewed in Section 2.2 and in the work reported in the follow-
ing chapters. If two wavefunctions ¥, and vy, are each separate solutions of the wave
equation it follows from the Principle of Superposition that (v, + ) is also a solution.

The resultant from the superposition of two waves depends on the phase angle
between them. If the two waves are in phase they reinforce each other, whereas if they
are 180? out of phase they diminish each other. This phenomenon is given the name

interference [3] and is discussed in further detail in Section 2.2.1.

2.1.2 Fibre Structures and Modes

Numerical Cladding

Aperture

Figure 2.1: Typical optical fibre

An approximate model for the propagation of lightwaves in a fibre can be based on
classical geometrical ray optics. The generic optical fibre design, with a core of high
refractive index (ng) surrounded by a cladding of lower refractive index (n;) is shown
in Figure 2.1. The treatment here will deal only with step index fibres, the solutions
for graded index fibres can also be found in the cited literature. The index difference
allows light, which is launched into the fibre at an angle less than 90° — 6., where 6, is
the critical angle, to be guided along the fibre by total internal reflection (T.I.R.). The
critical angle, . is defined as

0,= sin~! (%) 2.1.8)
0

where n; is the refractive index of the cladding and ny is the refractive index of the core.

There are only a finite number of paths which satisfy this condition and for every value
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2.1. Optical Fibre Sensing

of theincident angle 6; < 90° -0, a distinct mode, or electromagnetic field distribution,
can propagate along the fibre [14].

The ray model appears to allow rays at an incident angle less than 90° — 6, to prop-
agate along the fibre. However, when the phase of the plane wave associated with the
ray is taken into account, there are only rays at discrete angles less than or equal to 8,
capable of propagating along the fibre [13]. The phase of the wave changes not only
as the wave propagates, but also on reflection. In order for the wave associated with a
given ray to propagate, the phase of the twice reflected wave must be the same as that
of the incident wave to interfere constructively, otherwise the waves will interfere de-
structively and cancel each other out [13, 14]. A more detailed understanding of wave
propagation in an optical fibre requires solutions to Maxwell’s equations subject to the

boundary conditions of the fibre [15], with features of the solutions summarised below.

2.1.3 Electromagnetic Fields within Optical Waveguides

In addition to supporting a finite number of guided modes the optical fibre waveguide
has an infinite continuum of radiation modes that are not guided in the core but are
solutions of the same boundary problem [13]. Cladding modes result from the power
that is outside the cone of acceptance or numerical aperture (NA = 4 /ng - nf) of the
fibre being refracted out of the core. The finite radius of the cladding results in some of
this radiation getting trapped in the cladding and propagating along the fibre [13,16]. A
third category of modes, known as "leaky modes), is also present in fibres [13,17]. 'Leaky
modes’ are only partially confined to the core and attenuate by radiating their power
out of the core as they propagate along the fibre. The solutions to Maxwell’s equations
for modes at the core-cladding interface are non-trivial and will not be treated here.

A mode can remain guided along the optical fibre as long as the propagation con-

stant, ( (as defined in Equation 2.1.15), satisfies [13,16,17]

nok<pf<mk (2.1.9)
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where n; and ny are the refractive indices of the core and the cladding respectively
and k =2n/A. This is a consequence of the boundary conditions imposed on the solu-
tions to the wave equation. Since discontinuities exist in the refractive index profile of
the fibre (especially in step index fibres), the infinite possibilities provided by the wave
equation are restricted by the waveguides physical structure. At the core-cladding in-
terface, the tangential components of the electric and magnetic fields must match their
counterparts on either side of the boundary, and in addition the electric and magnetic
field vectors must tend to zero at infinity [13].

Expressed in cylindrical coordinates for the geometry of an optical fibre [13,16-18],

the wave equation becomes

E,

H,

o 16 106°
6r2  rér  r2o¢?

Solutions by separation of variables [13, 16, 17] take the form

E, ‘
=y (r)e®iP 2.1.11)

H,
so that the wave equation becomes

‘ZZTZ’ %%’Jr[kz_ z_ﬁ]w:() 2.1.12)
which is the Bessel differential equation. The solutions inside the core are ordinary
Bessel functions of order [ (Figure 2.3). The solutions yield the modes propagating
within the fibre which can be divided into two types: skew and meridional modes [13,
16, 17]. Skew rays are those rays which do not propagate through the central axis of
the fibre (c.f Figure 2.2). The Bessel functions within the core are similar to harmonic
functions as they exhibit oscillatory behavior for real k. Therefore, there will be m roots
for any given /. The meridional modes are designated transverse electric, TE (E; = 0),

or transverse magnetic, TM (H, = 0), and require two indices, [ and m (corresponding
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Covre

Skew Modes

Cladding

Figure 2.2: Representation of Skew modes propagating around the central axis of the fibre.

to the roots of the Bessel function), to completely specify the mode. Skew modes have

components of both E and H and are designated as either HE; ,,, or EH ;.

1

0.8 J(X) =r=r=

[=]

0.4

Figure 2.3: Plot of Bessel function of the first kind, J; (x), for integer orders / =0, 1,2.

The exact expressions for the skew modes are very complicated. However, the prop-
agation of modes along the fibre can be greatly simplified provided that the refractive

indices of the core and the cladding differ by only a few percent [19, 20], i.e.

ny —np
A=

<<1 (2.1.13)
n

The full set of modes can then be approximated by a set of linearly polarized modes;
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this approach is known as the weakly guiding approximation. The weakly guided modes
or linearly polarized modes are designated LP; ,, and behave like a single mode with
two degrees of polarization [13,16,17]. The LP modes are only approximate solutions
to the field equations but are sufficient for practical fibres.

Generally the properties of an optical fibre can be expressed in the form of nor-
malised variables which allow determination of these properties from universal curves
[18]. One example is the cut-off condition for fibre modes. Equation 2.1.9 stated the
cut-off condition for modes in the core, nyk < < n; k, aresult of the boundary condi-
tions imposed on the Bessel functions and the fact that the solution inside the core
must be real [13]. The weakly guiding approximation implies that n,k = = nk,
so that the condition for a single electromagnetic mode to propagate is that the nor-
malised frequency, V, be < 2.405, where

_2ma

V=—- n +ns (2.1.19)

where a is the core radius, A is the free space wavelength and n; and n, are the refrac-
tive indices of the core and the cladding respectively. Therefore, from Equation 2.1.14,
reducing the dimensions of the fibre can limit the number of modes propagating in
the fibre. The value of 2.405 is the first zero of the lowest order Bessel function. Single
mode fibres typically have core diameters between 8 and 10 um for operation at 1550

nm.

2.1.4 Optical Fibre Materials

The basic challenges in manufacturing optical fibres are to achieve precise control
of fibre dimensions and refractive index. The materials from which optical fibres are
composed must also satisfy a number of criteria. The fibre material must be highly
transparent to the radiation being used; it must also be possible to fabricate the basic
core and cladding structures; and it must be reasonably flexible [21]. Two materials

which satisfy these conditions are silica (SiO,) and various types of plastic [13].
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In silica optical fibres, the refractive index variation between the core and the cladding
is obtained by doping the silica with another material [16, 21]. For example, dop-
ing with Germanium (Ge), Titanium (Ti) and Aluminium (Al) raise the refractive in-
dex, whereas Boron (B) and Fluorine (F) lower the refractive index [21]. High perfor-
mance fibres have been fabricated using Ge-doped cores and F-doped cladding. Fibre
manufacturing techniques are generally based on a type of vapour deposition [13,21].
The most popular methods of manufacture are by modified chemical vapour deposi-
tion, outside vapour deposition and vapour axial deposition [13]. The refractive index
change induced by doping is typically only a few percent, as the solubility of these ma-
terialsin silica is limited [14], meaning that silica fibres have small numerical apertures
(0.2 or less).

Fibres which have a silica core and a plastic cladding have also been manufactured,
called plastic coated silica fibres (PCS) [13]. The fibre preform in this case is made from
the core material only and passed through a plastic bath in the drawing process to pro-
vide the cladding. However, these fibres are only suitable for medium distance, mod-
erate bandwidth systems as the losses are ~10 dB km~! compared to ~0.15 dB km™!
for fused silica at 1550 nm. The loss values are significantly higher than all-silica fibres
because the energy which travels in the cladding is subject to much higher attenua-
tion [14].

All-plastic fibres have a core and cladding made from different types of plastic.
A popular choice for the core of a plastic fibre is polymethyl methacrylate (PMMA,
n=1.495) and a cladding of flouralkyl methacrylate (n=1.402). The main problem with
plastic fibres is that they exhibit much higher attenuations than silica due to strong ab-
sorption bands associated with the molecular bonds and high Rayleigh scattering from

the long chain molecules [13,22] but the basic causes are the same, as described below.

2.1.5 Optical Fibre Losses

The 1550 nm window has become the transmission window of choice for fibre op-
tic telecommunications, resulting from two important parameters in electromagnetic
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propagation along the length of a fibre, namely attenuation and bandwidth. There are
three main attenuation mechanisms in an optical fibre: absorption, scattering, (Figure

2.4) and radiative loss [14].

e Absorption losses occur mainly due to impurity (primarily OH™) absorption and

long wavelength vibrational absorption.

e Radiative losses are generally kept small by using a sufficiently thick cladding, a

buffer to protect the fibre and prevention of sharp bends along the fibre.

e The fundamental scattering mechanism is Rayleigh scattering from the irregular

glass structure, with each irregularity acting as a point scattering centre.
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Figure 2.4: Silica fibre losses due to absorption and scattering. The loss of the fibre at 1.55 u
m (0.2 dBkm™1) is very close to the fundamental limit imposed by Rayleigh scattering. [Figure
obtained from [14]]

The window around 1550 nm shown in Figure 2.4 exhibits the lowest attenuation
characteristics (0.2 dB km™!). The mass production of 1550 nm single mode fibres
and components for the telecommunications market has resulted in a cheaper supply
of components for the optical sensing market, which would not otherwise have been

readily available.
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In the design of optical fibre systems, there are parameters other than fibre attenu-
ation which have to be considered. Interference between different polarisation states
is discussed in section 2.2.5 and can lead to signal fading [13]. Also the optical sig-
nal becomes distorted as it travels along the fibre. This distortion is a consequence of
dispersion in the optical fibre and determines the limit of the information carrying ca-
pacity of the fibre [13]. The propagation of a mode along a fibre can be described by

the propagation constant
B Znneff _ Neffw
I

B (2.1.15)

where n,r ¢ is the effective modal index, A is the wavelength of the light, w is the optical
angular frequency and c is the speed of light in a vacuum. A monochromatic light
wave travels along the fibre with constant phase velocity v, = w/f. However, truly
monochromatic light sources do not exist, instead containing a spread of frequencies

each of which propagate at different phase velocities along the fibre.

Dispersion

The maximum modulation bandwidth or pulse rate of a fibre is limited by the phe-
nomenon of dispersion. There are two principal forms of dispersion: intermodal and
intramodal. Intermodal dispersion only occurs in multi-mode fibres and is not consid-
ered here. Intramodal dispersion occurs within a single mode as a result of the finite
spectral width of the source and the dependence of group velocity on wavelength.
The information-carrying capacity of a fibre is at a maximum when the group delay,
T¢ (the time required for a modulated signal to travel along the length of the fibre), does
not vary with wavelength [23]. Dispersion manifests itself as a temporal effect on the

group velocity, vg, of the wave travelling through the medium, where

dn]™!

n—-A—

2.1.16
a1 ( )

Ug:C

and A is the wavelength of light and c is the speed of light in a vacuum. The group

velocity dispersion results in a pulse of light spreading in time because of the differ-
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ent frequency components of the pulse traveling at different velocities through the
medium. The group delay, therefore, is 7, = L/vg where L is the length of the fibre.
The dispersion, D, can be designated as [13, 23]

l1dtg

= 2.1.17
L dA ( )

and defines the pulse spread as a function of wavelength. It is a result of material and
waveguide dispersion [13].

Material Dispersion: Material dispersion is produced by the same processes that pro-
duce fibre attenuation, namely the wavelength dependence of the waveguide mate-
rial’s refractive index. It is particularly important if the source has a broad spectral

width. The group delay due to material dispersion, 7,4, is given by [13]

L( Ad") (2.1.18)
T =\ nN—AN— N

Waveguide Dispersion: Waveguide dispersion occurs because of the dependence of
phase and group velocity on the core radius and wavelength. For circular waveguides
this dependence can be expressed as a function of the ratio a/A [13], and is only of
importance in singlemode fibres. The effect of waveguide dispersion can be approx-
imated by assuming that the refractive index of the material is independent of wave-
length. Therefore the group delay, 7, arising from waveguide dispersion is given

by [13]
Lap (2.1.19)
Twe = —— 1.
Y8 ¢ dk
where k (= 27/7) is the free space propagation constant and f (= nk) is the z compo-
nent of the propagation vector.

The total dispersion, D, in single mode fibres consists primarily of material and

waveguide dispersion and is represented by Equation 2.1.17. The total broadening, o,
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of an optical pulse with a wavelength spread o is given by

o0=D(A) Lo, (2.1.20)

The measurement of dispersion requires examination of the pulse delay over a wide
wavelength range. Such examination involves curve fitting to the Sellmeier equation

as outlined below.

Sellmeier Equation: The refractive index, n, is generally a function of the frequency,
or wavelength, of the light, n = n(f) or n = n(1). The dependence of the refractive in-
dex on frequency or wavelength can be quantified empirically by the Sellmeier equa-

tion [16], as

i AAZ
2 i
n“A) =1+
(1) ;AZ_A?

(2.1.21)
where generally i = 3, and A; and A; are the Sellmeier coefficients. Curve fitting using

the Sellmeier equation improves dispersion measurement precision as direct differen-

tiation of the measured group delay data tends to amplify the effect of noise [23].

Polarization and Birefringence

Most optical materials exhibit some degree of refractive index asymmetry that al-
lows light in two orthogonal polarisation states to travel at different speeds through
the material. This property is called birefringence. The polarisation states into which
polarised incident light is resolved are defined by the internal structure of the mate-
rial. For well-defined structures such as quartz crystal, these states are maintained
through the device and are called eigenmodes. Most of the concerns in fibre optics in-
volve imperfections which break the circular symmetry of the fibre core. In a perfectly
symmetric fibre the LP; ,, modes described in Section 2.1.3 are two independent, de-
generate propagation modes with equal propagation constants. Deviations of the fibre
core from circular symmetry breaks the degeneracy of the the two LP; ,, modes, [13],

and the modes propagate with different velocities.
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In 1816 Sir David Brewster discovered that normally transparent isotropic materi-
als could be made optically anistropic by the application of mechanical stress [3]. This
phenomenon is known as mechanical birefringence, photoelasticity or stress birefrin-
gence. Under compression, or tension, the material takes on the properties of a nega-
tive or positive uniaxial crystal, respectively. The effective optic axis is in the direction
of the stress, and the induced birefringence is proportional to the stress. If the stress
is not uniform over the sample, neither is the birefringence or retardance imposed on
the transmitted wave [3]. Retardance is a measure of the differential phase shift of light
in the eigenmodes, more commonly referred to as the fast and slow waves. Retardance

is typically expressed as a phase shift at a specified wavelength [23] as

271
Ap = A—Od(lno—nel) (2.1.22)

where A¢ is the phase difference between the o- (ordinary) and e- (extraordinary)
waves, Ag is the wavelength in a vacuum and d(|n, — n.|) is the relative optical path
difference between the axes. In fibre interferometry, where the method of optical path
difference scanning is fibre stretching, the two polarisation states can interfere pro-
vided the source spectrum is narrow enough that the source coherence time is much
larger than the difference in propagation time between the fast and slow axes of the
fibre. This can lead to polarisation-induced fading (c.f. section 2.2.5) necessitating the

use of Faraday rotation mirrors [24].

2.1.6 Optical Fibre Reliability

The tensile strength of silica fibres is very high when manufactured and compares
favorably with that of steel [14]. Optical fibres are expected to retain most of their phys-
ical properties for 10 — 20 years [25]. However, the reliability and expected lifetime for
an optical fibre is closely related to handling and the environment in which it operates.
The decrease in strength caused by these effects can be greatly reduced by adding a

coating layer to the fibre. The properties of the protective coating contribute largely
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to the mechanical properties of the fibre, which can be strongly influenced by cracks
on the surface. Polymer coatings are applied to prevent a variety of types of damage
occurring, e.g. the formation of surface defects through scratching and abrasion, min-
imisation of the influence of existing defects, and they can also act as a diffusion barrier
to prevent any damage by agents reaching the surface.

Damage to optical fibres has been observed by Severin et al [25] when used in harsh
environments such as acid environments where a reduction in breaking stress was ob-
served in aged fibres. The reduction in failure time depended on the protective coat-
ing used, polyacrylate vs hermetic carbon, with the hermetic carbon coating providing
greater protection in the acidic environment. Some other types of damage to fibres

that have been reported are:

1. The fibre fuse phenomenon, which is initiated by local heating of the fibre. This
causes a series of voids which propagate back along the fibre towards the light

source, resulting in catastrophic damage to the fibre core [26];

2. End face damage under high powers due to contaminants which can also initiate

the fibre fuse phenomenon [27];

3. Damage to the coating in tight bend situations where catastrophic damage to the

fibre can occur [28,29].

Damage occurs when the transmission path of light in the fibre is modified. Therefore,
the reliability of optical components where the internal structure of the fibre has been
modified, as happens with FBG inscription, also needs to be addressed. This is the

focus of the work reported in chapter 3 in this thesis.

2.1.7 Fibre Optic Couplers

Fibre optic couplers are the equivalent of bulk optic beam-splitters. They are the
most widely used optical components in telecommunications and sensing and are

used frequently throughout the experimental work reported in this thesis. Directional
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couplers are used for optical power splitting, wavelength division multiplexing / de-
multiplexing and polarisation splitting [30].

The principle of evanescent field coupling is used in single mode couplers. It is
based on the fact that the modal field of the guided mode extends beyond the core
cladding interface. When two fibre cores are brought sufficiently close to each other
the fields overlap and become coupled between the fibres. For two identical single
mode fibres the power launched into one fibre, P;(0), couples power between the two

fibres according to

P1(2) = P1(0)cos*kz (2.1.23)

Py (z) = P1(0)sin’kz (2.1.24)

where P; is the power coupled into the second fibre, k is the coupling coefficient and
z is the coupling length [30]. Fibre couplers are in general wavelength-sensitive as
the propagation constants of the modes and the coupling coefficient, k, depend on
wavelength as a consequence of fibre mode dispersion. A directional coupler can act
as a wavelength multiplexer / demultiplexer if the coupling coefficients for the wave-
lengths to be multiplexed, k; for 1, and k, for 15, meet the condition k;.z = mm and
ko.z = (m—1/2)n. From Equations 2.1.23 and 2.1.24 the power due to the individual

wavelengths can then be filtered into individual fibres exiting the coupler.

2.1.8 Fibre Optic Sensing

Fibre optic sensors operate on the principle that environmental changes modulate
the light signal propagating along the length of a fibre. A lightwave can be charac-
terised by amplitude, polarisation, frequency and phase, all parameters which may be
modulated. Fibre sensors can be categorised according to the parameter being modu-
lated i.e. intensity [31], polarimetric [32], spectral [33] and interferometric sensors [32].

They can also be classified by the sensor configuration, which may be intrinsic or ex-
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trinsic. Intrinsic sensors use the fibre itself as the sensing element whereas extrinsic
sensors use an external transducer, which can be located inside or outside the fibre, to
modulate the light signal [1].

As as example, an intensity based sensor is based on the modulation of the intensity
of the transmitted light. In a simple extrinsic configuration for the measurement of
strain, two optical fibres can be separated by a small gap which widens as strain is
applied parallel to the fibres [34]. This results in areduction in the transmitted intensity
between the two fibres. However, intensity based sensors are sensitive to variations in
the source intensity and to fluctuations in intensity caused by bend losses and coupling
losses. Sensors which are based on phase / wavelength modulation, as described in
Section 2.1.9, are more robust and suitable for use outside laboratory conditions.

The modulation of an electric field, E(A), propagating along an optical fibre, in re-

sponse to a measurand field can be defined [32,35] as

E'(A) =T(X,1)E(A) (2.1.25)

where

(i) E'(A) is the electric field after modulation
(i) T(X,A) is a propagation matrix which describes the sensing element

(iii) Xisa vector which describes the physical environment.

T is a product of terms describing a physically observable effect on the transmitted
beam, such that

T = ae'’B (2.1.26)

where a is the scalar transmittance, ¢ is the mean phase retardance and B is the bire-
fringence matrix [35]. These parameters are both dispersive and environmentally sen-
sitive [32].

The transmittance of the fibre shows only weak environmental sensitivity and in-

trinsic monomode sensors are generally based on phase and polarisation modulation,
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recovered using interferometry and polarimetry respectively [35]. The phase retar-
dance, ¢, can be a measure of the retardance introduced between interfering beams,
as occurs in a two beam interferometer (c.f. section 2.2.6), or a measure of the rela-
tive phase retardance between the linear or circular polarisation eigenmodes of the fi-
bre. The environmental sensitivity of the fibre can be expressed in terms of the depen-
dence of the phase on external stimuli such as temperature, T, pressure, P, and strain,

01, [32,35] such that

6l on

0¢p 2m
_— = na—X‘Fla—X

= : X=T,Pbl... 2.1.27
o0x A ( :

where [ is the length of the fibre and 7 is the fibre refractive index. The first term inside
the brackets corresponds to the physical extension of the fibre and the second term to

changes in the refractive index, which can be due to one or a combination of T, B, 1.

2.1.9 Modulating Effects in Fibre Sensors
The Photoelastic Effect

The photoelastic effect describes the relation between mechanical strain and the re-
sulting refractive index change in the material. The longitudinal and transverse strains,

€; and €;, on a fibre are related to the applied stress [36] as follows:

€1 =€y +0€5 (2.1.28)

€ =—V€y+ ﬁe(z) (2.1.29)

where € is the applied stress divided by Young’s modulus (Y), v is the Poisson ratio and
0 and B are two non-linearity constants. The stress is the applied force per unit area
giving €, = F/(2nr?Y) where F is the applied tensile force and r is the initial radius of
the fibre.

For an isotropic material, the photoelastic effect can be characterised by two strain

optic coefficients. Light which propagates through a single mode fibre in a strained
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state is polarised in the transverse direction [36] and sees a change in the refractive

index, An, which is defined as

nS
An=-— (?) [S; (P11 +P1o) + 53P12] (2.1.30)

where

(i) S; and Ss are the first and third elements of the strain tensor [36]

€
Sy = €t+v250 (2.1.31)
€o
Sy=ert ) 2.1.32)

(ii) P;; and Py, are the individual strain-optic coefficients

Typical values for silica are P;; =0.113 and Py, = 0.252 [37].

The change in refractive index has contributions from both the longitudinal and
transverse strain. Neglecting the contribution due to changes in the fibre diameter
(small), the phase change, A¢, experienced by light propagating through the fibre [36]
can be expressed as

271
Ap = 7L(n€l+An) (2.1.33)

where A is the wavelength of the light, and L is the length of the fibre. The optical phase
change can therefore be expressed as a function of the physical elongation of the fibre

and the change in refractive index.

Thermo-optic and Thermal Expansion Coefficient

Changes in the temperature of the glass in a fibre also induce changes in both the
size of the fibre and in the refractive index of the fibre. The change in refractive index

induced by a temperature change is the thermo-optic coefficient [38] given by

_16n
" néT
29

¢ (2.1.34)
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and has a typical value of 6.86x107% °C~! for Ge doped silica [38].

The change in dimension is the thermal expansion coefficient [38] given by

_16L

=—— 2.1.35
CTIT (2.1.35)

and has a typical value of 0.55x107%°C~! for silica [38].

A key problem for fibre-optic sensors is that it is not possible to determine whether
the fibre is uniquely sensing changes in temperature or strain, because of the interde-
pendence of the length, L, of the fibre and the refractive index, n, on both strain and
temperature (Equation 2.1.27). Discriminating between the two usually involves isola-
tion of a sensor or part of a sensor [39] from one of the measurands to act as a reference,

as described in the case of fibre Bragg grating sensors in Section 2.1.10.

Phase Measurement

Optical interferometry, which will be reviewed and discussed in Section 2.2.6, pro-
vides an accurate method for measuring path length changes in optical fibres. The
phase of the light leaving a fibre can be changed by dimensional and / or refractive
index changes in the fibre. Therefore, if one fibre is subjected to a different strain or
temperature than the other, this difference appears as a displacement of the interfer-
ence fringes, and can be measured from this displacement. The basic quantity to be
calculated is the optical phase change per unit fibre length per unit of the physical
stimulus being measured, i.e A¢/SL where A¢ is the phase change in radians, L is the
fibre length and S is the stimulus.

A change in temperature of the fibre, AT, changes the optical phase of the light
propagating through it, A¢, due to two effects: the change in fibre length due to ther-
mal expansion or contraction and the temperature induced change in refractive in-
dex [40] given by

A¢p 27:( dL dn)
AP _n (2.1.27)

ar - \"ar thar

where the effects of the fibre diameter changes are negligible. The fringe displacement
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obtained from this formula is given in radians / °C m.
Two of the most successful applications of FOS using phase measurement have
been the fibre gyroscope and the fibre hydrophone. A brief description of the oper-

ation of these sensors follows.

Fibre Optic Gyroscope

The fibre optic gyroscope (FOGQG) is a Sagnac interferometer (illustrated in Figure 2.5)
which measures the Sagnac phase shift induced on rotation [41]. The lightwave enter-
ing the interferometer is divided to follow two counter-propagating waves, one in the
clockwise direction and one counterclockwise. The beams are then recombined at the
interferometer output to interfere. The interference pattern is detected at the photodi-
ode D. When the interferometer is rotated, the path taken by one beam is shortened in
comparison to that of the other. The result is a phase shift, known as the Sagnac phase
shift ¢, which is proportional to the angle of rotation. ¢ depends on the angular ro-
tation Q, the number of loops of the fibre coil N and the area A enclosed by each loop

according to [3,41,42]
81 NAQ
= —— (2.1.36)
Ac
Low cost FOG systems have found applications in air navigation systems, land and
marine navigation systems [43, 44]. Most gyroscope resolution requirements are of
the order of 100 °/s, but fibre gyros have achieved rates of 5000 °/s [45]. Some of the

advantages of interferometric FOGs over traditional spinning mass gyros are: short

warm up time, long life, high reliability, wide dynamic range and low cost [46].

Fibre Optic Hydrophone

The fibre optic hydrophone has been implemented successfully for measurement
of underwater acoustic pressure measurements [47, 48] in particular for military ap-
plications. Optical fibre sensors do not radiate electromagnetic waves, the absence of

which is particularly advantageous for stealth operation. Other advantages offered by
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Sensing Coil

Coupler

Figure 2.5: The basic scheme for a fibre-optic gyroscope.

the fibre-optic hydrophone over conventional hydrophone techniques are flexibility of
design and multiplexing. As a result the fibre-optic hydrophone was primarily devel-
oped by the U.S. navy [48]. In an interferometric implementation of the hydrophone,
one arm of the interferometer acts as the acoustic sensor. An acoustic signal acting on
the sensing arm induces a phase change in the light traveling through the fibre. The
phase change arises from two main sources; the change in length due to the applied
strain, and the change in refractive index (the stress-optic effect). The change in phase,

A¢, in a fibre of length L [48] is given by
1
A(,DZ k'nLS—znskL(S]PH+82P12+83P21) (2.1.37)

where k is the wavenumber of the acoustic signal, n is the refractive index, s, are the
strain components and Py, are the Pockel’s coefficients of the stress-optic tensor which
relate the strain to the refractive index change.

In general, one of the disadvantages of interferometric sensing for strain and tem-
perature measurement is that the change measured is only with respect to the phase
of the reference arm, requiring thermal and strain isolation of the reference arm. Any
change in the environmental conditions to which the reference arm is exposed will
manifest itselfin the interferometric measurement. A FBG, however, is an optical com-

ponent in which the measurand is directly encoded in the wavelength reflected from
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the grating and is an absolute parameter, making it ideal for use as an embedded sen-
sor. The theory, manufacture and operation of FBGs are reviewed in the following sec-

tions.

2.1.10 Fibre Bragg Gratings
FBG Basic Definitions and Properties

A fibre Bragg grating is a periodic modulation of the optical characteristics of an op-
tical fibre, obtained by inducing a deformation in the fibre material or by modifying
the refractive index of the core [49-51]. The latter is the standard method for grating
inscription, where the grating is formed in photosensitive single mode fibre by illumi-
nation of the core with ultraviolet (UV) light. Fibre Bragg gratings are ideally suited to
wavelength division multiplexed configurations as they offer substantial flexibility in
their design [11, 15].

Properties that can be varied are the amplitude of the induced change in core re-
fractive index and the length and period of the grating. Tailoring of these physical prop-
erties has a corresponding effect on the resonant wavelengths, grating intensity and
bandwidth. FBGs have a number of distinguishing advantages over other implemen-
tations of fibre optic sensors. In particular the measurand is encoded in the reflected
wavelength of the sensing element, unique wavelength multiplexing capacity [52] and
also potentially low cost fabrication techniques when inscribed on the fibre drawing
tower [53].

A more detailed description of fabrication methods may be found in Section 2.1.13.

Overview of General Applications

The engineering field of Smart Materials and Structures, sometimes called Active Ma-
terials and Adaptive Structures, has seen the development of structurally integrated
fibre optic sensing systems to replace traditional electrical sensors [7]. Fibre Bragg

gratings have become the most promising candidate for deployment in smart struc-
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tures [54-58]. They offer localised measurement and large measurement range, high
electromagnetic immunity, measurement of a wide range of measurands and poten-
tially low cost fabrication techniques. Their small dimensions make them ideal for
use as embedded sensors in composite materials. The measurand is encoded in the
reflected wavelength and is an absolute parameter. They also offer high wavelength
division multiplexing capacity as multiple sensors can be written along the length of a
fibre, with each one reflecting at a different wavelength without overlap.

Bragg grating sensors have been demonstrated for use in sensing systems for many
applications, eg, mining [54], wind turbine monitoring [55], FBG sensor based seismic
geophones for oil and gas exploration [59], bridge health monitoring [56] [57] and tun-
nel monitoring [58]. Structural health monitoring requires that sensor measurement of
temperature and strain be insensitive to each other [12]. Fibre Bragg gratings are sen-
sitive to both. On a single measurement of the Bragg wavelength shift it is impossible
to differentiate between the changes in strain and temperature. The above applica-
tions have all included some form of temperature compensation mechanism, such as
a strain isolated grating in the sensing configuration to measure temperature [55] or
the use of thermocouples to measure the temperature at the sensing site [56].

Numerous other schemes for discriminating between these effects have been dem-
onstrated. Xie et al. [60] demonstrated a scheme where a single grating is used with
one part of the grating fixed to a steel plate resulting in two reflection spectra, one
of which is isolated from strain. However, limitations on the scheme, due to soften-
ing of the epoxy used to fix the grating to the steel plate, required all measurements
to be taken under 40°C. Xu et al. [61] demonstrated the simultaneous measurement of
strain and temperature using superimposed Bragg gratings reflecting at separate wave-
lengths. James et al. [62] demonstrated a scheme based on two Bragg gratings inscribed
in fibres with different diameters and spliced together where the strains experienced by
the fibres are dependent on the cross-sectional area but the effects are common-mode.
Xu et al. [63] removed the temperature dependence of a chirped FBG in tapered fibre
by applying a strain gradient across the grating length. The bandwidth of the grating is
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made strain-dependent when a strain gradient is introduced along the grating length.
The following section will develop the theory behind the principles of operation of
FBGs as sensors, while Section 2.1.12 describes their temperature and strain sensitivi-

ties.

2.1.11 Operational Principles

The formation of gratings was first reported in 1978 by Hill et al [49] at the Canadian
Communications Research Centre. It was reported that intense Argon ion laser radi-
ation was launched into germanium-doped fibre. After several minutes an increase
in reflected light intensity was observed, which grew until almost all of the light being
launched into the fibre was being reflected. Spectral measurements confirmed that a
very narrow band Bragg grating filter had been formed over the entire 1 m length of the
fibre. The refractive index grating produced was due to a standing wave intensity pat-
tern formed by the forward propagating light and the back reflected component from
the end facet of the fibre. This achievement, subsequently called Hill gratings [11], es-

tablished the previously unknown photosensitivity of germania fibre.

Fibre Bragg Grating Theory

In general the resulting perturbation to the effective refractive index, 6n.fr(z) takes

the form of an amplitude and phase modulated waveform [11] as follows:

e
Ao

6neff(z):ﬁeff(z)(l+v cos ) (2.1.38)

where n,¢r is the modal index, which varies along the grating length because of the
variation in the average refractive index and the envelope of the grating modulation, A
is the period of the refractive index modulation and v is the contrast of the modulation
which is determined by the visibility of the UV fringe pattern.

The result of the refractive index modulation is a uniform fibre phase grating (Bragg

grating) which acts as an optical diffraction grating and can be described by the grating
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equation [64] as

. ) A
Neo Sin(02) = ne, sin(0y) + mK (2.1.39)

where 6 is the incident angle of the light on the grating, 0, is the angle of the diffracted
wave, 7., is the refractive index of the core and m determines the diffracted order.
Generally m = —1 for first order diffraction which dominates in a fibre grating [65].
The reflected mode propagates in the opposite direction, yielding n sin(f,) < 0 and
recognising that n. s = nc,sin(), the resonant wavelength for the reflection of a mode

of index n,ry, into a mode of index n,yrp, [11,65] is
A= (neff1+neff2)A (2.1.40)
For a Bragg grating in single mode fibre the two modes are identical [11,65] yielding

A:ZneffA (2.1.41)

FBG Coupled Mode Theory

The grating characteristics, eg. the diffraction efficiency and the spectral depen-
dence of fibre gratings, can be understood and modeled using coupled mode theory. A
solution to Equation 2.1.12 yields the transverse component of the electric field, which
may be written as a superposition of the modes [65] labeled j, in an ideal waveguide

with no grating perturbation as

Eix,y,21)= Y [Aj(2)exp(ifjz)+ Bj(2)exp(—ifj2)].€ ji(x, y)exp(—iwt) (2.1.42)
j

where A;(z) and Bj(z) are the slowly varying amplitudes of the jth mode traveling in
the +z and -z directions respectively. The modes are orthogonal in an ideal waveguide

and do not couple. The presence of the grating, however, causes coupling of the modes
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[65] described by

dA;
d—’:iZAk(K,@].+K,§].)exp[i(ﬁk—ﬁj)z] (2.1.43)
< k
+iZBk(K,§]. +Kiexp[i(Bi - B))z]
k
and
dB;
— = i) Ar(KY; + K Jexp[i(Bi— B))z] (2.1.44)
dz T

+i ) Br(Kp; + Ki Jexp [i(Bx — Bj)z]
k

where, as before, Aj and B; are the slowly varying amplitudes of the jth mode travel-
ing in the +z and -z directions respectively. K Iij is the transverse coupling coefficient

between modes j and k, defined as

w = %
KIEJ(Z) " ff dxdyAe(x,y,z)€é; (x,y) - €;,(x, ) (2.1.45)

where Ae = 2ndn when 6n < n. K Zj is the longitudinal coefficient. Klj]. is generally
neglected as K lij < K ]zj for fibre modes.

In most fiber gratings, the induced index change dn(x, y, z) is uniform across the
core and non-existent outside the core. The core index can be expressed as in Equation
2.1.38, with %e rf(2) replaced with %w(z) [65]. A dc coupling coefficient, o, due to
the dc component of the refractive index modulation, and an ac coupling coefficient,

K, due to the periodically varying refractive index, can be defined as

wn S — — %
orj(2) = 2c"5nw(z)ff dXdyekt(x)y)-ejt(x’y) (2.1.46)
CORE
v
Kij(2) = Eakj(z) (2.1.47)

The general coupling coefficient K. ]ij (z) can then be written as [65]

27 N
XZ ¢(2)

Ky ;(2) = 0kj(2) + 2Kgj(2)cos (2.1.48)
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The dominant interaction in a Bragg grating is the coupling of one mode, of ampli-
tude A(z), into an identical counter propagating mode, of amplitude B(z). Equations
2.1.43 and 2.1.44 can be simplified by removing all terms except those involving the
amplitude of the particular mode and [65] neglecting terms on the right hand sides of
the differential equations containing a rapidly oscillating z dependence. This results in

the following equations:

dR . )
— =i6R(2) +ixS(2) (2.1.49)
dz
and
das . .
— =—i6S(2) — ixkR(2) (2.1.50)
dz

where R(z) = A(z)(i6z — %), S(z) = B(z)(-idz+ %), k is the ac coupling coefficient and

0 is a general dc coupling coefficient. 6 is defined as [65]

1d¢
=0 - —— 2.1.51
G +0 5 4z ( )

where the detuning, §, of the propagation constant with respect to the grating period

T
= p—— 2.1.52
o p A (2.1.52)
= B-Pp (2.1.53)
= 271n, l—i (2.1.54)
ey A
Ap is defined as
ADEzneffA (2.1.55)

When § =0, A =2n,rrA, which is the same result as in Equation (2.1.41).
The derivative (1/2)d¢/dz describes a possible chirp of the grating period. Absorp-
tion losses can be described by a complex coefficient o where the power loss coefficient

isa=2Im(o).
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2.1.12 FBG Fundamentals

The measured quantity is the peak reflected wavelength of the grating which changes
as the grating is subjected to mechanical strain. This wavelength is usually measured
using optical spectroscopy. Radiation of wavelength 1y will undergo strong reflection
when it encounters the grating, provided that the grating equation (Equation 2.1.41) is
satisfied as follows:

/1() = 2mn1A (2.1.56)

where m is an integer, n; is the effective refractive index and A is the spatial periodicity
of the grating.

Typically, the grating pattern can be between 1 and 20 mm in length and, once
formed, the grating behaves in a similar fashion to the Bragg acousto-optic grating.

The reflectivity, R, at the Bragg wavelength can be estimated using the equation [8, 66]

R = tanh’Q (2.1.57)
where
L\(An
Q:nn(l—)(7)n(V) (2.1.58)
B
The factor
1
nWVv)y=1- W

is the fraction of the integrated fundamental mode intensity contained in the core. Vis

the normalised frequency of the fibre. R is directly proportional to the grating length,

An

L, and the index perturbation, (7), which is determined by the exposure power and

time of the inscribing UV radiation for a specified fibre. The full width at half maximum

(FWHM) bandwidth of a grating, AA, is given by [8]

AL = ABS

An)2 (1)? 2
(E) +(ﬁ) ] (2.1.59)

where s ~ 1 for strong gratings (near 100% reflectivity), s ~ 0.5 for weak gratings
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and N is the number of grating planes. Because the index change is small, the main
contribution to the linewidth is attributed to the change in modulation depth of the
index perturbation.

When a thermo-mechanical strain gradient exists along the length of the grating,
the reflection spectrum can broaden and develop multiple reflection peaks. The re-

flection spectrum of the grating under the most general strain state is given by [67]

Iy \/E

N

L L
I = Pxf f S(e A28 gadz + ny f SN)e ¥ A=Ay @’ g2
L «Jo A, Jo
(2.1.60)
Py and P, are given by
<E5 >
Py=—3 . (2.1.61)
<Eg, >+ <Ej,>
and
<E? >
P, o (2.1.62)

- <E§x>+<E§y>
where < E2, > and < Egy > are the time averaged scalar magnitudes of the square of
the electric fields in the X and j directions respectively. L is the length of the grating,
Iy is the intensity of the reflected light, S(A) is the intensity variation of the source as a
function of wavelength and «a is a constant which describes the FWHM of the grating
spectrum. The integration takes into account the variation of the reflection spectrum
along the length of the grating and the variation in the resonant wavelength for the two
polarisation directions % and j.

Most of the work reported in the literature using FBGs has centered on the use of
the gratings for measurement of strain and temperature. The strain response arises due
to two factors: the physical elongation of the sensor and the change in refractive index
due to photoelastic effects. The thermal response results from the thermal expansion

of the fibre and the temperature dependence of the refractive index.
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Temperature and Strain Sensitivities

The response of the Bragg wavelength to both strain and temperature can be ex-

pressed as [10]

2

n
AAg = 2nA( 1- ?{Pu — V(P11 + P12)}

E+[0¢+E]AT) (2.1.63)

where ¢ is the applied strain, P; ; are the coefficients of the strain-optic tensor, v is the
Poisson ratio, a is the coefficient of thermal expansion of the fibre and ¢ is the thermo-
optic coefficient described previously.
The factor
n2
> [P12 — Vv (P11 + P12)] (2.1.64)
is the effective photoelastic constant, p,, and has a numerical value of 0.212 [9] for a
typical silica optical fibre where P;; = 0.113, P12=0.252, v=0.16, and n=1.482.
Assuming isothermal conditions, the strain induced change in Az can therefore be
expressed as [68, 69]
Ay

E:(l—pe)g (2.1.65)

The term on the right of Equation 2.1.63 is the component of the wavelength shift

due to temperature and is dependent on the change in dimension, the coefficient of

thermal expansion, a, where

) 2169
a=|—-|l-= 1.
L)\dT
and is also dependent on the change in refractive index, the thermo-optic coefficient,
¢, where
5—(1)(d") (2.1.67)
“\n)\dar o

a has a numerical value of 1.1 x 107%/°C and ¢ has a value of 8.3 x 107%/°C [60] for a

silica fibre at 1550 nm.
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Bragg Intra-grating Distributed Sensing

The change in the reflected Bragg wavelength with change in measurand can be ob-
tained from [70]
dAp ) ( an dA

where n = refractive index of the fibre, A = the spatial periodicity of the grating
and X is the measurand in question, temperature (T), pressure (P) or strain (61). Typ-
ical sensitivities at 1550 nm for the wavelength dependence in silica optical fibres are:
strain ~ 1.2pm/ ue and temperature ~ 12pm/°C [8].

The reflected wavelength of a grating, defined in Equation 2.1.41, can be related to

the periodicity of the refractive index modulation along the fibre according to [71]
Ap(2) =2n(z2)A(2) (2.1.69)

Each section of the grating can contribute its own wavelength component to the
reflected spectrum depending on the periodicity of the refractive index modulation,
A(z). If auniform grating is subjected to a non-uniform measurand, the different wave-
length components result in a broadened reflection spectrum and a reduction in the
peak reflectivity [72]. Both the intensity and phase responses are affected and analysis

of either permits calculation of 15 (z).

2.1.13 Grating Manufacture
Enhanced Photosensitivity

Photosensitivity of optical fibres can be thought of as the degree to which a change in
the index of refraction of a fibre core can be realised following a specific exposure to UV
light. The original change in refractive index observed by Hill et al [49] was estimated
to be 1075, One of the problems associated with such a small index change is that, in

order to achieve a detectable reflection, long gratings are required. Since the discovery
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of the photosensitivty of fibres, there has been considerable research into increasing
the photosensitivity.

While germanium (Ge) doped fibres have shown to be the most photosensitive,
the germanium dopant is not essential to photosensitivity [73]. Doping of the core
with Ge (< 10% mole), codoped with Boron (B) has achieved refractive index variations
of ~ 1073 [73]. Hydrogen loading of optical fibres, typically carried out by diffusing
hydrogen molecules into fibre cores at high pressures (> 1 atm) and temperatures (650
°C for 200 hrs), has been shown to achieve very high UV sensitivity [15]. The technique
of enhancing fibre photosensitivity by hydrogenating fibres with a high concentration

of germanium can achieve refractive index variations of 1072 [73].

Grating Inscription

The internal writing technique of Hill et al [49], where the gratings are formed due
to a standing wave pattern in the fibre, limits the periodicity of the grating, A, to the
region where photosensitivity occurs, that is UV to ~ 500 nm. This in turn restricts
the wavelength of the light reflected to these wavelengths. It was not until 1989, when
G. Meltz and W. Morey, [50], at United Technologies Research Centre, reported that
reflective gratings could be induced, or written, in germania doped fibres that gratings
took on a more practical significance.

Many schemes have been proposed for grating manufacture, which may be broadly
classified into two techniques, holographic and non-holographic. Holographic inscrip-
tion of standard FBGs uses a beamsplitter to divide the UV beam to follow two paths
to the fibre and then interfere at the fibre (an interferometer) to expose the fibre to
an interfering beam of UV light. Non-holographic, or non-interferometric inscription,
generally depends on exposure of the fibre to a pulsed source or exposure to a beam

through a phase mask [15].
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Holographic or Interferometric Inscription

This method for FBG manufacture, first demonstrated by Meltz and Morey [50], in-
volves exposing the fibre to overlapping coherent UV beams (Figure 2.6). The incident
UV beam is divided to follow two separate paths and then recombined by reflection
from two mirrors. An advantage of this holographic technique is that the grating can
be tailored to reflect at any wavelength by varying the angle between the beams [11,15].
Therefore, although UV light is used, the grating can be tailored to reflect at any wave-
length of interest, for example, at much longer wavelengths in a spectral region more
suited to applications in fibre optic communications and fibre optic sensing.

By exposing the fibre to interfering beams of UV radiation between 240 nm to 250
nm a change in refractive index of the fibre takes place, as illustrated in Figure 2.6.
The change in refractive index is relatively small, typically less than 10~* [74] but it is
permanent once the inscription process has finished. The formation of gratings during

the inscription process is described in more detail in Section 2.1.14.

INTERFERING
UV BEAMS

CLADDING

CORE

BUFFER

INDEX MODULATION

Figure 2.6: Standard UV inscription of FBGs.

A variation in the angle, 6, between the two interfering beams allows tailoring of
the periodicity of the grating, A, as the periodicity is related to the wavelength of the

light and 6 by
U
~2Sind

(2.1.70)

Therefore, the grating structure can be written at wavelengths where losses in optical
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fibres are minimised. However, the holographic technique for grating manufacture
has been largely superseded by the phase mask technique because of the advantages

outlined below.

Fabrication by Phase Mask

UVlight, which is incident normal to the phase mask is diffracted by the periodic cor-
rugations in the phase mask. The phase mask is constructed to suppress the diffraction
into the zero order mode. The +1 order diffracted beams interfere to produce an inter-
ferogram that photo-imprints a corresponding grating in the optical fibre. If the period
of the phase mask is A, 45k, the period of the induced grating is A, 451 /2. This is again
independent of the wavelength of the UV source [75].

The phase mask technique has three main advantages. Firstly, it greatly simpli-
fies and reduces the cost of the grating manufacturing process by offering easier align-
ment. Secondly, there are reduced stability requirements on the inscription apparatus.
Thirdly, there are lower coherence requirements on the inscribing source. It can be
used to fabricate gratings with a controlled spectral response, e.g. apodisation of the
secondary maxima, which is desirable in applications using Wavelength Division Mul-
tiplexing (WDM). Apodisation of the side lobes is achieved by varying the amplitude
of the coupling coefficient along the length of the grating. One phase mask technique
for apodisation involves varying the groove size, thereby varying the intensity of the
diffracted beams and changing fringe contrast, resulting in a variation of the ampli-
tude of the induced refractive index modulation [75]. An advantage of this technique
for apodisation is that the characteristics of the gratings are reproducible.

However, the primary draw-back of the phase mask technique for inscription is
that only limited tuning of the Bragg wavelength is achievable by pre-straining the fibre
prior to exposure. Therefore, a separate phase mask or inscription using a tunable laser

source is required for each Bragg wavelength [76].
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Point by Point Method for Inscription

Another process for fabrication of gratings is the point-by-point method [77]. This
method is achieved by exposure of the core to a focused pulsed source. The change
in refractive index along the core is then accomplished one step at a time. The fibre is
translated through a distance corresponding to the pitch of the grating in a direction
parallel to the fibre core. This process is repeated to form the grating structure. The
main advantage of the point by point method is flexibility in grating design. Variations
in grating length, grating pitch and spectral response can easily be incorporated [9].
The point-by-point method has also been demonstrated for inscription of FBGs in the
drawing process of the fibre, eliminating the need for removal of the buffer when writ-
ing using UV wavelengths [53].

The use of a focused femtosecond laser beam for point-by-point inscription, [51],
has opened up the possibility for grating inscription using near infrared (NIR) laser
light at a wavelength of 800 nm. Inscription using NIR lasers has the added advantage
of elimination of the requirement for the stripping of the buffer from the fibre as the
sensitivity to UV radiation is no longer an issue. Some disadvantages of the point-by-
point method are that it is a slower method of inscription, good alignment is required
and expensive translation stages are required to provide the highly accurate position-
ing necessary for inscription.

The different techniques for inscription of FBGs has resulted in gratings which can

be classified into different types depending on the inscription mechanism.

2.1.14 (Classification of Fiber Bragg Gratings According to Photosensitisation

A number of different types of FBG have been distinguished on exposure of the core
of a photosensitive optical fibre to a UV laser interference pattern [78,79]. These differ-
ent types of grating can be characterized by different spectral and thermal behaviors
and are caused by the UV excitation of distinct physical mechanisms. The classifica-

tion of the types depends on the initial writing conditions (laser power and wavelength,
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continuous wave (CW) or pulsed energy delivery) and fibre properties [80].

Type I Gratings

The standard method of grating inscription, where the amplitude of the index mod-
ulation increases with total UV irradiation fluence to saturation, is now referred to as a

type I grating. This type of grating is the least stable at high temperatures.

Type IIA Gratings

Another type of grating is formed in non-hydrogen loaded fibres after exposure of
the core to low intensities after long exposure. Initially, a type I grating is formed and
shows different stages of evolution after continued exposure, growth, saturation, decay
and disappearance. Erasure of the type I grating is followed by the growth of the N=1,
or type IIA, grating which is characterised by negative refractive index changes. This
grating is stronger than the original grating and able to withstand higher temperatures

[79].

Type 11 gratings

Another, different, type of grating is produced when the energy of the writing beam is
increased above approximately 30 m]J. At energy levels of 30 m]J, there is a sharp thresh-
old above which the induced index modulation increases dramatically. Physical dam-
age is caused in the fibre core. These gratings are referred to as type II and have very

high reflectivities ~ 100% and large bandwidths [78].

Type IA gratings

Type IA gratings are fabricated in an identical fashion to type IIA gratings as de-
scribed above, but only form in hydrogenated fibre [81]. Type IA gratings exhibit a large
positive shift in the Bragg wavelength. This is in contrast to the negative shift seen in

the fabrication of type IIA gratings.
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2.1.15 Grating Characterisation

Bragg reflection characteristics of a fibre grating are controlled by the longitudinal
refractive index distribution, i.e. the grating period and the depth of effective index
modulation. Typically, gratings are only characterised by their reflection spectrum.
However, the retrieval of the longitudinal index distribution is important for control-
ling the characteristics of a grating. For example, the reconstruction of refractive index
profiles has been demonstrated from calculation of the envelope of index change. This
was done using the complex coupling coefficient reconstructed from measurement
of the intensity and phase of the Bragg reflection using an interferometric arrange-
ment [82]. However the algorithm used is based on the coupled mode equations and
simplified using Fourier transformation, resulting in limited spatial resolution. It is
therefore incapable of detecting an abrupt change in the index profile.

Optical low coherence reflectometry (OLCR) is a technique that has been devel-
oped to characterise the position of weakly reflecting defects in optical waveguide ele-
ments [83]. This non-destructive method can precisely determine the location, length
and coupling coefficient of the grating. This technique has been demonstrated to mea-
sure the modulation depth of the sinusoidal index variation to a relative precision of

1% [84].

2.1.16 FBG Interrogation Schemes

Considerable research has focused on fibre Bragg gratings, and particularly on sys-
tems using the gratings for sensing strain or temperature variations [61,85]. The varia-
tion, encoded in the light reflected from the grating, requires precise measurement of
the FBG wavelength shift induced by the measurand for achieving good sensor perfor-
mance. An ideal interrogation system requires high resolution, typically ranging from
sub-picometer to a few picometers wavelength resolution, with a large measurement
range. The system should be capable of demodulating multiplexed gratings, particu-

larly as the gratings are ideally suited to WDM [76].

48



2.1. Optical Fibre Sensing

The development of supercontinuum broadband sources releases the potential for
serial multiplexing of fibre Bragg gratings over far greater wavelength ranges than pre-
viously reported [86, 87]. Many interrogation techniques have been demonstrated for
interrogation of FBGs, such as: the drift compensated interferometric wavelength shift
detection system reported by Kersey et al [88]; the frequency modulated laser diode
reported by Ferreira [89] and the dual interferometric cavity system reported by Rao et
al [90]. Other schemes include: interrogation by an optical spectrometer [91]; interro-
gation by using matched sensor and receiver grating pairs reported by Brady et al [92];
a combination of the interferometric wavelength scanner reported by Kersey [88] and a
low resolution optical spectrometer reported by Rao et al [93] for multiplexed sensors;
the ratiometric technique of Melle et al [94]; and the fibre Fourier transform spectrom-
eter of Davis and Kersey [24].

These, and other established techniques including tunable filters [95-97], tunable
lasers [89, 98,99] and diode array [100], are limited in their abilities for interrogation
over broad wavelength ranges. They are also limited in their provision of simultaneous
measurement of all gratings in an array or provision of high resolution measurement of
the intra-grating structural detail of the individual gratings in the sensing array, which
could potentially be valuable in the detection of non-uniform measurand fields [72].

Fourier transform spectroscopy (FTS) exhibits a fundamental advantage over the
above demodulation techniques because the full wavelength range is characterised
within the captured interferogram. This advantage, known as the Fellgett advantage
or multiplex advantage [101], will be exploited in the work reported in this thesis for
the characterisation and demodulation of grating arrays over broad wavelength ranges.
FTS also provides the possibility of high resolution measurement of the intra-grating
structural detail. The drift compensated interferometric wavelength shift detection
system reported by Kersey et al [88] is applied to the interrogation of a sensing grating
in the work reported in chapter 3, where the inability of the system for interrogation
of chirped gratings is demonstrated. The following sections will develop the measure-
ment theory behind the interferometric techniques reported on in later chapters.
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2.2 Optical Measurement

Introduction

The area of lightwave measurement is a rapidly evolving field in the science of op-
tics. Modern sensing systems can incorporate multiple wavelength channels propa-
gating on a single fibre [102]. Multiple wavelength systems are referred to as being
wavelength division multiplexed (WDM) [23]. Fibre Bragg gratings are ideally suited
to WDM where typical responses for strain and temperature are: strain ~ 1.2pm/ue
and temperature ~ 12pm/°C [8]. Grating interrogation units, therefore, have to be ca-
pable of providing high wavelength resolution measurement (approaching picometer
accuracy).

In the telecommunications field, early systems had wide wavelength spacings and
therefore did not have to be especially concerned with spectral content. More recent
systems have much narrower spacing between channels and are referred to as dense
wavelength division multiplexed (DWDM) [23]. Consequently, for telecommunication
applications, wavelengths too need to be measured with much higher accuracy.

Optical spectral analysis (the measurement of optical power as a function of wave-
length) can be conducted with a variety of different instrumentation configurations

which can be broadly classified into two groups [23]:

* Diffraction grating based spectrum analyzers where the light is diffracted by the
grating at an angle proportional to the wavelength. Typical commercially avail-
able grating based optical spectrum analyzers have wavelength resolutions of ~

0.01 nm.

* Wavelength meters, typically interferometers, which can discriminate wavelength
by filtering or by interferometric fringe counting techniques and can achieve

high resolution wavelength measurement to better than ~ 0.001 nm accuracy.

The interrogation units described in the later chapters of this thesis are wavelength

meters, in which measurements are made by direct comparison of a lightwave with
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itself or a delayed version of itself. The following sections develop the theory of the

measurements made in subsequent chapters.

2.2.1 Coherence and Interference

Coherence theory describes the correlation between beams of light [64]. Neither
fully coherent or completely incoherent light actually exists, so that all light may be
considered partially coherent [64]. The work in this thesis is based on the use of two
beam interferometers that are illuminated by partially coherent sources for measure-
ments which are based on the recovery of interferogram phase. The degrees of coher-
ence of the sources range from highly coherent Helium-Neon (HeNe) gas lasers to a

much less coherent broadband superluminescent diode.

2.2.2 Temporal and Spatial Coherence

Coherence effects can be separated into two classifications, temporal and spatial co-
herence. A high degree of spatial coherence exists between wavetrains emitted from
the same point in space. For example, it is helpful to consider an extended monochro-
matic source. In this instance, the effects of temporal coherence are greatly minimised
as all of the wavetrains are emitted at the same time from spatially distinct points on
the source. The spatial coherence can then be considered as the lateral distance over
which the wavetrains appear to have constant phase [3].

When considering temporal coherence, if we consider a wavetrain from a continu-
ously emitting point source with limited spatial extent, the temporal coherence can be
thought of as a measure of the time over which the wavetrains appear to have constant
phase [3].

As fully coherent sources are not achievable, i.e. sources containing a single fre-
quency, the spectral line of each source has a frequency bandwidth §v. The frequency
bandwidth is the same order of magnitude as the reciprocal of the temporal extent of
the pulse [3].

Av=— (2.2.1)
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The time that satisfies this equation is called the coherence time and the corre-

sponding coherence length is

Al = cAt, (2.2.2)

The coherence length is the extent in space over which the wave maintains a near

constant phase relationship and can therefore exhibit interference.

2.2.3 Interference

Optical interference occurs from the interaction of two or more lightwaves that yield
aresultant irradiance that deviates from the sum of the component irradiances [3]. The
expression which describes optical interference is a second order linear homogenous
partial differentiation equation which obeys the principle of superposition. In accor-
dance with the principle of superposition, the electric field intensity, £, at a point in

space arising from the separate fields of various contributing sources is

E=E +E+.. (2.2.3)

The optical disturbance, or light field E, varies at an exceedingly rapid rate (~ 10
Hz) making the field an impractical quantity to detect. The irradiance, however, can be
detected by a wide variety of sensors. The irradiance is the time average of the electric
field intensity squared [3],

I=<E’>p (2.2.4)

Figure 2.7 [3, 64] illustrates the operation of a two beam interferometer. The ob-
servable irradiance at points P; and P, is proportional to the mean value of E(P, £)? so

that, apart from an inessential constant, [3, 64]

I(P)=2<EMP1?>>r (2.2.5)

The disturbance at Q can then be obtained using the principle of superposition [64]
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Figure 2.7: Two beam interferometer illuminated by an extended source S [3, 64]

E(Q) =KIE(P;,t— 1)+ KhE(Po, t— 1) (2.2.6)

where P; and P, are the centres of secondary emission and ¢; and #, are the times taken
for the light to travel from P; to Q and P» to Q respectively. The propagators K; and K»
are purely imaginary and mathematically affect the alterations in the field resulting
from traversing the apertures.

The irradiance at Q is therefore, recalling Equation 2.2.4,

1(Q) =K Iy + | Ko |2 I + 2| Ky || Ko | T2 (2.2.7)

The I}, term is known as the interference term and is the time average of the electric

field intensities squared and is referred to as the mutual coherence function.

2.2.4 Mutual Coherence and the Degree of Coherence

The key function in the theory of partially coherent light is the mutual coherence
function, a complex quantity which is the time averaged value of the cross correlation

function of the electric field intensity, E denoted [3, 64]

[12(1) =< E1(t+71), Ex (1) > (2.2.8)
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This cross-correlation is fundamentally related to the spectrum of the source by the
Wiener-Khintchine theorem. This theorem relates two important characteristics of a
random process: the power spectrum of the process and the correlation function of

the process, i.e. if

f@ =Y fn et 2.2.9)

then

. T ]
TIEEO % fT fa+1) (o de = Y Ifal e? (2.2.10)

where the left hand side of Equation 2.2.10 is a correlation function and the right hand
side is the power spectrum [103]. The mutual coherence function, I';»(7), is the optical
analogue of the cross power spectrum in the theory of stationary random processes
(64].

Normalising I'1, (1) gives the complex degree of coherence, 712(1), as [104]

Y12(7) = __Te@® (2.2.11)

VI11(0)T22(0)

Equation 2.2.7, using Equations 2.2.8 and 2.2.11 [3,64], can be written as

I(Q)=L(Q)+ L(Q) +2v/ 1 (Q) v L(Q)R[y12(7)] (2.2.12)

where I,(Q) = Kl2 I is the intensity that would be observed at Q if only aperture P; was
open, [»(Q) = K22 I, is the intensity at Q if only P, was open, T = fo—f; and the oscillatory

component or interference term is

Ios(1) =2 11 (Q) vV L2(Q)R[y12(7)] (2.2.13)

The complex degree of coherence relates to the phase angle of the fields [3,64] and can

be expressed as

Y12(T) = ly12(1)| /912 2.2.14)
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or

Rly12(7)] = ly12(¥)lcoslai2(T) — ¢l (2.2.15)

where a1, —¢ yields the phase difference between the fields and results in an irradiance
which can be greater than, less than, or equal to I; + I». The treatment of interference
has so far neglected polarization effects to allow for a scalar treatment. The next section
will introduce a vectorial treatment for the case of polarized fields which can lead to an

effect known as polarization induced fading [105].

2.2.5 Polarization

Representation of the polarized nature of light requires a vectorial treatment. Two
orthogonally polarized waves will not interfere, a fact first observed by Fresnel and
Arago [3]. In a similar manner to complete coherence or complete incoherence, which
represent two extremes, the variation of the field vectors is generally partially polar-
ized.

The observable effects depend on the intensities of any two mutually orthogonal
components of the electric field vector at right angles to the direction of propaga-
tion, and on any degree of correlation that exists between them. The components of
the electric field can be written using the complex representation associated with real

components of the electric field as [64]

E(D) = ap (1)’ $r(0=27v1] 2.2.16)

Ey(t) = ap(r)e'$2(0-2171) (2.2.17)

In a manner analogous to the treatment of partially coherent light, an expression
for the intensity fluctuations due to partially coherent polarised light can be obtained

by introducing a complex correlation factor, jy, [64]. This has a similar significance as
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the complex degree of coherence, y12(7), where
Jry = ljxyleP (2.2.18)

where | jyy| is a measure of the 'degree of coherence’ and Sy, is a measure of the effec-
tive phase difference.
The intensity, 1(0,€), where one component is subjected to a retardation €, can be

obtained from

10,6) = jxxCos*0 + j,Sin*0 + 2\/jxx \/jyy C0s0 Sin® |jxyl Cos(Byy—e€)
(2.2.19)

where the jy, ... are elements of the coherency matrix [64]

<EiEy> <ExEy, > <a> < ayae! =92 >

< nyE;x > < EnyJ”jy > < ayape” =92 > < ag >

and assuming jyx = jy, and 0 is the angle that the direction of the light vibration makes

with the positive xaxis, i.e.
E(t;0,€) = ExCos 0+E, e"Sin 0 (2.2.20)

The polarization state of a lightwave propagating through non-polarization main-
taining fibre can drift randomly with environmentally induced changes in the fibre
residual birefringence. In a non-polarization maintaining fibre interferometer, these
drifts in polarization can lead to polarization fading and reduced sensitivity [105]. In
a mechanically scanned fibre interferometer, where the scanning mechanism is fibre
stretching, birefringence is introduced to the fibre. The changes in the fibre birefrin-

gence due to stretching can also lead to polarization fading.
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2.2.6 Interferometry

The main problem in producing interference is that the beams must be coherent.
Separate, independent, adequately coherent sources do not exist apart from the laser.
This dilemma was first solved 200 years ago by Thomas Young in his classic double
beam experiment. In an attempt to establish the wave nature of light he repeated an
experiment first attempted by Grimaldi 140 years earlier. Grimaldi admitted sunlight
into a dark room through two pinholes in an opaque screen. The idea was to show that
where the circles of light overlapped darkness could result. Young repeated the exper-
iment but this time he passed the sunlight through an initial pinhole, which became
the primary source. This had the effect of creating a spatially coherent beam that could
identically illuminate the two apertures, known as a wavefront splitting interferome-
ter. He took a single wavefront, split it into two coherent sources and observed them
interfere [3].

An amplitude splitting interferometer works according to the same principle. An
all-fibre Sagnac interferomter was illustrated in Figure 2.5. In a bulk optic, mirrored,
amplitude splitting interferometer the beam entering the interferometer is passed thro-
ugh a semi-transparent material in which half of the beam is reflected and the other
half transmitted. The two beams are forced to travel two separate paths before being
recombined at a detector to produce an interference pattern, provided the original co-

herence between the two beams has not been destroyed.

2.2.7 Michelson Interferometer

By far the best known amplitude splitting interferometer is the Michelson interfer-
ometer [3]. A customised version can be seen in Figure 2.8. Light which is launched
into the interferometer is divided to follow two different paths, one to a movable mir-
ror M1 and the second to a fixed mirror M2. If the optical path difference between the
arms of the interferometer is less than the coherence length of the source, interference

fringes will be observed at the detector. As the movable mirror is displaced by (/2
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Figure 2.8: Customised version of Michelson Interferometer

each fringe will move to the position previously occupied by the adjacent fringe. There-
fore, a scan of the optical path in one arm of the interferometer produces a symmetric
interferogram at the detector centered about the position where all the components of
the recombining beam are in phase.

If 7 is the relative time delay in the arms of the interferometer, then the intensity
at the detector, I(7), can be represented as the sum of a constant component, I, and
an oscillatory component, I,5(7). The oscillatory component of the interferogram is
proportional to the real component of the mutual coherence function, (1), Equation
2.2.8.

This cross-correlation is fundamentally related to the spectrum of the source through
the Wiener-Khintchine theorem, as discussed in Section 2.2.4. Normalising T12(1) gives
the complex degree of coherence, y;2(7), Equation 2.2.11, so that the oscillatory com-
ponent of the interferogram I,;(7) can be related to the real component of the complex
degree of coherence [104] as

Los(1) o< R [712(7)] (2.2.21)

where R [ ] represents the real component of a complex number.

Assuming the fields are stationary and using the Wiener-Khintchine theorem [104],

Y12(7) :f G(w)exp(—igblz(w))exp(—iwr)dw (2.2.22)
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where G(w) is the normalised spectral distribution function of the source. It can be
seen that the complex spectrum G(w)ex p(—i¢p12(w)) and y12(7) are a Fourier transform
pair.

712(1) = F ! [G(w)exp(—idra(w))] (2.2.23)

Therefore

S(w) = Gw)exp(—idr2(®) = FR2R [F12(1) ]} ox Filos(1)} (2.2.24)

The quality of the fringes produced by an interferometric system can be described us-

ing the visibility, defined by Michelson as [106].

V(r) = I; (2.2.25)

For two interfering beams the visibility, or contrast, is [106]

_2 VIV

V(r
(r) L+ D

(2.2.26)

where I and I, are the intensities due to the individual beams. The visibility is a max-
imum when I; = .
The Michelson interferometer has been applied to high resolution spectroscopy,

measurement of atomic length standards and stellar interferometry [3].

2.2.8 Mach-Zehnder Interferometer

Light Source

@ Output

Port P1

Unbalanced Mach-Zehnder

Directional Interferometer

Directional
Coupler DC1

Coupler DC2

Output
Port P2

Figure 2.9: All-fibre Mach-Zehnder Interferometer
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A Mach-Zehnder interferometer is another amplitude splitting interferometer, Fig-
ure 2.9 shows a fibre version, where light from the source is coupled into a sensing and
reference arm by directional coupler DC1. The two beams recombine at directional
coupler DC2 to produce an interferogram observable at both output ports P1 and P2.

The intensity detected at the outputis [35,107]

I=I[1 — V Cos(pa—p)] (2.2.27)

where V is the visibility, ¢, and ¢, are the phase retardance of the signal and refer-
ence arms and I is the source intensity.

In general the lengths of the two arms in the interferometer are not equal, giving
rise to a path length difference AL = L; — L,. The output spectrum of a fibre Mach-
Zehnder interferometer exhibits modulation [108, 109], characterized by a series of
equally spaced transmission peaks enabling the use of the interferometer as a comb
filter for a variety of applications [110,111]. For light launched into the interferometer,

the intensity transmission is, neglecting polarisation dependence, [110]

T==(1-Cos ¢) (2.2.28)

N =

where ¢ is the phase difference between the two arms given by

¢ = BoAL (2.2.29)

Po is the propagation constant of the fundamental mode in an optical fibre. The inter-

ference spectrum at the output can be obtained from [112]

Sout (@) = So(@)[1+|ulCos(BoAL)]/2 (2.2.30)

where Sy is the source spectrum and || is the spectral visibility.

This period of the transmission peaks (or spectral fringes) is inversely proportional
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to the to the optical path difference between the two beams [113]. The free spectral

range (FSR) is defined as
2

FSR = (2.2.31)

Aopp
A is wavelength of the illuminating light and Agpp is the optical path difference be-

tween the arms of the interferometer.

2.2.9 Interferometric Fourier Transform Spectroscopy

Interferometry allows the retrieval of the difference in spectral phase between two
time delayed light pulses. This allows measurement of the complex transfer function
of an optical element by use of a broadband light source and characterisation of the
electric field of an unknown pulse.

The basic Fourier transform spectrometer consisting of a Michelson interferometer
usually has one arm of the interferometer linearly scanned to create an interferogram
at the output. Equation 2.2.11 illustrates the dependence of the frequency spectrum
obtained from an interferogram generated by scanning one arm of an intererometer
on the introduced delay, 7. The frequency of the fringes, f, observed at the outputis a

function of the scanning velocity [24]

f= =2V (2.2.32)

where v is the wavenumber of the light.
The minimum resolvable wavelength, § A, in Fourier transform spectroscopy;, is de-

termined by the total path length scan, 7 [23].

2

SN = ny— (2.2.33)
CTA

where n, is the group index of air and c is the speed of light in a vacuum. This implies
that long scans are required to achieve high resolution.

Non-uniform sampling of the interferometric OPD, is a consequence of the non-
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uniform scanning of mechanical components. It manifests itself as uneven delay val-
ues which have the effect of broadening the correlation peaks. Many FTS approaches
overcome non-uniform scan velocity by triggering the signal sampling on the zero
crossings of a simultaneously captured reference interferogram [114, 115] or by phase
locked loop control of the scan velocity [24].

However, a technique has been developed by Flavin et al [116, 117] for absolute
wavelength measurement without the need for sophisticated electronics. This tech-
nique is based on the comparison of the phase vectors of the reference and measurand
beams. Retrieval of the phase vectors for the beams are obtained via Hilbert transfor-
mation. The next section will introduce the concepts necessary to conduct calibration

of the delay in an interferometer using the Hilbert Transform Technique.

2.2.10 Hilbert Transform Technique for OPD Calibration

In the analysis of real signals the theory of Hilbert transforms is closely tied to the
theory of Fourier transformations. The signal processing techniques adopted for delay
calibration in the experimental work in chapters 4, 5 and 6 are based on the retrieval of
temporal phase vectors from the acquired interferograms via Fourier transformation.
The extracted phase vectors effectively map the delay in the interferometer and allow

for correction for non-uniformities in sampling of the delay.

2.2.11 The Fourier Transform

Fourier transformation is regularly used in signal processing to analyze the frequency
content of signals. The Fourier transform of a time function, u(t), is defined by the in-

tegral

U :foo u(e 'dt ; w=2nf (2.2.34)
u(t) :foo u(fetdf (2.2.35)
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where f is the Fourier frequency. The complex spectrum is one sided, [64,118], i.e
it only exists at positive frequencies or only at negative frequencies for the conjugate
signal. The Fourier transform of a complex signal can be converted to amplitude and
phase spectra via cartesian to polar coordinate conversion [118] where the real and
imaginary parts of the complex number are treated as X and Y dimensions respectively.

The Fourier spectrum of a real signal exists at positive and negative frequencies
[64,118]. A real disturbance at a fixed point in space can be expressed in the form of a

Fourier integral

u' (1) = foo a(w)cos[p(w) —wtldw (2.2.36)
0

where a(w) is the amplitude, ¢(w) is the phase and w = 27 f is the angular fre-
quency, f is the frequency of the disturbance.

An associated complex function can be generated [64]

u(r) :f a(w)explil¢p(w) —wtlidw (2.2.37)
0

so that [64]

wt) =u" () +iu' (0 (2.2.38)

where the imaginary part () is given by

u' (1) :foo a(w)Sin[pw) - wtldw (2.2.39)
0

where u! (1) is found by replacing the phase ¢(w) of each Fourier component by
¢(w) — /2 in the real component, u’ () [64].

If the Fourier spectrum of a complex function contains no negative frequencies,
then the real and imaginary parts are Hilbert transforms of each other [64, 118].

Therefore, to retrieve information on amplitude and phase via Fourier transforma-

tion, a real signal can be represented as a complex exponential. The real part of the
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complex exponential contains all of the information about the waveform of the time
signal. This complex representation is known as the analytic signal and is obtained via

Hilbert transformation of the real signal as described below.

2.2.12 The Hilbert Transform and the Analytic Signal

The Hilbert transform of a signal is defined to be the signal whose frequency compo-
nents are phase shifted by 90° with respect to the original signal [64, 118]. The Hilbert
transform is used in complex analysis to generate a complex analytic signal from a real
signal.

The Hilbert transform, y(¢), of a time function, x(¢), is written in the form [118]

o0 /
y(0) = Hix(8)] = % f ;C(_tt),dt' (2.2.40)

The divergence at ¢ is allowed for by taking the Cauchy Principle Value of the integral
[119]. The Hilbert transform is frequently written in terms of convolution notation
[118]

1

H(t) = g x f(1) (2.2.41)

f= 1i x H(t) (2.2.42)
Tt

The Fourier transform of —(£)! is the odd function i sgn f, (f is the Fourier fre-
quency) which is equal to +i for positive f and —i for negative f. The Hilbert transform
is equivalent to a form of filtering where the amplitudes of the spectral components are
left the same but the phases are altered by 7/2, positively or negatively according to the
sign of f [118,119].

A complex signal can be associated with a real signal where the imaginary partis the
Hilbert transform of the real part. This is known as the analytic signal (A(t)) [118-120]
and becomes

Al = x(O+iy(t) = a(p)e'®? (2.2.43)

The analytic signal can be used to play the same role as a complex signal for more
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general waveforms. Any sinusoid A cos(wt + ¢) may be converted to a positive fre-
quency complex sinusoid by generating a phase quadrature component A sin(w? + ¢)

to serve as the imaginary part given by

Ael@i+d) =Acos(wt+@)+iAsin(wt+ ) (2.2.44)

For a complex signal which is expressible as a sum of many sinusoids, a filter can be
constructed which shifts each sinusoidal component by a quarter cycle. These filters
are called Hilbert transform filters.

When a real signal, x(t), and its Hilbert transform, y(t)=H{x(¢)} are used to form
a new complex signal z(t) = x(¢) + iy(t), the signal z(t)is the complex analytic signal
corresponding to the real signal x(#). The analytic signal can be generated via Fourier
transformation of the real signal as the corresponding analytic signal for any real signal
has the property that all of the negative frequencies have been filtered out [118,119].

The analytic signal is a generalisation of the phasor [119] and the amplitude and

the phase can be calculated from
a(t) =/ x(£)> + y(1)? (2.2.45)

G =tan™! (M)

0 (2.2.46)

The analytic signal can be used to play the same role as a complex signal for more
general waveformes.
The intensity of a beam at the output of an interferometer can be represented as a

function of the delay, T between the arms of the interferometer [116].
I1(1) = A(t)cos(wT + &) (2.2.47)

where w and ¢ are the frequency and initial phase terms respectively. The signal phase
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can therefore be written as

o(T)=wr+¢ (2.2.48)

effectively mapping the delay in the interferometer arms. The points, while equally
sampled in time, are not equally sampled in terms of delay, 7, because of the non-
uniform scanning velocity of the mechanical components in the interferometer [117].
This non-uniform delay sampling is represented in Figure 2.10 and is a consequence
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Figure 2.10: Illustration of the effect of non-uniform delay sampling:

the number of sample
points per fringe varies with scanning velocity.

of the voltage control loop controlling the velocity of the stage. The time between the
sampled points is evenly spaced, as seen on the xaxis, but the number of points in each
of the fringes varies, and therefore the delay values between the points, as the scanning

velocity increases and decreases. The values of the group delay, 7, are obtained from

__¢mA

2nc

(2.2.49)

The interferogram can then be resampled at uniform delay intervals by interpolation.

2.3 Summary and Context of Experimental Work

Fibre Bragg gratings are the most promising candidate for large scale implementa-
tion of fibre-optic sensors in the field of science and engineering known as structural
health monitoring. Particular features of FBGs, such as the measurand being directly

encoded in the wavelength of the light reflected from the grating and the ease of mul-
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tiplexing, have already seen their implementation in a variety of structural monitoring
applications.

Fourier transform spectroscopy, which is typically implemented on a Michelson
interferometer, has a fundamental advantage over other interrogation techniques to
interrogate over large wavelength ranges due to the Fellgett (or multiplex) advantage,
as described in Section 2.1.16. However, mechanically scanned interferometers suffer
from spectral degradation due to non uniform velocity of the scanning stages. One
method for calibration of the delay in an interferometer is based on the mapping of
the delay provided by a highly stable wavelength reference. This map is encoded in
the temporal phase vector obtained via the Hilbert transform and has been applied
to short delay scans. FTS, however, requires long-OPD scans to provide high resolu-
tion. This results in an accumulation of spectral content in the Fourier transform of an
acquired interferogram.

The capability of mechanically scanned FTS interrogation units, where delay cal-
ibration is conducted via the HTT, to interrogate large arrays of gratings, providing
quasi-distributed, simultaneous measurement of all the gratings in an array, and high
resolution measurement of the intragrating spectral content, has not been addressed
in the literature. The Hilbert transform technique, for delay calibration has been pre-
viously applied to scan lengths <9 mm [121] on bulk-optic interferomters. The work
reported in the later chapters of this thesis applies the Hilbert transform technique
for calibration of the delay in an interferometer for scan lengths 25x those previously
reported in the literature. A customised Fourier transform spectrometer is then ap-
plied to the demodulation of FBG arrays to provide high resolution measurement of
the intra-grating spectral content. This spectrometer demonstrated measurement ca-
pability over a wavelength range of 900 nm.

The temporal phase vector obtained via the Hilbert transform method can also pro-
vide high resolution measurement of the mean wavelength reflected from a grating.
The method is capable of providing high resolution wavelength measurement over far
shorter OPD scans than achievable using FTS. This method and the Hilbert transform
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technique for delay calibration have previously been applied to measurements made
on bulk-opticinterferometers. The capability and repeatability of the techniques when
applied to all-fibre equivalents of the Michelson interferometer also needs to be as-
sessed.

The Hilbert transform technique has also been demonstrated for measurement of
the mean reflected wavelength from an array of FBGs, without measurement of the
intra-grating spectral detail, providing higher resolution over shorter OPD scans (5 pm
resolution for a 1.2 mm scan [117]) than conventional FTS. The work reported in chap-

ter 6 applies this measurement technique to an all-fibre interferometric configuration.
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Chapter 3

Implications of high power losses in IR
femtosecond laser-inscribed fibre Bragg

gratings

3.1 Introduction

Failure analysis and prevention are important stages in all engineering disciplines.
Structural failures are generally initiated by fatigue in the constituent materials. At
present, this is predominantly monitored by visual inspection, at which stage preven-
tion is not an option as the damage has already occurred. Structural health monitor-
ing, implemented using fibre optic sensors, offers the potential for early identification
of the potential causes of material fatigue in structures. This, therefore, possibly intro-
duces a window for failure prevention [1].

Fibre Bragg grating sensors are considered the most promising candidate for im-
plementation of fibre-optic sensors [2]. They are versatile fibre-optic components, and
have been applied in various capacities in the sensing and telecommunications fields
as described in Section 2.1.10. However, the components themselves also require fail-
ure analysis and prevention stages in their development. Failure of FBGs, regardless of
application, can affect the entire system in which they are applied.

This chapter presents observations on temperature increases and subsequent fail-
ure of near-infrared (NIR) femtosecond laser-inscribed FBGs when subjected to high
powers. These observations were made while conducting experiments on the appli-

cation of FBGs in a sensing capacity. The aim of the experiments were to profile the
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temperature threshold for damage to occur to fibres in tight bend situations when sub-
jected to high optical powers. This necessitated the use of NIR femtosecond-laser in-
scribed gratings, as there is no requirement for stripping of the buffer in the inscription
process, leaving an intact fibre with which to establish the point at which catastrophic
damage occurs to the fibre.

The work was carried out in Aston University, Birmingham, UK. The Photonics Re-
search Group in the School of Engineering and Applied Sciences at Aston has a proven
track record in fibre optic sensors. The group is an acknowledged centre of excellence
in the inscription and characterisation of fibre Bragg gratings and was among the first
to report the NIR femtosecond laser inscription of gratings [3].

The drift compensated high resolution interferometric wavelength shift detection
technique developed by Kersey et al. [4] was applied to grating demodulation. The
wavelength shift experienced by a grating, when exposed to high optical powers, was

also recorded on an Optical Spectrum Analyser (OSA) for comparison.

3.1.1 Fibre Reliability

The requirement for higher bandwidths in telecommunications applications has seen
the development of higher power Erbium doped [5] and Raman amplifiers [6]. This
requires that components of systems using such amplifiers have to be able to withstand
high power operation (> 1 W), which in single mode fibres (mode field diameter ~ 10
pm) gives an intensity of 2 MW/cm? (300 times greater than that at the surface of the
sun) [7].

Damage to fibres has been observed when used in high power applications; for
example, the fibre fuse phenomenon [8] has been observed with measurement of the
threshold for fibre fuse to occur [9], the effects of end-face damage under high powers
[9], and for damage to occur to the fibre coating [10]. The fibre coating damage can
be caused by light leaking from the fibre when it is broken or bent in a high power
environment, as occurs with the introduction of Raman amplifier pump lasers. This
light generates heat and can possibly ignite the buffer [11]. Spectral modification of
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UVinscribed type IA FBGs has also been reported by Kalli et al. [12] where the resonant

wavelength of the grating experiences a shift when exposed to high powers.

3.1.2 Fibre Bragg Gratings

In-fibre Bragg gratings (FBGs) have been one of the most exciting developments in the
telecommunications and optical sensing fields in recent years. In the optical sensing
field they have proved to be one of the most promising candidates for use as embedded
sensors in fibre-optic smart structures [1]. The measured quantity is the peak reflective
wavelength, Ap, of the grating which changes as the grating is subjected to strain or

temperature according to [13]

2

n
Adp = 2nA( 1- 7{1’12 —v(P11 + P12)}

£+ [a+<f]AT) (2.1.63)

where ¢ is the applied strain, P; ; are the coefficients of the strain-optic tensor, v is the
Poisson ratio, a is the coefficient of thermal expansion of the fibre and ¢ is the thermo-
optic coefficient as described in Section 2.1.12.

In the telecommunications field, FBGs have been used for applications such as
wavelength division multiplexing, narrow band tunable filters and for dispersion com-
pensation [14]. Ideally for such applications, the temperature sensitivity of the gratings
needs to be mitigated and can be nearly eliminated by embedding the grating in an-
other substance [15]. The resonant wavelength’s stability when used in high power
applications, where an increase in temperature is not due to external environmental
influences, cannot be compensated for in such a manner and assumes a greater signif-

icance.

3.1.3 FBG Inscription

The principal mechanism involved in the inscription process of standard fibre Bragg
gratings is the photosensitivity of Ge-doped fibre to UV light [16]. Reliability issues are

a concern for UV inscribed FBGs, unless inscribed during fibre drawing [17]. In the
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writing process, there is a requirement that the buffer is stripped from the fibre, be-
cause of a sensitivity to UV light. This can result in surface strength degradation, the
extent of which depends on the stripping mechanism used. Hydrogen loading to in-
crease the photosensitivity of the fibres has also been shown to decrease mechanical
strength [18]. This reduction in the mechanical strength of the fibre due to UV inscrip-
tion processes renders standard UV gratings unsuitable for reliability testing of fibres.
The development of near infrared point-by-point inscription techniques for FBGs
by femtosecond laser pulses has eliminated the requirement for, not only stripping off
the buffer coating, but also the need for a phase mask and photosensitised fibre [3].
There is, therefore, the potential for this writing technique to significantly reduce grat-
ing production time. Femtosecond laser inscribed gratings also exhibit characteristics
such as high thermal stability, large refractive index modulation and confinement of
the grating within a fraction of the fibre core [3]. However, as with inscription of grat-
ings by UV light, there are also reliability issues which need to be addressed. The re-
fractive index changes induced when inscribing FBGs with an IR femtosecond laser
are thought to be due to a densification of the irradiated region [19]. The experi-
mental work reported in the following sections presents observations relating to the
endurance of fibre which has been subjected to this type of damage. These observa-
tions have implications for the ability of the fibre to operate normally under conditions

where it has been damaged and subsequently subjected to high powers.

3.2 Experimental Motivation and Objectives

The original aim of the experimental work reported in this chapter was to measure
the temperature threshold for damage to occur in optical fibres when subjected to a
variety of tight bend situations as reported by Percival et al. [10] and Sikora et al. [11] at
the British Telecom (BT) Advanced Communications Technology Centre, Ipswich, UK.
In their observations, they reported that catastrophic damage to fibres could occur at

optical powers as low as 0.5 W and that the melting temperature of silica (> 1100°C)
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was reached at the bend location. The temperature increases are caused by the power
lost at the bend being absorbed by the coating, eventually causing a runaway effect.
To facilitate measurement of the runaway temperature increase reported by Sikora
et al., NIR femtosecond laser inscribed gratings were inscribed in a series of BT grade
fibre and standard 1550 nm single-mode (smf-28) fibres for comparison. The fibres
containing these gratings were installed in both the sensing and reference arms of an
interferometric demodulation configuration, as reported by Kersey et al. [4]. The fibres
were then to be subjected to different bend radii at the gratinglocation and exposed to
varying power levels, with the interrogation unit providing high speed and high reso-
lution measurement of the change in temperature recorded by the sensing grating.
However, prior to conducting bend tests on the fibres, phase changes between the
two signals from the sensing and reference arms of the demodulator were recorded by
the lock-in amplifier when the sensing grating was subjected to high powers from a Ra-
man laser. These phase changes (wavelength shifts), obtained by purely optical means,
would invalidate measurements on the temperature increases made at bend locations
in the fibre. A preliminary test of the wavelength shift of the gratings when subjected to
high powers, ~4.5 W, resulted in the buffer melting off the fibre. The experimental con-
figuration, constructed for profiling the temperature increases at bend locations, was

then applied to profiling the temperature increases due to the gratings themselves.

3.3 Experimental Configuration

Two experimental configurations were used to record the effects of high power Ra-
man pump lasers on the NIR femtosecond inscribed FBGs. Results obtained using the
original interrogation technique (Mach-Zehnder interferometer), reported melting of
the buffer at a temperature of ~ 98 °C in one case, while another grating reported a
temperature increase of ~ 160 °C without any observable damage to the buffer.

These results suggested that the grating, at the buffer melting point, was being

chirped and reflecting at multiple wavelengths. The phase comparison interrogation
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scheme employed could not demodulate more than a single wavelength shift. This
necessitated the use of a demodulator allowing interrogation over broad wavelength
ranges. An Anritsu optical spectrum analyser (OSA) (model no. MS9717A) was used as

the interrogation unit.

3.3.1 Mach Zehnder Interferometer

Sensor

Raman Pump grating Power
Laser meter
Diode

WDM 1
Photodiode D1

Phase modulator

] ]

Reference

50/50 grating

coupler Air goap

coupler

Photodiode D2
1
| | = coupler

ToPC

Figure 3.1: Experimental configuration: The output from a Mach-Zehnder interferometer illu-
minates the sensing and reference gratings for comparison by the lock-in amplifier.

In the experimental configuration in Figure 3.1, an unbalanced Mach-Zehnder inter-
ferometer (MZI) is illuminated by a 1550 nm broadband source. In a standard unbal-
anced Mach Zehnder interferometer (UMZI), a fixed time delay is introduced into one
arm of the interferometer. The signal detected at the output of the interferometer [20]
is given by

I=1(1 — V Cos(¢pg—dp)l (2.2.27)

where where Vis the visibility, ¢, and ¢;, are the phase retardance of the signal and ref-
erence arms respectively and I, is the source intensity. The phase difference between

the the two arms results in spectral fringes whose period is inversely proportional to
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the optical path difference between the two beams [21]. The free spectral range was

defined in chapter 2.2.8 as

2
FSR = (2.2.31)
AopD
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Figure 3.2: Output from a Mach-Zehnder interferometer illuminated by a broadband source
and recorded by an Optical Spectrum Analyser.

The output of the UMZI, as captured by an OSA, is shown in Figure 3.2. The inter-
ference fringes along the spectral width of the source are clearly visible and the FSR of
the interferometer, set to ~2 nm, can easily be determined from the wavelength of the
fringes. The coherence length of the gratings is determined from the linewidth of the
grating. If the OPD is shorter than the coherence length of the grating, the free spectral
range of the interferometer will be greater than the grating linewidth and a sinusoidal
signal will be reflected by the grating, as depicted in Figure 3.3. As the interferometer
is scanned through its FSR, a signal of varying amplitude is reflected by the gratings to
produce a sinusoidal signal at the detector. The amplitude of the reflected signal is de-
pendent on the linewidth of the grating and the FSR of the interferometer. The sensing
and reference Bragg gratings (Figure 3.1) each reflect a component of the interferome-
ter output.

One arm of the interferometer contains a LiNbO3 phase modulator. The second

arm contains an air gap with which the non-zero optical path difference (OPD) be-
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Single fringe from interferometer
output (shown in Figure 3.2)
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Figure 3.3: Illustration of output from Mach-Zehnder interferometer as the OPD is scanned
through its FSR.
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tween the two arms of the interferometer can be adjusted. By adjusting the path dif-
ference in the arms of the interferometer, the FSR of the MZI can be adjusted. The free
spectral range of the interferometer was set to ~2 nm, giving an OPD in the interfer-
ometer of ~1.2 mm. The interferometer is repeatedly scanned over its FSR by applying
a serrodyne (sawtooth) waveform to the phase modulator.

The sensing grating is connected to one of the output arms of the interferometer
via 2 add/drop multiplexers, the first of which allows detection of the reflected signal
from the grating at detector D1 and the second allows injection of light from the high
power Raman laser. A reference grating is connected to the second output arm of the
interferometer via a 50/50 coupler to allow detection of the reflected signal at detector
D2. If the optical path imbalance between the arms of the interferometer is shorter
than the coherence length of the gratings, a sinusoidal signal will be reflected from the
gratings. The wavelength of the sensing grating is ~1549 nm. The component of the
interferogram, generated by the UMZI, which is reflected by an FBG can be represented
as a sinusoidally varying signal. A strain induced change in the reflected wavelength,

0, manifests itself as a change in phase, dy, of this reflected signal, given by [4]

2nnd
dy =-—5=dA (33.1)

where nd is the optical path difference in the interferometer. This allows a temperature

induced phase change to be written as

Sy = —andcféT (3.3.2)

where 0T is the change in temperature of the grating and ¢ is the normalised temper-

ature to wavelength shift responsivity of the grating [22]. ¢ is defined as

f=== (3.3.3)

yielding a value of 6.67 x 1075 /°C. Therefore, the temperature to phase shift response
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in this case is ~1.6 deg / °C and the temperature to wavelength shift response is ~ 10.3
pm /°C.

A measurand induced change in the reflective wavelength of the sensing grating
induces a change in phase of the reflected signal. Both sensing and reference signals
from the gratings are captured at photodiodes D1 and D2 respectively and are mon-
itored using a lock-in amplifier to detect any phase change between the two gratings
which is then recorded on a PC.

A series of femtosecond inscribed Bragg gratings were tested for damage when high
power is transmitted down the fibre by replacing the sensing grating with a series of

femtosecond inscribed gratings of varying lengths and reflectivities.

3.3.2 Optical Spectrum Analyser

OSA

Bragg
Grating

1550nm
SLED

5W Raman
Laser

Figure 3.4: Demodulation by OSA

In Section 2.1.12, the contribution of a non-uniform measurand to the reflection
spectrum of a grating was related to the periodicity of the refractive index modula-

tion [23] by

A, =2n(2)A(z) (2.1.69)

where each section of the grating can contribute its own wavelength component to the

reflection spectrum depending on the periodicity of the refractive index modulation.
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The configuration illustrated in Figure 3.1 uses a lock-in amplifier to lock to a mean
phase component of the sensor and reference signals and therefore is not suitable for
measurement of multiple reflection peaks from the grating.

The second configuration used to demodulate the gratings is illustrated in Figure
3.4. Light from a 1550 nm SLED is launched through 2 x 50/50 couplers. The Raman
pump laser is launched through the input arm of the second coupler. A femtosecond
inscribed Bragg grating is spliced to the output arm of this coupler and the compo-
nent of light from the 1550 nm SLED which is reflected by the grating propagates back
through the two couplers and is detected by the OSA. The Raman laser power is in-
creased from 0 - 4.5 W and the wavelength shift due to temperature increases experi-
enced by the grating is recorded by the OSA. The OSA was set to a resolution of 0.05

nm, with a total measurement range of 6.3 nm.

3.4 Results and Discussion

3.4.1 Interferometric Analysis

Insertion Losses
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Figure 3.5: Transmitted power versus applied power for 7 different gratings measured at the
Raman laser output of 1455 nm as the power levels are increased to ~ 1.5-2 W
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3.4. Results and Discussion

Figure 3.5 displays the transmitted power through 5 NIR inscribed gratings as a func-
tion of applied power. The insertion losses for the 5 femtosecond laser inscribed grat-
ings, three written in standard fibre (ST) and two written in BT telecom fibre (BT), were
measured at the Raman laser output of 1455 nm using a power meter spliced to the
sensing arm of the experimental configuration illustrated in Figure 3.1. The insertion

losses for the range of gratings vary significantly, from ~ 1.5 - ~ 3 dB.

Temperature Increases

A simple temperature calibration of the gratings, conducted by immersing the indi-
vidual gratings in a bath of water at room temperature and heating to ~ 100°C, gave a
temperature to phase shift of ~ 1.7° /°C. The temperature of the water in the bath was
monitored using two thermocouples. When the rms noise value in the signal (0.19°) is
taken into account, this value is in close agreement with the value of 1.6° determined
earlier. The results for two of the gratings, ST9 and ST10, are illustrated in Figure 3.6.
The flattening off at both ends of the scans occurs just before heat was imparted to the
system at room temperature and a reduction in the temperature increase as the water

reached 100 °C.

— ST9
— Linear Fit
— ST10

y=-17%+71

Phase Change (deg)
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-100f

120 . . . . . . .
20 30 20 50 60 70 80 90 100
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Figure 3.6: Phase change recorded by two gratings when subjected to temperature increases

from room temperature to ~ 100°C. The slope of a linear fit to the ST10 data gives the change
in phase per °C
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Figure 3.7: Phase change and corresponding temperature change recorded for 4 gratings at
high powers.

The phase change between the signal and reference gratings is plotted for 4 gratings
subjected to laser powers of 0 — 4.5 W (Figure 3.7). The laser power was incrementally
increased in steps of 0.5 W. The approximate change in temperature recorded by in-
dividual gratings is plotted on the right hand axis ranging from 43°C to 162 °C (-70 to
-260° phase change) at 4.5 W.

The specifications for the gratings illustrated in Figure 3.7 were

Grating Length Reflectivity
ST6 >10 mm 3.5dB
ST9 10 mm 8dB
ST10 5 mm 8dB
ST12 5.5 mm 5dB

Inspection of the data for ST10, which exhibited a similar insertion loss to ST9 (Fig-
ure 3.5), exhibits the lowest temperature increase (Figure 3.7). This result could be
caused by the location of the grating in the fibre core. The typical spot size of the in-
scribing NIR beam is ~ 3 um, allowing positioning of the grating in the core.

ST6, the longest grating, but which had one of the lowest reflectivities, exhibited

the largest observed phase change of ~ 260 °C at 4.5 W without the buffer melting off
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the fibre. This phase change corresponds to a temperature increase of ~ 162 °C at a
temperature to phase shift response of ~ 1.6 deg /°C.

ST9, the second longest grating, but with one of the highest reflectivities had an ap-
parent buffer melting point of ~ 98 °C. The apparently low temperature recorded for
the melting point of the buffer, in comparison to the temperature reached by grating
ST6, where the buffer did not melt off the fibre, suggested that the experimental con-
figuration above was not recording the actual change in temperature experienced by
the grating. After melting of the buffer, the power levels that grating ST9 was exposed
to were continually incremented to a power level of 4.5 W. These increments can be
seen in the apparent temperature increases recorded by the grating after melting (Fig-
ure 3.7). However, after removal of the insulating effects of the buffer, the increased

temperature levels gradually start to decay though the power levels remain constant.

Damage

To assess possible damage to the grating at high powers, the power levels to which
the fibre was exposed in the earlier tests were individually switched on and then off.
The wavelength at which the grating started and returned to was then recorded. In-
spection of Figure 3.8 shows that BT2 returned to its original wavelength after expo-
sure to power levels from 0 - 4.5 W. Similar tests on the gratings whose buffers did not
melt off indicated the same result, i.e. they all returned to their original wavelengths.
However, examination of the full scan recorded for ST9 (Figure 3.9) shows that there
was a change between the recorded starting and finishing phase difference. In this case
the buffer appeared to strip off at ~ 98 °C. The 29° change in phase equates to a 0.1 nm

change in the original wavelength.
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3.4.2 OSA Observations
Spectral Broadening

Figure 3.10 illustrates the wavelength shift experienced by a NIR femtosecond laser
inscribed FBG as the power levels in the fibre due to a 1455 nm Raman pump laser is
increased from 0-4.5W.

The spectrum of the grating is clearly being broadened as the laser power levels
launched through the fibre are increased. The peak reflected wavelength of the grat-
ing exhibits a shift of ~ 250 pm for exposure to 1 W Raman pump power. At a power
level of 4.5 W the grating spectrum broadens to ~ 3.15 nm, which corresponds to an
approximate temperature change of 315 °C.

This chirp, or broadening of the spectrum, resulted in a degradation of the signal
being returned from the grating and subsequently recorded by the photodiode. As the
chirp bandwidth approached the free spectral range of the interferometer (~ 2 nm)
the grating was reflecting close to the full period of the sinusoidal signal from the in-
terferometer. In addition, the lock-in amplifier, designed to lock in on the component

closest to the reference signal, could not measure the chirp in the grating spectrum.
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Figure 3.10: Spectrum of a NIR femtosecond laser inscribed grating being chirped when power
levels in the fibre are increased from 0- 4.5W
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Examination of another grating with similar specifications to ST9, using the OSA
clearly shows broadening of the spectrum as the laser power level through the fibre
is increased. Figure 3.11 illustrates the spectrum for a grating with the Raman laser
switched off. Figure 3.12 shows the spectrum of this grating with 2.5 W of Raman laser
power launched through the fibre. At this power level the buffer had already melted off
the fibre around this grating.

The wavelength shift of the spectrum of the grating, due to the temperature in-
crease at melting point, is more significant than that recorded using the interferomet-
ric configuration . The spectral broadening observed for this grating extends over ~ 7
nm; this is far beyond the FSR of the interrogating interferometer and hence the data
produced by that system is not reliable. A wavelength shift of ~ 7 nm, at a sensitivity
of ~ 11 pm /°C would correspond to an apparent temperature increase of ~ 540 °C,

certainly more than enough to melt the buffer coating.
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An examination of the spectrum of the grating after melting of the buffer with the
Raman laser switched off (Figure 3.13) shows that there is extra spectral content on
both sides of the grating spectrum. The addition of this spectral content, or chirping of
the grating, was also reflected in the phase measurements recorded by the MZI, where
a 29° change in the relative phases was observed.

The wavelength shift experienced by the grating does not diminish with the re-
moval of the buffer. Figure 3.14 displays the spectra of the grating before and after

melting of the buffer when 1.135 W of Raman power is launched through the fibre.

3.5 Discussion

The results reported in this chapter show that spectral modification of NIR femtosec-
ond inscribed FBGs when exposed to high powers can become substantial (> 7 nm).
This chirp, or broadening of the spectrum, results in a degradation of the signal being
reflected from the grating and recorded at the photodiode. As the spectral bandwidth
of the chirped grating approached the FSR of the interferometer (~ 2 nm), the grating
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was reflecting close to the full period of the sinusoidal signal from the interferometer.
This resulted in a decrease in the visibility of the signal detected at the photodiodes. In
addition, the lock-in amplifier, set to lock onto the component closest to the reference
signal, could not measure the chirp in the grating spectrum.

In the case of demodulation by interferometric configurations illuminated directly
by the reflected component from an FBG, it would be expected that the interferometer
output is affected. The spectrum broadens by a reduction in the intensity of the reflec-
tion spectrum and a decrease in the coherence length of the FBG reflection spectrum.
Chang et al. [24] reported that the primary effect of spectral broadening due to strain
gradients manifested itself as a change in the interferometer visibility for broadening
> 2 nm.

In the work reported here, the ~ 2 nm FSR of the interferometer is exceeded by the
spectral broadening of the grating reflection spectrum. The implications of broaden-
ing over such an extended wavelength range can be seen in the erroneous wavelength
measurement returned by the configuration, with the interferometer reporting a wave-
length shift (~ 1 nm) much less than the FSR. In such situations, the requirement for
a demodulation scheme capable of characterising the grating reflection spectrum over
its entire bandwidth becomes obvious and is the focus of the work reported in chapters
4 and 5.

There are also implications from the observations reported here for the use of NIR
femtosecond laser inscribed gratings in an optical network where spectral stability is
essential for deployment in applications such as tunable filters, dispersion compensa-
tion and wavelength division multiplexing. If the optical network is illuminated by a
high power laser, wavelength shifts, chirps and permanent chirps or damage may be
induced in the grating.

The long-term mechanical reliability of the fibre is also affected by melting of the
buffer. Similar spectral modification, without melting of the buffer, has been reported
in UV inscribed type IA gratings by Kalli e al. [12] when the grating is illuminated by
high power lasers at 1410 nm and 1425 nm, coinciding with the 1400 nm absorption
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band, but at much lower power levels (mW). The wavelength shift of the grating in this
case was ~ 250 pm at a power level of 150 mW. The series of OSA images contained in
Figure 3.4.2 illustrates the peak wavelength shift reflected by the NIR femtosecond laser
inscribed gratings when the buffer melted off the fibre. In this case, the wavelength
shift is ~ 250 pm for a 1 W power increase. In the work reported in [12], the authors
were also able to demonstrate that standard UV inscribed type I gratings maintained
a constant wavelength in the face of increasing power levels and they were also able
to demonstrate partial erasure of the type IA grating after prolonged exposure to high

power levels.

3.6 Conclusion

The effects of broad spectrum losses across NIR femtosecond laser inscribed grat-
ings have been investigated. When high powers are used, even at wavelengths far re-
moved from the Bragg condition, these losses produce an increase in the fibre temper-
ature due to absorption in the coating. This temperature rise was monitored using the
wavelength shift in the grating itself. At powers of a few watts, various temperature in-
creases were experienced ranging from a few degrees up to the point where the buffer
completely melts off the fibre at the grating site. The high temperatures can induce
a permanent change in the grating profile. The work demonstrates the need to have
tight control over the grating quality in high power applications.

Chirping of the grating spectrum can lead to erroneous results, depending on the
interrogation unit. Fourier transform spectroscopy (FTS) exhibits a fundamental ad-
vantage over other interrogation techniques. The Fellgett or multiplex advantage can
be exploited to provide broad wavelength measurement. Chapter 4 reports on the ap-
plication of the Hilbert transform technique is applied to mechanically scanned in-
terferometric measurements over long OPD scans, in order to provide high resolution

measurement and exploit the Fellgett advantage of FTS.
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Chapter 4

Long-scan Hilbert Transform Interferometric

Delay Calibration

4.1 Introduction

Interferometry, the means of measuring the wavelength of light by direct compar-
ison of a lightwave with itself or a delayed version of itself was described using the
wave theory of the electromagnetic nature of light in Section 2.2.3. The resulting irra-
diance from the interaction of two or more lightwaves can deviate from the sum of the
component irradiances to produce an interference pattern. The interference pattern,
or fringes, produced in a temporally scanned interferometer are particularly suited to
analysis by Fourier methods as outlined in Section 2.2.9.

However, in a temporally scanned system the frequency of the fringes observed at a
detector is dependent on the velocity of the scanning mechanism. Any deviation from
non-uniformity in this scanning velocity results in non-uniform sampling of the delay
in the arms of the interferometer. Non-uniform delay sampling manifests itself as un-
wanted spectral content in the Fourier transform of the interferogram, which accumu-
lates over long optical path difference (OPD) scans. Removal of the unwanted spectral
content requires delay calibration based on referencing to a highly stable reference.

The Hilbert transform technique (HTT) for delay calibration has proved successful
for short OPD scans [1]. This technique is based on retrieval of the temporal phase
vector of the interferogram, which is obtained from the argument of the analytic sig-
nal. This is in turn obtained via Fourier transform processing. The efficacy of this
technique for calibration of the long OPD scans required to provide high resolution
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4.1. Introduction

Fourier transform spectroscopic (FTS) measurements will be examined in the work in

this chapter.

4.1.1 Fourier Transform Spectroscopy

Fourier Transform Spectroscopy (FTS) uses the classic Fourier relationship between
the interferogram, I,,(7), recovered in a temporal scan of the delay, 7, in the interfer-
ometer (Equation 2.2.21), and the power spectrum of the illuminating light (Equation

2.2.22) yielding

Iys(t) x R [f G(w)exp{—uplg(w)}exp{—zwr}dw (4.1.1)

—00

A scan of the delay in one arm of the interferometer yields a discretely sampled
interferogram of finite extent. Therefore, spectral analysis involves application of the
discrete Fourier transform. The interferogram I,:(r) has a discrete Fourier transform
(DFT), F(v), given by

F(v)=N~! NZ_I Ips(1)e 2 VINT 4.1.2)

7=0
where the quantity v/ N is analogous to frequency measured in cycles per sampling
interval [2]. The DFT is an approximation of the Fourier transform providing a finite

set of discrete frequencies. There are inherent sources of potential error in spectral

measurements using the DFT, for example:

 Aliasing. This arises if the initial sampling period is not sufficiently closely spaced
to sample high frequency components in the function above that recommended
by the Nyquist theorem, i.e. the sampling frequency must be greater than twice

the signal bandwidth. [3].

e Truncation of data strings. This is not limited to the DFT.

The effect of the finite extent of the interferogram or truncation of data strings in the

DFT is to convolve it with samples of the sinc function corresponding to the transform
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of the rectangular window function describing the truncation [2]. The sinc function,

. sin (mx)
sinc(x) = ——— (4.1.3)
TX

is presented in Figures 4.1 and 4.2. The first zero of the sinc function occurs at the fre-
quency at which the sinusoid completes one cycle in the rectangular window (length
M), giving a central lobe width of 4 7 /M [1, 4]. Subsequent zeros (z;) occur for fre-
quencies that complete i cycles in the window. The highest side lobe level of the sinc
function is at ~ —13 dB below the central lobe [5]. These spectral sidelobes can be

greatly reduced by choosing an appropriate windowing function [1].

X -20 -20

Figure 4.1: 3D representation of the sinc function

The Hamming window (which is applied to the interferograms in later sections) re-
duces the amplitude of the first sidelobes to ~ -43 dB below the central lobe [1, 5] at
the expense of broadening the central lobe to 8 7/ M [1]. Equivalent figures of merit for

different window types have been tabulated by Harris [5].
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AX)

Figure 4.2: The 2D Sinc function

4.1.2 Interferometric Fourier Transform Spectroscopy

Interferometric Fourier Transform Spectroscopy (IFTS) is typically implemented on a
temporally scanned Michelson interferometer and involves the scanning of an optical
path difference by mechanical means. Bulk optic interferometers where the movable
mirror is mounted on a translation stage are the subject of the work reported here.
However, IFTS has also been implemented on all-fibre equivalents of the Michelson
interferometer where the scanning mechanism is fibre stretching using piezoelectric
stacks [6]. The implementation of an all-fibre mechanically scanned interferometer in
the subject of the work reported in Chapter 6.

In a mechanically scanned interferometer, non-uniform scanning velocities result
in non-uniform delay sampling, even when sampled evenly in time. This non-uniform
sampling of the delay, 7, introduces false spectral content in the Fourier transform of
the interferogram, I,5(7), as described in Section 2.2.12.

For FTS, the minimum resolvable wavelength interval, 6 (1), is determined by the

total OPD, 7 and was defined in Section 2.2.9 as

2

A
oA =ng— (2.2.33)
CTA

where c is the speed of light in a vacuum and n,, is the group index of air. This implies
that long OPD scans are required to provide high resolution. Therefore, a 1.2 ns delay
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scan results in a wavelength resolution of ~ 1 pm at 632.8 nm which is the wavelength
of the light source used for the measurements made in this chapter.

The false spectral content introduced in the Fourier transform of the acquired in-
terferogram accumulates over long OPD scans. Conventionally, this false spectral con-
tent is corrected for by one of the following methods: by triggering sampling on the
zero-crossings of a simultaneously acquired reference interferogram [7]; phase locked
loop control based on a stable laser reference [6]; or by use of the Hilbert transform
technique for correction of spectral degradation [1].

The method of triggering sampling on the zero-crossings of a simultaneously ac-
quired reference has the advantages of a reduction in processing time and delay sam-
pling accurately coinciding with the origin of delay 7. The method does however re-
quire sophisticated electronics, as does the phase locked loop control of the velocity of
the scanning stages, whereas the Hilbert transform technique corrects for degradation
in post processing based on the complex analytic signal of the reference interferogram.

The work reported in this chapter investigates the capability of the Hilbert trans-
form technique to accurately calibrate the optical path difference in the interrogating
interferometer in the presence of the accumulating effects of non-uniform sampling

in the long-scan case.

4.1.3 Hilbert Transform Technique for OPD Calibration

The Hilbert transform technique for correction of spectral degradation has been ex-
tremely successful in producing constant OPD sampling. The technique involves post-
processing, based on the phase evolution, ¢(7), of the complex analytic signal, z(t), of

the interferogram derived from a Helium-Neon (HeNe) laser [1, 8] where

z(1) = A(1)e'?® (4.1.4)

The analytic signal is a complex signal, whose real component is the original signal,

and has an imaginary component generated from the real signal by phase shifting all
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frequency components by 90°, as described in Section 2.2.12. The analytic signal facil-
itates procuration of certain attributes of the real part, such as amplitude and phase.
The temporal phase, ¢(7), can be calculated from the argument of this complex tem-
poral representation of the interferogram (see Section 2.2.12).

Despite the longitudinally multimode nature of the HeNe laser used for referencing
in this work, the mean optical frequency is highly stable. Longitudinally multimode
lasers have been used as the basis of the Hilbert transform approach [1], but single
mode stabilised lasers are available. The signal phase effectively provides a mapping
of the interferometric OPD, which, while equally sampled in time, are not equally sam-
pled in delay, 7, due to non-uniform scanning velocity of the translation stage. The

values of group delay are obtained from

__¢mA

2nc

(2.2.49)

Previously reported applications of Hilbert transform based OPD recalibration have
used scans < 9 mm [9]; the work reported here demonstrates its successful application

for a 25-fold increase on that OPD.

4.1.4 Beam Collinearity

In practical applications of the Hilbert transform technique, measurement of opti-
cal properties ranging from dispersion to temperature/strain changes rely on the use
of HeNe lasers to generate high coherence reference interferograms. These interfero-
grams allow accurate calibration of the OPD by post processing using the Hilbert trans-
form technique. This interferogram is usually captured in tandem with a measurand
interferogram with both beams propagating down nearly identical paths in the demod-
ulating interferometer (Figure 4.3). Inherent difficulties in maintaining the parallelism
of the reference and measurand beams can cause measurement degradation due to
pitch and yaw in the movement of the translation stage. This happens particularly in

the case of long scans.
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Figure 4.3: Co-propagating reference and measurand beams
in a Michelson interferometer

These difficulties have been overcome by launching co-propagating reference and
measurand beams through the interrogating interferometer [7, 10, 11]. Dyer [7] and
Rochford et al. [10] used a reference beam filter and zero-crossing detection system
to trigger sampling of the measurand beam. Murphy et al. [11] then separated the
reference and measurand beams in the spectral domain, using a non-mechanically
scanned system, where spectral degradation due to non-uniform velocity of a transla-
tion stage is not an issue. Spectral filtering of the signals obtained from a mechanically
scanned interferometer, where spectral broadening due to non-uniform scanning ve-
locity is an issue, requires that the wavelength separation between the reference and
measurand beams is large enough to overcome this broadening and allow individual
signal filtering.

The 1550 nm transmission window has become the window of choice for the teleco-
mmunications market as a result of two important parameters in electromagnetic prop-
agation, attenuation and bandwidth (see Section 2.1.5). This has resulted in the mass
production of 1550 nm single mode fibres and components which have also been de-
ployed in optical sensing fields. The use of 632.8 nm HeNe lasers for referencing en-
sures a wavelength separation of ~ 900 nm between the reference and measurand
beams, allowing for filtering in the spectral domain. Collinear propagation of the ref-

erence and measurand beams where referencing is based on a 632.8 nm laser requires
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that the 632.8 nm reference beam propagates through fibre which is single mode at
1550 nm.
Section 2.1.3 outlined the conditions for single mode propagation in an optical fi-

bre i.e. the normalised frequency of the fibre, V,

2na
= ny+ns (2.1.14)

must be < 2.405. Therefore, a single mode fibre at 632.8 nm (HeNe wavelength) must
have a core radius ~ 2.45 times smaller than the core for 1550 nm. This results in mul-
timode 632.8 nm HeNe light propagating through the 1550 nm fibre. The number of
modes propagating in a fibre can be conveniently expressed as a function of the nor-

malised propagation constant, b, versus the normalised frequency, V [12,13], where

1k)? - n3
b:(ﬁz)—z2 (4.1.5)
np—n

giving six LP modes for a Vnumber of 5.8 (632.8 nm light propagating in 1550 nm fibre).

The work reported in this chapter investigates the stability of long OPD Fourier
transform spectroscopic interferometry where spectral measurements are based on
both a single transverse mode laser reference and a multiple transverse mode laser

reference.

4.2 Experimental Motivation and Objectives

The Hilbert transform technique for correction of the spectral degradation intro-
duced in the Fourier transform of an interferogram had been successfully demon-
strated for scan lengths < 9 mm [9] acquired in a temporal scan of the delay in one
arm of an interferometer. Fourier transform spectroscopy, however, requires long OPD
scans to provide high resolution measurement. The work reported in the subsequent
sections of this chapter develops a scanning interferometer for interrogation of fibre

Bragg gratings at 1550 nm referenced from a 632.8 nm HeNe laser.
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The effects of non-uniform scanning velocity are overcome via post-processing of
high coherence interferograms using the Hilbert transform technique [1]. The use of a
co-propagating reference aids alighment and minimises errors due to divergence be-
tween the measurand and reference beams. The most convenient method of achiev-
ing collinear propagation of both beams through the interrogating interferometer is to
launch from a single fibre. 632.8 nm light is multimode in smf-28 fibre.

The objectives of the experimental work reported in this chapter were to investi-
gate the robustness of long-scan FTS where delay calibration is conducted via Hilbert

transform processing by:

e Demonstration of the effectiveness of the technique for correction of spectral
degradation arising from non-uniform scanning of the interferometric OPD de-

spite the accumulating effects over long OPD scans.

* Investigation of the reliability of a scheme based on the propagation of the HeNe
beam in the demodulating interferometer despite the presence of multimodal

transverse field structure in the reference beam.

4.3 Experimental Configuration

The experimental work reported in the following sections uses two sources obtained
by launching a single HeNe laser into a 50/50 directional coupler. One source is single-
mode at 632.8 nm and the second source is multimode at 632.8 nm. Both illuminate
an interferometer and generate high coherence interferograms over long-OPD scans.
The Hilbert transform technique is applied to the calibration of the delay scanned in
the arms of the interferometer using both sources. A comparison of the efficacy of the
technique for long-OPD recalibration using both beams is made by testing the spectral
recovery of both sources.

Figure 4.4 illustrates the customised Michelson interferometer. HeNe light is in-
jected into the single transverse mode, 633 nm downlead, via one arm of directional

coupler, DC2, and exits at port P2. The second arm of coupler DC1 is spliced to a
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Figure 4.4: Long FTS Experimental configuration

wavelength flattened 1330-1550 nm directional coupler, DC1, giving a multiple trans-
verse mode beam exiting the coupler at port P1. The light from both downleads is then
launched simultaneously into the interferometer to follow separate but nearly paral-
lel paths. The arrangement of retro-reflectors, R1 and R2, provides a multiplication of
6x the optical path difference than would normally have been obtained by scanning
the translation stage through a distance of 300 mm. The translation stage was then
scanned through 300 mm at a velocity of 2 mm/s, resulting in a 1.8 m scan taken in 150
s. The interference patterns generated at the output of the interferometer are detected

by detectors D1 and D2.

The single mode interferogram was captured on a silicon (Si) photodiode, D1. The
multimode interferogram was captured on a high speed Indium Gallium Arsenide (In-
GaAs) photodiode, D2. A detector sensitive to light at 1550 nm is required because
of the low intensity 1550 nm measurand beam, which in a practical application would
propagate along the same fibre as the 632 nm multimode reference beam. The spectral
responses of the Si and InGaAs photodiodes are illustrated in Figure 4.5. The low quan-
tum efficiency of the InGaAs detector at 632.8 nm did not prove limiting, as illustrated

in Figure 4.10.
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Figure 4.5: Typical spectral response curves for silicon (~ 400 - 1100 nm) and InGaAs (~ 900 -
1700 nm) photodetectors. [Data obtained from [14]]

4.4 Results and Discussion

4.4.1 Results
Interferogram Visibility

Figure 4.6 displays the interferograms derived simultaneously for the single-mode
and over-mode HeNe beams from a single OPD scan of ~ 1100 mm (the higher fre-
quency oscillations contained within the dark bands are illustrated in Figures 4.9 and
4.10). Despite the complex transverse modal structure of the multimode HeNe beam,
it is obvious that the degradation in the visibility is not as significant as might be ex-
pected. The multiple modes in a source illuminating an interferometer would appear
as different frequency components, thereby decreasing the coherence length of the
source. Fringe amplitude/visibility remains within 6 dB of the maximum or ~ 550 mm
in the single mode case and for under ~ 450 mm in the over-mode case. To illustrate
the profile of the multimode beam exiting at port P1, a Dalsa piranha 8192 pixel lines-
can camera was mounted on a translation stage and scanned through the beam in ~
7 pm steps. Figure 4.7 shows the full profile of the beam with no evidence of distinct
modes exiting the fibre. A single scan from the camera shown in Figure 4.8 displays
a cross-sectional view of the beam through the centre. Again, while the profile is not
gaussian, there are no distinct modes visible. Visual observation of the 632.8 nm beam

exiting the 1550 nm fibre prior to reaching the coupler showed that two distinct modes
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Figure 4.6: Interferograms obtained from (A) the singlemode and (B) the overmode beams.
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Figure 4.7: Multimode beam intensity profile
obtained an a Dalsa piranha linescan camera.
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Figure 4.8: Cross section of the multimode
beam taken with a Dalsa piranha linescan
camera.

existed. This indicates that the couplers were having a stripping effect on the fibre

modes. Figure 4.9(A) and Figure 4.10(A) illustrate the signal to noise levels (~ 10:1)

obtained with the singlemode and multimode beams respectively. Figures 4.9(B) and

4.10(B) illustrate the high frequency component contained within the dark region of

the interferogram with ~ 6 samples per fringe.
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The interferograms are Hamming windowed prior to processing to minimise spec-
tral content due to leakage, as described in section 4.1.1. The windowed portion of the

interferograms covers the central 360 mm OPD. The truncated interferograms are then

fast Fourier transformed.

Interferometric Fourier Transform Spectroscopy

Figure 4.11 indicates the spectrum measured without calibration of the OPD sam-
pling from the overmode HeNe beam. In this case, the spectral degradation can be

seen to significantly broaden the spectrum recorded from the interference pattern.

Amplitude

9 10
x107

7 8
Wavelength (m)

Figure 4.11: Spectrum of the overmode interferogram before recalibration

The complex analytic signal is found by doubling the inverse Fourier transform
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of the positive frequency components of the Fourier transformed interferogram. The
temporal phase (Figure 4.12) is calculated from the argument to this complex temporal
representation of the interferogram. Delay values can be obtained from the relation-

6
45%20

6
T(s) -10

Figure 4.12: Unwrapped temporal phase vector

ship ¢ = wtr. The evolution of phase with respect to delay appears linear and well-
behaved when a modulo 27 unwrapping algorithm is applied. However, the extent of
the non-uniform velocity problem can be illustrated by examining a residual to a fit to
the phase evolution of the interferogram before recalibration. The residual is gener-
ated through subtraction of a first order least squares fit to the phase curve. Figure 4.13
illustrates the large residual, showing non-uniformities introduced into the phase by
both the non-uniform velocity of the translation stage and pitch and yaw movement of
the mirror mounted on the stage.

Following delay correction using the Hilbert transform technique (described in Sec-
tion 2.2.12), the residual generated from a fit to the extracted phase vector of the resam-
pled interferogram clearly illustrates that these non-uniformities have been removed

(Figure 4.14).

For a more rigorous test of the coherence attributes and for correction of the spec-
tral degradation due to non-uniformities in the velocity of the translation stage using
the Hilbert transform technique, the spectral recovery from these interferograms was

tested via Fourier transformation.
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Figure 4.15: Spectra derived from 360 mm OPD sections of the singlemode and overmode in-

terferograms

Figure 4.15 illustrates the respective HeNe

spectra derived from central segments of

360 mm OPD of both interferograms after self-calibration using the Hilbert transform

technique. Neglecting the minor intensity differences, the spectral recovery from each

of the the interferograms are identical, within the limits of the resolution of the Fourier

transform. The specifications for the HeNe laser (Melles Griot 05-LHR-151) specify a

total linewidth of ~ 0.5 pm, which is less than the measurement resolution of a Fourier

transformed 360 mm interferogram segment

ered in the work reported here is ~ 2 pm.
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4.4.2 Discussion

OPD Calibration

The science of optical sensing requires high accuracy wavelength measurements be-
cause a wavelength measurement uncertainty as small as 1 pm leads to measurement
uncertainty of ~ 0.1°C [15] or ~ 1ue€ [16,17]. In mechanically scanned systems, the per-
formance degradation due to non-uniform OPD scanning can accumulate over long,
high speed OPD scans, leading to significant spectral broadening (~ 300 nm). This is
seen in the magnitude of the Fourier transform of the interferogram (Figure 4.11). The
work reported here demonstrates that the Hilbert transform technique can accurately
calibrate the delay in the interferometer arms over long OPD scans (~ 360 mm) to re-

move the accumulated spectral content due to non-uniform sampling of the delay.

Beam Collinearity

Interferometric interrogation units using Hilbert transform processing or zero cross-
ing detection for OPD calibration generally have reference beams based on the spectra
of highly stable (< 1 pm) single transverse mode lasers [1, 7, 10, 18, 19]. The largest
source of uncertainty in interferometric systems referenced by a co-propagating refer-
ence beam is the error due to coalignment of the beams [7, 10]. This uncertainty has
previously been eliminated by launching the measurement and reference signals into
the same fibre where both beams remained singlemode [7,11].

In the work reported in this chapter, the fibre used to launch the 632.8 nm light into
the interferometer was single mode at 1550 nm and as such should support higher
order modes of the 632.8 nm beam. Visual inspection of the transverse intensity pat-
tern from the 1550 nm fibre found it to be circular with no evidence of distinguishable
higher order modes. This indicates that, at the very least, there is a dominant LPy
mode propagating along the fibre, supporting the mode stripping effect of directional
couplers over a larger 900 nm range. This was noted previously by Flavin et al. [20]
when they launched 510 nm light into a fibre with a cut-off wavelength of 610 nm.

The suppression of higher order modes of 850 nm light propagating in 1550 nm
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fibres has previously been eliminated by spatial filtering of the multimode beam by
passing the beam through a shortlength of HI780 fibre [21]. Spatial filtering of the 632.8
nm reference beam in a similar manner prior to detection, however, would require the
addition of an extra detection channel and associated components to the interrogation
unit. This is because the losses experienced by the 1550 nm beam when propagating
through ~ 10 cm of 632.8 nm fibre were significant enough not to permit detection of
the 1550 nm light.

A third method for suppression of the higher order modes of the 632.8 nm reference
would involve the use of endlessly singlemode photonic crystal fibre (PCF) [22]. PCF
fibres are ideally suited to the interferometric interrogation of FBG arrays as the end-
lessly single mode nature of the fibre would allow extension of the wavelength range
between measurand and reference beams propagating through the same single mode
fibre. In the experimental configuration above (Figure 4.4), PCF fibre would also elim-

inate the requirement for the 633 nm coupler.

4.5 Conclusion

This work has demonstrated the effectiveness of the Hilbert transform technique for
the correction of spectral degradation arising from non-uniform scanning of the in-
terferometric OPD for scans < 25x those previously reported [1, 11]. The stability of
the technique to correct for non-uniform scanning of the OPD in the long scan case,
where the multimode transverse field structure has been effectively stripped from the
fibre, has been verified. The technique provides identical spectral measurements to
the singlemode beam for scans up to 360 mm, providing a wavelength measurement
resolution of ~ 1 pm in the Fourier transformation at 633 nm.

The customised Michelson interferometer will be applied in chapter 5 to the inter-
rogation of fibre Bragg grating arrays for provision of high resolution measurement of

light reflected from the gratings.
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Chapter 5

Long Optical Path Difference Fourier Transform
Spectroscopic demodulation of Fibre Bragg

Grating sensor arrays

5.1 Introduction

One of the main advantages of fibre Bragg gratings (FBGs) is their unique wave-
length multiplexing capacity as described previously in Section 2.1.10. Research into
wavelength-division demultiplexing of serial FBG arrays continues to be an active field
[1,2], with strong potential for commercialisation [3]. The development of supercon-
tinuum broadband sources based on supercontinuum generation in photonic crys-
tal fibres increases the usable optical bandwidth and releases the potential for serial
multiplexing of Bragg gratings over far greater wavelength ranges than previously re-
ported [4]; for example Ranka et al. have reported a broad (~1200 nm), flat spec-
trum [5].

However, at present, established approaches to FBG demodulation—tunable laser
[6-8], tunable filter [9, 10], diode array [11]— are limited in their ability to cope with
such broad wavelength ranges. For example, interrogation using tunable components
is limited by the tunable range and tuning speed and interrogates each grating in the
array sequentially (eg. JDSU MAP tunable laser has a tunable range of ~ 110 nm with

a maximum tuning speed of 100 nm/s). The acousto-optic tunable filter of Boulet et
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5.1. Introduction

al. [9] is capable of simultaneous interrogation of an array of gratings but requires am-
plitude modulation at different frequencies for each of the gratings in the array and
bandpass filters for each of the components. Interrogation using diode arrays and a
diffraction grating [11] requires the addition of detectors as the wavelength range of
the array is increased.

Interferometric Fourier Transform Spectroscopy (IFTS) offers unique potential for
the demodulation of FBG arrays over extended wavelength ranges because of the Fell-
gett (or multiplex) advantage of Fourier transform spectroscopy [12]. Short scan IFTS
based on the Hilbert transform technique has been demonstrated to yield high res-
olution measurement of the mean grating wavelengths, but without information on
the internal characteristics of the individual grating reflection spectra [13]. It has been
suggested that high resolution measurement of the structural detail of FBG sensors is
potentially valuable in the detection of non-uniform measurand fields within the grat-
ing [14]. Long-scan FTS has the potential to demodulate gratings over extremely broad
wavelength ranges, while simultaneously characterising the intra-grating spectral de-
tail of all component array gratings (c.f. Section 2.2.9).

Chapter 4 illustrated the spectral broadening induced by a mechanically scanned
system in case of a HeNe laser spectrum. Similarly, the reflection spectrum of the in-
dividual gratings in an array of FBG sensors would be indistinguishable because of the
extra spectral content introduced due to non-uniform sampling of the delay in the
arms of the interrogating interferometer. The ability of the Hilbert transform tech-
nique for correction of spectral degradation due to non-uniformities in scanning of
the interferometric OPD has also been demonstrated in chapter 4. The work reported
in this chapter will investigate the capability of long-scan FTS for demodulation of sen-
sor arrays while simultaneously recovering the spectral detail of all gratings in the ar-
ray. Chapter 4 demonstrated the capability of a 632.8 nm reference beam propagat-
ing through a 1550 nm fibre for self-calibration. The efficacy of a calibration scheme
based on the collinear propagation of the reference and Bragg grating beams in the
demodulating interferometer will be demonstrated here. The relative performance of
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5.1. Introduction

this reference beam, relative to a single mode reference, is evaluated in the context of

temperature sensing and high resolution intra-grating spectral measurements.

5.1.1 Fibre Bragg Gratings

In the optical sensing field, FBGs have proved to be one of the most promising can-
didates for use as embedded sensors in fibre-optic smart structures [15], while in the
telecommunications field they have been used for applications such as wavelength di-
vision multiplexing (WDM), narrow band tunable filters and for dispersion compensa-
tion [16]. The ease of implementation of FBGs in WDM applications is a consequence

of the grating inscription process.

FBG Inscription

As outlined in section 2.1.13, the development of side-writing techniques for grat-
ing inscription [17-20] allows tailoring of the Bragg wavelength or the peak reflective
wavelength (1p) of the grating, to reflect at any wavelength [21-23], independent of the

wavelength of the inscribing source [18] where

/13=2neffA (2.1.41)

nery is the effective refractive index and A is the periodicity of the refractive index vari-

ation. The interference maxima and and the index change are set by the angle between

INTERFERING
UV BEAMS

CLADDING

CORE

BUFFER 4FRACTIVE

INDEX MODULATION
Figure 5.1: Standard UV inscription of an array of FBGs.

the interfering beams (Figure 5.1). As such, the gratings are ideally suited for WDM,
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5.1. Introduction

where an array of gratings can easily be inscribed along the length of a fibre by varia-

tion of the angle 0 between the interfering beams.

Temperature and Strain Sensitivities

The resonant Bragg wavelength is sensitive to strain and temperature as it depends
on the grating periodicity and the effective refractive index, both of which will change
due to the intrinsic sensitivity of the fibre. When the grating experiences a change in
temperature or strain (or both), there is a corresponding change in the reflected wave-
length of the grating. A change in strain results in both a physical change in the grating
period and a change in the refractive index due to the strain-optic effect. A change in
temperature, T, results in both a change in the refractive index, n, due to the thermo-
optic coefficient, ¢, and a change in the physical length of the grating which can be de-
scribed by the thermal expansion coefficient, a, as described in Section 2.1.12. Equa-
tion 2.1.63 quantified the total contributions of the strain-optic effect and the thermo-

optic coefficients [24], and is given here for convenience.

2

n
Adg = ZnA( 1- 7{P12—V(P11 + P12)}

£+ [a+€]AT) (2.1.63)

The contribution of a wavelength component by each section of the grating to the

reflection spectrum [25] was outlined in Section 2.1.12 and is given by
AB(2) =2n(z)A(z) (2.1.69)

Therefore, a uniform measurand along the length of the grating will manifest itself as
a uniform shift in the reflection spectrum. A non-uniform measurand along the grat-
ing’s length, however, results in a broadened reflection spectrum as demonstrated in
chapter 3. The change in the reflection spectrum with a change in strain (Ae) and a

change in temperature (AT) can be obtained from equation 2.1.69. n.rr(z) and A(z)
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are dependent on €(z) and T'(z) according to

A (2) Onerr(2) )
5e (2 +A(2) Sel) Ae(2)

OA(2) Onerr(z)
5T M5

Adg(z) = 2 (neff(z)

+ z(neff(z) )AT(Z) (5.1.1)

The first and second terms describe the contributions of strain and temperature re-
spectively. Within these terms, the first and second terms describe the contribution
due to the change in the grating periodicity A and the refractive index n,rf respec-
tively. Typical sensitivities at 1550 nm for the wavelength dependence are: strain ~ 1.2

pm/ pe and temperature ~ 12 pm/°C [26].

Interferometric Fourier Transform Spectroscopy
The interferometric Fourier transform spectroscopic (IFTS) approach to Bragg grat-
ing sensor demodulation, and the associated Hilbert transform technique (HTT), relies
on the illumination of a Michelson interferometer by the light reflected from the grat-
ing. A temporal scan of the delay, 7, in one arm of the interferometer generates an
interferogram from which the spectrum of the light reflected from an FBG array can be
fully characterised from the Fourier transform (FT) of the interferogram, as described
in Section 2.2.3.
For FTS, the minimum resolvable wavelength interval, 61, is determined by the
total OPD, ta. Therefore, long OPD scans are required to yield high resolution mea-
surement of the spectral structure of the gratings. From Equation 2.2.33, a delay scan

of 75 = 800 ps will therefore provide a resolution of ~ 10 pm at 1550 nm.

Delay Calibration

The accumulating effects of non-uniform sampling of the delay in a mechanically
scanned system result in unwanted spectral content in the FT of the interferogram [13].
Non-uniform delay sampling is a consequence of the non-uniform scanning speed of

mechanical components as the frequency of the fringes, f, observed at the output is
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a function of the scanning velocity [27](cf Section 2.2.9, Equation 2.2.32). Removal
of the added spectral content requires calibration using a high-coherence reference
beam, generally conducted by a zero-crossing detection circuit [28] or by the Hilbert
transform technique [13].

The Hilbert transform technique for OPD calibration operates on the principle that
the analytic signal (A(7)) is obtained from the inverse Fourier transform of the posi-
tive frequency components of the interferogram. A(r) has been previously defined in

section 2.2.12 and may be rewritten as

A(T) = F ' 2u(w) FIos(1)] (5.1.2)

where F denotes the Fourier transform, u(w) is the Heaviside step function which is
0 for w < 0, 0.5 for w = 0 and unity for > 0. A temporal phase vector (¢(r)) can
be retrieved from the argument of A(t) [29], which effectively maps the delay in the
interferometer arms through the simple relationship ¢(7) = wt where w is the mean
frequency of the reference beam. Delay correction is then achieved through interpo-
lation of the captured interferograms based on the expected delay intervals calculated
from an ideal HeNe interferogram. This redistributes the measured interferogram in-
tensities in delay, thus correcting for non-uniformities in delay sampling due to the

non-uniform OPD scan velocity.

Beam Co-propagation

Typical referencing schemes using the Hilbert transform technique for delay calibra-
tion rely on the illumination of the interferometer with the measurand and reference
beams propagating in parallel, along nearly identical paths, through the interrogating
interferometer as illustrated previously in Figure 4.3. Measurement degradation can
occur due to difficulties in maintaining the parallelism of the beams, particularly in
the case of long OPD scans.

These difficulties may be overcome by launching co-propagating beams through
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the interferometer and sampling the measurand interferogram on the zero crossings
of the reference beam [28, 30]. The mass production of fibres and components in the
O, E, S, C, L and U bands for telecommunications (Table 5.1) has resulted in a readily
available supply of fibres and components for the optical sensing field which would

not have otherwise been the case.

Telecommunications Band || Wavelength Range
O - Band 1260 - 1360 nm
E - Band 1360 - 1460 nm
S - Band 1460 - 1530 nm
C - Band 1525 - 1565 nm
L - Band 1565 - 1625 nm
U - Band 1625 - 1675 nm

Table 5.1: Telecommunications Bands [31]

Spectral domain filtering of the reference and measurand beams requires that the
spectra of both beams are separable in the frequency domain. The frequency of fringes
obtained in a temporal scan of the delay in one arm of an interferometer is dependent
on the velocity of the translation stage (V},;) and the wavenumber of the light (V) given

by Equation 2.2.32 [27]
2V
===

f 2V, ¥ (2.2.32)

Therefore, spectral domain filtering requires that the reference and measurand beams
be separated far enough in wavelength to overcome the effects of spectral broadening.
Figure 4.11 in Section 4.4.1 illustrated the extent of spectral broadening (~ 300 nm) in
the interferometric interrogation unit that will be applied to the demodulation of the
FBG arrays later in this chapter. The use of a 632.8 nm HeNe reference laser to reference
an array of gratings centered at 1550 nm allows separation of the spectra in the Fourier
transform of a composite beam obtained from the HeNe and grating interferograms.
In the work reported in this chapter, the technique of accurate OPD calibration,
developed in chapter 4, which is based on referencing to a transversely multimode
632.8 nm laser propagating through 1550 nm fibre, and where mode filtering is accom-

plished via a directional coupler is applied to the interrogation of an array of FBGs.
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This method allows co-propagation of the reference and measurand beams through

the interferometer when launched through a 1550 nm downlead.

5.2 Experimental Motivation and Objectives

The efficacy of the Hilbert transform technique for accurate calibration of the delay
in a temporally scanned interferometer was demonstrated in Chapter 4, in the pres-
ence of the accumulating effects of non-uniform delay sampling which cause signifi-
cant spectral degradation. The capability of a transversely multimode laser beam prop-
agating through the interferometer for accurate delay calibration was also reported.

The objectives of the experimental work reported here were to apply the high-

resolution interrogation unit to:

* Investigate the capability of long-scan FTS for demodulation of FBG sensor ar-
rays with simultaneous recovery of spectral detail of all array gratings; all mea-
surements are achieved in a single scan of the OPD, from an interferogram cap-
tured on a single InGaAs photodiode and are based on referencing to a trans-

versely multimode laser.

 Evaluate the relative performance of the transversely multi-mode reference, rel-
ative to a single mode reference in the context of temperature sensing and high

resolution intra-grating spectral measurement.

5.3 Experimental Configuration

An array of FBGs is attached to the long scan customised Michelson interferome-
ter demonstrated in chapter 4. The experimental arrangement is illustrated in Figure
5.2. The Bragg grating array is illuminated by an Optospeed superluminescent diode
(SLED1550S5, central wavelength 1530 - 1570 nm, -3 dB optical bandwidth > 50 nm).
The gratings in the array have resonant wavelengths of 1538 nm, 1549 nm and 1565
nm. The spectral linewidths (FWHM) are in the ranges 0.2-0.5 nm. The light reflected
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5.3. Experimental Configuration

from the array exits coupler DC1 at the output port P1, to illuminate the interferometer.
HeNe light is injected into the downlead, via directional coupler DC2, with splicing of
the 633 nm and 1550 nm fibres at S. The irradiance at the output of the interferometer

due to the individual beams may be obtained from Equation 4.1.1 to yield

Ip r(7) =2Iporo [1+ VB R(T)COS PppR(T)] (5.3.1)

where V(1) is the interferogram visibility and ¢(7) = @7. The subscripts B and R refer
to the Bragg grating and Reference beams respectively. The signals I5(7) and [r(7) are

filtered in the spectral domain.

Stationary

mirrors 1550nm
M1 M2 50/50
Retroreflectors R2 couper
B1 B2 B3
8 Pt
z é’ Multiple transverse 633nm
-\ = mode beam HeNe
25{\ M3 P1 s
AV3
N < - < :
ﬁ Beam P2
Translation Splitter Single transverse
Stage mode beam
D1 D2
633nm
50/50
To PC couper

DC2

Figure 5.2: FTS for demodulation of FBG arrays

In the normal measurement system, the port P2 would be redundant but here it
allows access to a single-mode (transverse) HeNe beam for experimental comparisons
with the multimode (transverse) beam emerging from P1. For a measurement scan the
retro-reflector R1 is scanned through a physical displacement of 60 mm—this gives a
total OPD of 240 mm (via a 6x beam folding arrangement using retro-reflectors R1 and
R2) and a resulting resolution of 10 pm in wavelength measurements at 1550 nm. The
composite interferograms formed by the grating reflections and the over-mode HeNe
beams are captured on a single InGaAs photodiode D2—the low quantum efficiency of
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the InGaAs photodiode at 633nm did not prove limiting (cf. Section 4.3). The sampling
density corresponds to 5 samples per HeNe fringe.

The temperature measurements on the gratings in the array discussed in the next
section were made by placing the individual grating in the array into a specially con-
structed oven, with the temperature of the oven controlled by a single peltier module
controlled by an MPT-10000 series thermo-electric controller giving a short-term sta-
bility of 0.005 °C over 1 hour. The oven walls were constructed from a hardened plastic,
encased in insulating foam, with a circular groove cut into both ends through which the
fibre Bragg grating was placed in the oven, resting in a cardboard tube. The tempera-
ture at the grating site was monitored by placing 4 thermocouples along the length of
the cardboard tube directly underneath the fibre. The oven temperature was taken as

the average of the 4 readings from the thermocouples.

5.4 Results and Discussion

Interferometric Fourier Transform Spectroscopy

Figure 5.3 displays the interferogram captured at the photodiode D2 for the full 240
mm OPD. Figure 5.4 displays the interferogram for the 1538 nm Bragg grating alone—
the spectral content of this grating reflection is echoed in the 'lobed’ structure of the
interferogram (Figure 5.10). The interferograms are Hamming windowed to limit spec-
tral leakage due to the finite data set as outlined in section 4.1.1.

Figure 5.5 displays the high frequency content of the composite interferogram. The
fringes consist of both the high frequency 632.8 nm light and the lower frequency light
reflected from the Bragg grating array. The sampling density was set to sample the
HeNe frequency at ~ 5 samples per fringe.

Figure 5.6 shows the magnitude of the Fourier transform of the composite interfer-
ogram. The individual components of the three Bragg gratings are not resolved due
to the non-uniformity of the motion of the translation stage and the consequent non-

uniformity in the intervals of the OPD scanning.
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The Hilbert transform method is used to recalibrate the OPD—this had previously
been used in the case of shorter OPD scans where the reference HeNe beam had a sin-

gle transverse mode [13, 32], but here it is successfully used for a longer scan using a
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multiple transverse mode HeNe beam. Figure 5.7 indicates the spectra obtained from
the recalibrated interferogram, in which the individual grating spectra are resolved.
Figure 5.7 also indicates the potential measurable wavelength range for an array. In
principle an array of gratings spanning the wavelength range from 630 nm to 1550 nm
could be demodulated. In a more practical arrangement the configuration could read-
ily demodulate gratings across the full range of the E, S, C and L telecommunications
bands in conjunction with a suitable broadband source. The approach also opens
up the possibility of the single demodulator for a strain temperature discrimination
scheme based on first order and second order effects in both FBG’s and long period

gratings (LPGs) [33].

Sensor Array Demodulation
FTS-based demodulation of FBG arrays offers the attribute of simultaneously mea-
suring the measurand induced shift in the peak wavelength of each grating and the in-
dividual internal grating spectral structure with high resolution. Figure 5.8 displays the
measurements obtained for the Bragg wavelength of the 1549 nm grating under tem-
perature modulation over the range 20°C to 95°C using both the single and over-mode
HeNe reference beams. The measurements indicate clear evidence of the quadratic
dependence of the Bragg wavelength on temperature (Figure 5.9) as has been reported
recently [34]. The linear fit is also included to illustrate the potential measurement
error associated (+ ~ 8 pm) with linear fitting schemes.
For all of the temperature readings in this range, the peak spectral wavelengths,
measured using the two different references, are equal to one another within the spec-

tral resolution of the Fourier transformation.

Intra-grating Spectral Measurements
Figure 5.10 shows the measurements of the spectral structure of the array gratings
displaying 10 pm resolution. Again, all measurements are identical within the limits

of the Fourier transformation. To demonstrate the effectiveness of the approach in a
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Figure 5.10: Comparison of spectral detail recorded using singlemode and overmode beams

more complex spectral case, a non-uniform temperature gradient is introduced across

the 1538 nm grating. This produces a chirp, which broadens the grating’s linewidth

from ~ 50 pm to ~ 500 pm (Figure 5.11) To test the quality of the spectral measure-

ments based on the over-mode reference beam, the 1549 nm grating was subjected

to a similar non-uniform temperature gradient (Figure 5.12). As before, the effect is

to broaden the grating linewidth and to distort its spectrum. Spectral measurements

are performed using a 240 mm OPD, yielding 10 pm resolution. The arrangement of

Figure 5.2 allows capture of both the composite (Bragg and over-mode HeNe) and the

single-mode reference beams. Direct comparison of the grating spectra measured for
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the single-mode reference and the over-mode reference (Figure 5.12) indicate that, in

this case also, the spectral measurements coincide across the full grating bandwidth,

within the measurement resolution of the Fourier transformation.

5.4.1 Discussion

OPD Calibration

The experimental work conducted in chapter 4 demonstrated the efficacy of HTT
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processing for delay calibration using a multiple transverse mode HeNe beam prop-
agating through the fibre. The work in this chapter uses a multiple transverse mode
reference beam as before, with mode stripping of the higher order modes through the
1550 nm coupler, to ensure collinearity of the measurand and reference beams propa-
gating in the interrogating interferometer.

The advantage of beam collinearity for demodulation of the Bragg grating array
which eliminates the largest source of uncertainty in interferometric systems refer-
enced by a co-propagating reference beam [28] [30], ( cf. chapter 4.4.2) are utilised
in the experimental configuration reported here (Figure 5.2). The use of a single pho-
todiode to capture both the reference and grating interferograms reduces the number
of components. A second optical detector and associated electronics are not now re-
quired in the demodulation scheme. Such a scheme also allows for higher data ac-
quisition rates because of the reduced requirement of sampling a single channel on
the data acquisition card. Higher data acquisition rates mean that higher translation
speeds are possible when scanning the interferometric delay, thus reducing the scan-
ning time necessary to achieve high resolution.

Previous applications of co-linearly launched reference and measurand beams have
either used a zero-crossing detection circuit [30] or non-mechanically scanned de-
lay [35]. In the work reported in this chapter, HTT processing for delay calibration,
conducted entirely in software, is applied to a mechanically scanned Michelson in-
terferometer to provide high resolution measurement of the individual gratings in the

array.

Fellgett Advantage

Hilbert transform processing has been reported [13,28,30,34,35] to provide high res-
olution measurement of the reflected wavelength of the individual gratings in an array
for far shorter OPD scans. The technique is based on a comparison of the temporal
phases (¢ = wt)of the reference and measurand beams which provides measurement

of the mean reflected wavelength from the gratings but without measurement of the
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spectral detail of the individual gratings in the array.

The Fellgett advantage of FTS [12] is exploited in this work for both the separation
of the measurand and reference beams, and the separation of the individual gratings
in the array. The capability of the interferometric Fourier transform spectrometer (Fig-
ure 5.2) to provide the high resolution required for measurement of the intra-grating
spectral detail is illustrated in Figure 5.11. The spectral broadening results in a total
wavelength shift (Figure 5.11) of ~ 500 pm at a sensitivity of ~ 10 pm /°C would corre-
spond to a 50°C change in temperature at the grating site.

Figure 5.7 illustrates a potential measurement range of ~ 900 nm. However, full
realisation of this large range of wavelengths, or larger, using supercontinuum gen-
eration in PCF fibre would ideally require the use of endlessly singlemode PCF fibre
throughout the interrogation unit.

Processing schemes based on phase comparison, such as the high resolution drift
compensated scheme of Kersey et al. [36] implemented in Chapter 3, and the Hilbert
transform spectroscopic technique reported by Flavin et al. [37], would return a mean

value for this temperature range at the grating site.

Quadratic Dependence of the Bragg Wavelength

The quadratic behavior of the Bragg grating temperature coefficients has previously
been reported over a temperature range of —70 to +80°C by Flockhart et al [34] as intro-
ducing a measurement deviation from linearity of ~ 35 pm or ~ 3.5°C. One of the pro-
cessing schemes used for wavelength demodulation was the Hilbert transform tech-
nique [13, 28] which provides higher resolution wavelength demodulation for shorter
delay scans. The experimental measurements shown in Figures 5.8 and 5.9 again illus-
trate this quadratic dependence, with a deviation from linearity of ~ +7 pm or ~ 0.7°C
assuming a thermal response of ~ 10 pm/°C. Sensing systems which ignore the second
order term limits the measurement accuracy over the range 20°C to 95°C to ~ +0.7°C

or ~ £7 €.
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5.5 Conclusion

This work has demonstrated the capability of long-scan IFTS (240 mm OPD), and the
associated Hilbert transform technique for OPD calibration, for interrogation of FBG
sensor arrays. The configuration provides simultaneous recovery of spectral detail of
all gratings in the array. All measurements are achieved in a single scan of the OPD from
an interferogram captured on a single InGaAs photodiode. OPD calibration and abso-
lute wavelength calculation is based on referencing to a transversely multimode HeNe
laser propagating through 1550 nm fibre, providing identical measurements within the
wavelength resolution of the Fourier transform.

The performance of the transversely multi-mode reference, where the higher order
modes have been suppressed using a 50/50 coupler, relative to a single mode reference,
has been evaluated in the context of temperature sensing and in the context of high res-
olution intra-grating spectral measurement providing identical measurements, again
within the limits of the resolution of the Fourier transform. The error to the quadratic
fit over the temperature range for the five scans plotted at each temperature is + ~ 10
pm, corresponding to a temperature resolution of ~ 1 °C for both references.

The customised Michelson interferometer applied to the work reported here uses
retro-reflectors and mirrors to recombine the beams to produce the interferogram.
The combination of the retro-reflectors and the mirrors, although shortening the length
of translation stage required to provide high resolution FTS measurements, remains
bulky and unsuitable for portable systems. The work reported in the next chapter will
apply the Hilbert transform technique of Flavin et al. [13] to OPD calibration and Bragg
wavelength interrogation on a more portable all-fibre design. This design will also al-
low for higher OPD scanning speeds than those achieved with the customised Michel-

son interferometer reported in this chapter (~ 3 mm/s).
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Chapter 6

High Speed Bragg Grating Sensor Array

Demodulator for Structural Health Monitoring

6.1 Introduction

Structural health monitoring (SHM) is a recent and rapidly growing area of optical
metrology [1-6]. SHM involves the routine measurement and analysis of key param-
eters of a structure’s operating conditions, such as stress, temperature and displace-
ment, to provide advance warning of impending abnormal states or failures and pro-
vide maintenance advice.

Fibre Bragg gratings (FBG) have been implemented in various capacities in ad-
vanced sensing [6-10]. A particular feature of FBGs is that the measurand is directly
encoded in the reflected wavelength, which is an absolute parameter and does not
suffer from disturbances of the light path i.e. connector or bend loss. Research into the
application of these sensors within intelligent structures which can return information
on parameters such as strain and temperature is ongoing [11-13].

The development of the phase mask technique for grating inscription [14] and the
rising demand for gratings has seen a dramatic reduction in the cost of production.
Side writing techniques also allow for inscription of gratings with centre wavelengths
far removed from the wavelength of the inscribing laser. This technique makes them
ideal for use in cheaper, mass produced telecom fibres, and allows tailoring of the
gratings resonant wavelength, making them ideal for wavelength division multiplex-
ing (WDM).

However, the cost of sensor interrogation systems remains high and ease of imple-

143



6.1. Introduction

mentation of WDM schemes using established approaches to sensor demodulation —
tunable laser [15-18], tunable filter [19-21], diode arrays [22] — can be prohibitive. The
next step towards commercialisation of fibre Bragg grating based sensors in the field of
structural health monitoring has to be capable of producing high speed, high resolu-
tion demodulation of all gratings in a serially multiplexed array. The potential ability
for demodulation of grating arrays over extended wavelength ranges, ~ 900 nm, from
a single interferogram obtained on a single InGaAs photodiode was demonstrated in
chapter 5. However, the long OPD scans required to obtain high resolution measure-
ment took ~ 1 minute to capture on the bulk optic interferometer.

The inherently fibre-coupled return signals from an FBG array are directly compat-
ible with a fibre implementation of a Fourier transform spectrometer. For applications
which require the use of arrays of sensors, such as structural health monitoring, in-
terferometric Fourier transform interrogators take simultaneous measurements of all
sensors in the array in a single scan. The development of an all-fibre grating referenced

demodulator will provide the advantages of:

e Areduction in the number of bulk optic components in the demodulation scheme
and obviate the need for a reference laser which will decrease the potential cost

and size of the system, thereby increasing the portability of the demodulator.

» Allow ~ kHz interrogation. The delay scan in an all-fibre interferometer is exe-
cuted by stretching the fibre in one arm. Commercially available piezoelectric
fibre stretchers, which are based on the inverse piezoelectric effect are capable
of ~ kHz delay scanning, as the acceleration and velocity of the stretcher are not

limited by rotational inertia.

6.1.1 Hilbert Transform Spectroscopy

The principle of Fourier transform spectroscopy is that the oscillatory component
of the interferogram formed by scanning the interferometric optical path difference

(OPD), 7, in a two beam interferometer yields the real part of the self coherence func-
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tion of the light illuminating the interferometer. This function exhibits a Fourier re-
lationship to the normalised power spectrum of the illuminating source [23] allowing
direct determination of the power spectrum from the magnitude of the Fourier trans-
form of the interferogram and was discussed in Section 2.2.7.

The potential of interferometric spectroscopy, implemented as Fourier transform
spectroscopy, to demodulate serial arrays of fibre Bragg grating arrays over extended
wavelength ranges has been demonstrated in Chapter 5. High resolution measurement
of the mean wavelength reflected from a fibre Bragg grating is required for sensing of
temperature and strain. The measurement of intra-grating spectral detail, which could
be valuable in the detection of non-uniform measurand fields within the grating [24],

however, requires long optical path difference scans [25], as described in Section 2.2.9.

The implementation of IFTS using the Hilbert transform technique exhibits an ad-
vantage over conventional methods of application in that far shorter OPD scans are
required to provide high resolution measurement of the mean reflected wavelengths
from an array of fibre Bragg gratings [26]. The theory relating to high resolution spec-
troscopic measurements using the Hilbert transform technique is detailed below.

The complex signal associated with a real signal, where the imaginary part is the
Hilbert transform of the real part is known as the analytic signal (cf. Section 2.2.12).
The analytic signal is a generalisation of the phasor from which the amplitude, A(7),

and phase, ¢(7) can be calculated from

A =/ x(1)? + y(1)? (2.2.45)

and
Im[A(T)]

(2.2.46)
Re[A(7)]

¢(1) = tan~! [
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Spectroscopic analysis of the component of light reflected by a Bragg grating, 1z,
is based on high resolution measurement of the phase of the complex analytic signal.
The analytic signal obtained from a multiplexed array of fibre Bragg gratings is given

by a superposition of signals due to the individual gratings which may be written as
Aj(T) =) A[) (6.1.1)
J

Once the analytic signal has been obtained, it is then linearly interpolated to calculate
the delay, 7, between the interferometer arms, as measurement accuracy is compro-
mised by non-uniform sampling of 7. The intensity of the beam at the output of the
interferometer can be represented as a function of the delay between the interferome-
ter arms

1;(1) = Aj(1)cos(w;T +&;) (6.1.2)

where w; and ¢; are the frequency and initial phase terms respectively and A;(7) are
slowly varying functions of 7.

The signal phases can be written as
G =w;T+; (6.1.3)

The individual phase functions cannot be extracted directly from the composite
signal. After OPD calibration, the individual components from the gratings will be rep-
resented by resolvable sharp peaks in the power spectrum. This allows frequency do-
main filtering of the individual signals reflected from each individual grating in the
array. These peaks are individually windowed and an inverse FFT taken of the appro-
priate windowed section. The resulting analytic signal is due to a single grating and the

corresponding phase can be written as:

([)B(T):(UBT+€B (6.1.4)
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The ratio of the optical frequencies of the measurand and reference gratings is

equal to the gradient of the graph ¢ p5(7) against ¢pr(7) and is defined as:

dpps _ wps
dppr  wpR

1BS,BR = (6.1.5)

where the subscripts BS and BR refer to the sensing and reference gratings respec-
tively,
The ratio of the grating centre wavelength to reference wavelength is just the in-

verse of this

A
2ABS — % (6.1.6)
ABr  wpgs
and hence,
A
Aps = —2R 6.1.7)
T1BS,BR

Therefore, each gratings mean wavelength, A;, can be found by unwrapping the
phase and finding the gradient,

w; = — (6.1.8)

6.1.2 Experimental Motivation and Objectives

The Hilbert transform technique for correction of spectral degradation acquires N
samples of the reference and measurand interferogram and corrects based on this
samplingrate. This requires long processing times for interpolation of long OPD scans.
The interrogation of FBG arrays can be achieved via processing using the Hilbert trans-
form technique based on comparison of the temporal phase vector obtained from a
reference interferogram and that obtained from the array of gratings. This technique
has been shown to generate higher measurement accuracy, ~ 5 pm, for shorter OPD
scans, ~ 1.2 mm, but without yielding measurement of the spectral content of the in-
dividual gratings in the array [26].

The objectives of the work reported in this chapter are to:

 develop an all-fibre interferometric demodulator capable of high speed grating
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demodulation where the mean reflected wavelengths from the individual grat-
ings in an array are obtained via processing using the Hilbert transform tech-
nique based on a reference interferogram obtained from a reference Bragg grat-
ing. The resultant analytic signal allows determination of a phase vector for each
of the individual gratings in the array by separation of the individual spectrain an
intermediate processing step. The mean reflected wavelength is then obtained

from the ratio of the reference and measurand phases.

 evaluate the performance of a grating reference relative to that of a laser refer-
ence of highly stable mean wavelength for grating array interrogation in the con-

text of temperature and strain sensing.

6.2 Experimental Configuration

Light from a 1550 nm broadband source, Optospeed superluminescent diode (SLED),
is launched through a 1550 nm 50/50 coupler, DC1, and is divided to follow two paths
(Figure 6.1): one output arm of the coupler is spliced to a temperature stabilised, low
reflectivity, narrow linewidth (~ 40 pm), reference Bragg grating and the other arm is
spliced to a sensing array of fibre Bragg gratings. The light reflected from the refer-
ence grating and the sensor array propagates back through the coupler to an all-fibre
Michelson interferometer via a second 1550 nm 50/50 coupler, DC2. One arm of the
Michelson interferometer contains a piezo-electric stretcher to scan the interferomet-
ric optical path difference. Both arms contain Faraday rotation mirrors for polarisation
control. The light reflected from the Faraday rotation mirrors propagates back through
coupler DC2 to form a composite interferogram, which is directed to two photodetec-
tors via coupler DC3. The tunable filter passes the light from the reference Bragg grat-
ing only to the photodetector for use as a reference signal. The interferograms captured
by both photodetectors are then acquired by a PC for processing.

In general, a sawtooth waveform is applied to piezoelectric scanning units [27].

However, a drawback of driving the unit with this type of waveform is that the inter-
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Figure 6.1: All-fibre demodulator for structural health monitoring.

ferogram generated in the flyback leg of the scan is discarded. The interferometric
OPD in the work reported here is scanned by applying both a sinusoidal waveform and
a triangular (quasi-sawtooth) waveform from a signal generator to the piezo-electric
stretcher. The advantage of the sinusoidal waveform is that both interferograms can
be used for processing, and also that higher scanning frequencies can be achieved with
the piezoelectric stretcher. The total OPD generated by the stretcher is dependent on
the frequency and form of the signal applied by the generator. The frequency response
of a triangular/sawtooth waveform is limited by the driver to 10 Hz at full amplitude
sweep and falls off approximately linearly to 0 at ~ 1 kHz, with higher responses avail-
able depending on the waveform applied.

However, the scanning rate of the interrogator in this case is limited by the maxi-
mum sampling rate (250 kS/s) of the data acquisition card (National Instruments PCI-
6023E) in the PC, allowing a maximum sampling rate of 125 kS/s per channel in the
system reported here. A 0.5 Hz signal is applied to provide a full amplitude OPD scan
of the interferometer (~ 8 mm).

The sensing array consists of 2 fibre Bragg gratings, with room temperature reso-

nant wavelengths of 1538 nm and 1550 nm. The reference gratings resonant wave-
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length was 1566.46 nm. The tunable filter was set to filter the components due to the

sensor gratings.

6.3 Results and Discussion

6.3.1 Results
Reference Grating Measurement Repeatability

The measurement repeatability of both a grating reference and a highly stable 1534
nm telecoms laser reference were compared by applying a near sawtooth (pulsed) wave-
form, c.f. Figure 6.2, to drive the piezoelectric controller to scan the OPD over the full

amplitude sweep of the stretcher. The resulting interferograms obtained from the all-

1

Amplitude
o o
=) )

o
IS

o
)

0 1 2 3 4 5
Time (s)

Figure 6.2: Pulsed sawtooth waveform applied to drive the piezoelectric controller.

fibre interferometer are shown in Figure 6.3. The low frequency fringes visible in the
interferogram are those generated on the flyback leg of the quasi-sawtooth waveform,
where there is a time lag between the applied signal and the relaxation of the fibre. The
interferograms obtained on the flyback leg are discarded due to the varying fringe fre-
quency caused by by an initial rapid relaxation of the fibre followed by a much slower
settling velocity. The interferograms are Hamming windowed prior to Fourier trans-
form processing to obtain the analytic signals. New delay values are obtained from the
unwrapped phase vector and the interferograms are interpolated to distribute them

evenly in delay as described previously in Section 2.2.9.
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Figure 6.3: Interferograms obtained from the reference laser and reference grating using a saw-
tooth waveform applied to the demodulator of Figure 6.1

The extent of the non-uniform scanning velocity of the piezo-electric stretcher can
be seen in the residuals to the unwrapped phase vector (Figure 6.4). Before OPD re-

calibration is carried out the total excursion is ~ 500 rad, and after the total excursion

is <0.01 rad.
— Phase résidual after ‘recalibration‘
300 —— Phase residual before recalibration
2001
100
o of
IS
14
-100f
-200
-300
-400 )
1 15 2 25 3 35
T x10
Figure 6.4: Phase residuals before and after recalibration
f;])(B(:terl]\4(32[811113111(311t5

Figure 6.5 displays the spectral measurements of the reference grating and reference
laser. The self referenced spectra (blue and red lines) are those obtained from OPD

calibration based on the temporal phase vectors of filtered interferograms using the
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tunable filter. The remaining spectra are those obtained by processing the compos-
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Figure 6.5: Comparison of spectral measurements obtained using both a laser and grating ref-
erence

ite interferograms containing both reference grating and laser frequencies. The com-
posite interferograms are referenced from both the filtered grating and laser interfer-
ograms. The spectral measurements from the composite interferograms are identical
within the resolution of the Fourier transform, ~ 286 pm for an 8.4 mm OPD scan (the

relative intensities in Figure 6.5 have been modified for display purposes).

Hilbert Transform Spectroscopic Measurements

The reference grating used for the above spectral measurements was temperature
stabilised by submersion in a beaker of water at room temperature. The water tem-
perature was monitored using thermocouples, and was stable to + ~ 0.1 °C. The wave-
length stability of the reference grating is compared to the stability of a 1534 nm tele-
com laser in Figure 6.6. The stability of the 1534 nm laser is quoted at < 1 pm over a
period of 24 hours. A residual to a fit to the recorded wavelengths (Figure 6.6) shows
that over the 14 scans taken there is + ~ 0.9 pm variation in the wavelength of the

reference grating over the duration of the experiment. The total OPD of the scans is
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Figure 6.6: Residual to a fit to the recorded resonant wavelength of the reference grating refer-
enced from a highly stable (< 1 pm) 1534 nm telecoms laser

calculated to be 8.4 mm and is obtained from the extracted phase vector according to

¢max
27

Aopp = ] x 1534.14x10%m (6.3.1)

6.3.2 Application to the Single Parameter Sensing of Temperature

The interferogram generated by the array of gratings is illustrated in Figure 6.7. The
interferogram generated from the flyback leg of the scan is discarded for processing.

The sampling density corresponds to ~ 5 samples per fringe. The interferograms are

300 T T
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200
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-100

Amplitude
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—-4001
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Time (s) % 10°

Figure 6.7: Interferogram obtained from the grating array when a sawtooth waveform applied
to the demodulator of Figure 6.1

processed as above, with the individual grating spectra being separated in the fre-
quency domain after delay calibration. The analytic signal for each of the individual
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gratings in the array can then be obtained, a temporal phase vector calculated for com-

parison with the reference phase vector, as described above (Section 6.1.1).
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Figure 6.8: Results recorded by gratings subjected to a temperature change from ~ 20°C - 50°C
referenced from a 1534.14 nm laser and from the 1566.46 nm grating.

Figure 6.8 illustrates the measurements made on the ~ 1550 nm grating when sub-
jected to temperature changes from ~ 12°C - 37°C. The measurements displayed are
obtained on the stretching leg of the interferometer. The slightly quadratic depen-
dence of the resonant Bragg wavelength to temperature is evident when a residual to
the linear fit to the temperature measurements is examined (Figure 6.8(b)).

The error over temperature range (quadratic fit) is + 3 pm for the grating refer-
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enced measurements and + 1 pm for the telecom laser referenced measurements. The
response of the grating to change in temperature obtained from the linear fitis ~ 8 pm
/°C. The difference in this value to the value reported in chapter 5 (~ 10 pm /°C) is a
consequence of the narrower temperature range, reducing the range of the quadratic
dependence and therefore the slope of a linear fit.

Ignoring the quadratic term in the responsivity of the grating introduces an error of
~ + 5 pm due to the deviation from linearity, corresponding to a limit in measurement
accuracy of temperature of ~ + 0.625 °C over the temperature range reported here.
The error introduced by ignoring the quadratic term also increases as the temperature

range is increased, as demonstrated in chapter 5, where ~ + 7 pm error was reported.

Interferograms generated using a sinusoidal waveform applied to the piezo-electric

stretcher

The sine wave applied to the demodulator is shown in Figure 6.9. The signal is DC
offset to ensure that a positive voltage is applied to the piezoelectric stretcher at all

times.

3.5¢

2.5¢

Amplitude

1.5¢

0.5¢

Time (s)

Figure 6.9: Sine wave applied to the piezoelectric stretcher to generate a series of interfero-
grams.

A 10 second acquisition of the interferometric output as the interferometer is repet-
itively scanned over an OPD by the piezo-electric controller, driven by a sinusoidal

signal generated by a signal generator, contains multiple interferograms as shown in
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Figure 6.10: All-fibre interferometer output with sinusoidal waveform applied to the piezoelec-
tric stretcher.
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Figures 6.10(a) - 6.10(b). The reference (grating) and measurand interferograms gen-
erated in a single sweep of the piezo-electric controller are shown in Figures 6.10(c)
and 6.10(d) respectively. Both of the interferograms from the single sweep can be used
for processing as opposed to the stretching leg only using the sawtooth waveform (cf.
Section 6.3.1). Prior to processing one of the full interferogram is extracted from both
the reference scan and the measurand/sensing scan (Figures 6.10(e) and 6.10(f)). The
interferogram is then windowed using a Hamming window to remove any spurious

spectral content in the Fourier transform.

Hilbert Transform Spectroscopy

An FFT is then performed on the windowed sections of the interferograms. The neg-
ative frequency and dc components of the spectrum are set to 0, which has the effect
of multiplying by the Heaviside function (Equation 5.1.2). An inverse FFT is carried out

to obtain the Hilbert transform of the original signal.
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Figure 6.11: Magnitude of the Fourier transforms of the measurand and reference interfero-
grams

The extent of the spectral degradation in the all-fibre interferometer due to the
stretching of the piezo-electric fibre stretcher can be seen in a plot of the spectrum
obtained from the section of interferogram, as illustrated in Figures 6.11(a) - 6.11(b).

The spectrum of the reference interferogram would be expected to show a single spike
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at the reflecting frequency of the reference grating but as can be seen there is additional
spectral content due to non-uniform sampling of the interfeometric OPD, 7.

The unwrapped phase is obtained from equation 2.2.46 and applying a Matlab un-
wrapping algorithm. Any non-uniformities in OPD sampling can then be corrected

for.
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Figure 6.12: Magnitude of the Fourier transforms of the measurand and reference interfero-
grams after OPD calibration

The ability of the Hilbert transform for correction of spectral degradation is illus-
trated in Figures 6.12(a)-6.12(b). The spectrum of the reference grating is now a single
spike centered at the reflecting wavelength of 1566.46 nm and the individual spectra
of all gratings in the array obtained from the measurand interferogram are also clearly
resolvable. The wavelength resolution of the Fourier transform (380 pm at 1550 nm)
can be obtained using a plot of the unwrapped phase. The number of fringes in the
processed component of the interferogram is easily extracted from the phase excur-
sion of 25402 radians. In this case a total OPD of 6.3 mm or a stretching of 2.25 mm is
achieved using the piezo-electric stretcher. The residuals to the phase before and after
calibration illustrate the extent of the non-uniform sampling problem (Figure 6.13).

After re-sampling, a second FFT is performed on the interferogram. The individual
spectra for all of the gratings are separated, which has the effect of removing the dc

and negative frequencies. An inverse FFT is then performed to allow determination
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of the phase for each grating from Equation 6.1.3. The mean grating wavelengths are

determined by unwrapping the phase and finding the gradient, c.f. Equation 6.1.8.
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Figure 6.13: Unwrapped phase vectors and residuals

Application to Single Parameter Sensing of Temperature

The ability of the all-fibre demodulator for single parameter sensing of temperature
is illustrated in Figure 6.14. The 1549 nm grating was cooled in an oven to ~ 5°C and
the temperature increased to ~ 88°C. The mean error over the temperature range is
~ +10 pm, corresponding to a temperature resolution of ~ +1°C.

Calculation of the gradient of a fit to the temperatures in Figure 6.14 allows de-

termination of the temperature dependent increase in the resonant wavelength of the
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Figure 6.14: Results recorded by gratings subjected to a temperature change from 7°C to 88°C.

grating, which yielded 8.3 pm/°C for this particular grating. However, the temperature
control over the reference grating in this case is not as good as in the work reported
for the sawtooth waveform and the strain results reported in the next section. A resid-
ual of a fit to the points again shows the slightly quadratic nature of the temperature
dependence of the Bragg wavelength to temperature.

The mean error over the temperature range reported here when referenced by the

grating is + 15 pm, which corresponds to a temperature resolution of + 1.5 °C.

Application to Single Parameter Sensing of Strain

To demonstrate the application of the demodulator to the measurement of strain, a
264 nm femtosecond laser inscribed grating was attached to the experimental setup to
replace the array of gratings. The grating was inscribed in a 1.3 m length of fibre and
both ends of the fibre were fixed to fibre mounts. One of the fibre mounts was mounted

on a translation stage and strain applied in 10 ue steps.

Figure 6.15(a) illustrates the capability of the all-fibre demodulator for measurement
of strain when referenced from a 1534.14 nm laser. The linear response of the grating
to strain can be obtained from the slope of a fit to the points, yielding ~ 1 pm /ue. In
both cases the tails at the start of the plots are due to the translation stage being moved

to take up slack before the fibre was actually being subjected to any strain.
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Figure 6.15: Results recorded by gratings subjected to 10 pe steps, referenced from a 1534.14
nm reference laser and referenced from the 1566.46 nm reference grating.

The efficacy of the demodulator when referenced from the 1566.46 nm reference
grating is illustrated in Figure 6.15(b). In this case the slope of a fit yields ~ 0.99 pm/ ue.
The reference grating in this case was temperature stabilised by placing it between two
sheets of paper and underneath a bath of water at room temperature.

The results from both the reference laser and reference grating were obtained from
interferograms obtained by sweeping an OPD in one arm of the demodulating inter-
ferometer by applying a sinusoidal waveform to the piezo-electric controller. The total
OPD processed was obtained from the unwrapped phase vector to yield 8.4 mm.

The mean error (referenced from the reference laser) over the range is + 3 ue which
corresponds to a wavelength resolution of + 3 pm. The mean error over the same range
when referenced by the grating is + 10 pe, which corresponds to a wavelength resolu-
tion of + 10 pm. This illustrates the need for tight control over the reference grating
temperature, as the wavelength resolution obtained in the last section where the tem-

perature control was not as tightly controlled was + 15 pm.
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6.3.3 Discussion

All-fibre Interferometer

The use of an all-fibre design has several advantages over bulk optic interferometers,
chief among which are portability and immunity to vibration. Davis et al. [28] have
previously applied a fibre Fourier transform spectrometer to the interrogation of an
array of FBGs where referencing was based on a 1.319 um laser using phase locked
loop control to provide a highly linear delay scan. However, the configuration reported
in [28] required 30 cm delay scans to provide a wavelength resolution of ~ 12 pm. The
all-fibre design reported here utilises Hilbert transform processing to achieve + 3pm

wavelength resolution from a processed delay scan of ~ 6.3 mm.

OPD Calibration

Previously reported applications of Hilbert transform processing for calibration of
delay [26,29] have been applied on bulk-optic mechanically scanned interferometers,
with calibration based on the temporal phase of a highly stable reference laser. In the
work reported here, delay calibration is based on referencing to a temperature sta-
bilised FBG. The efficacy of the referencing scheme based on the interferogram gen-
erated from a grating displays identical spectral measurements to a reference interfer-
ogram obtained from a highly stable laser (Figure 6.5).

The temperature stabilisation scheme (immersion in a beaker of water) for the
reference grating achieved a temperature stability of + 0.1°C when monitored using
thermocouples. While sufficient in laboratory controlled conditions, the same level of
stability could not be expected in a variable environment. The extracted phase val-
ues, ¢ (=wt), are dependent on the frequency of the light reflected from the reference
grating and, therefore, ideally require sub-picometer wavelength stability for accurate
delay tracking, as the Hilbert transform technique corrects for common mode non-

uniformities in the delay.
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Hilbert Transform Spectroscopy

Hilbert transform processing of an array of gratings requires that the individual grat-
ings are filtered in the spectral domain in an intermediate processing step. The mini-
mum wavelength resolution of FTS is dependent on the length of the delay scan. The
~ 6.3 mm scans reported in this chapter provide a wavelength resolution of ~ 380 pm
in the Fourier transformation, which is much greater than the spectral bandwidths of
the reference and measurand spectra. Figure 6.5 illustrated the identical spectral mea-
surements obtained from the reference laser and grating. However, Figure 6.6 showed
that the measurements obtained from the reference grating varied by ~ + 0.9 pm (cor-
responding to a ~ 0.09°C change in temperature at the grating site). This variation, and
the variation in strain measurements shown in Figure 6.15(b) where thermal control of
the grating was not as tight, demonstrate the need to have very good control over the

thermal stability of the reference grating.

Quadratic Dependence of the Bragg Wavelength

The quadratic dependence of the Bragg grating temperature coefficients has previ-
ously been reported by Flockhart et al. [30], and observed in the work reported in chap-
ter 5. The linear strain measurements obtained using the laser reference, illustrated in
Figure 6.15(a), when compared to the temperature measurements using an identical
interrogation unit and signal processing, as shown in Figure 6.14, illustrate that the
quadratic effect is not an artifact of the signal processing techniques reported in this

thesis.

6.4 Conclusion

This chapter reports on the development of a grating referenced all-fibre Michelson
interferometer for high speed demodulation of grating arrays. FTS and Hilbert trans-
form processing techniques are applied to interferograms obtained on the all-fibre,
mechanically scanned Michelson interferometer which is referenced from both a nar-

row linewidth, temperature stabilised fibre Bragg grating and a highly stable (< 1 pm)
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reference laser for comparison. Delay calibration based on both referencing schemes
exhibit identical FTS measurements.

The ability of the scheme to demodulate a fibre Bragg grating array is demonstrated
and applied to the measurement of both the thermally induced mean wavelength shift
and strain induced mean wavelength shift in the light reflected from a single fibre Bragg
grating in the array. Grating interrogation is conducted using Hilbert transform spec-
troscopic techniques where calculation of the mean resonant wavelength of the grating
is based on comparison of temporal phase vectors of measurand and reference inter-
ferograms obtained in a single scan of the interferometric OPD.

Wavelength resolutions of + ~ 3 pm are attainable when the configuration is refer-
enced from a source with a highly stable mean wavelength. Also demonstrated is the
capability for referencing based on an interferogram obtained from the light reflected
from a reference Bragg grating. In this case, the wavelength resolution attained was
~ +10 pm. Measurement resolution could be improved by having tighter control over

the temperature stability of the grating allied to a narrower linewidth grating.
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Chapter 7
Conclusion

7.1 Achievement of Objectives

The objectives of this thesis were; the development of a high resolution Fourier trans-
form spectroscopic (FTS) interrogator for measurement of the light reflected from an
array of fibre Bragg gratings (FBG); and the development of an all-fibre interrogator
based on Hilbert transform processing (HTP). These have been achieved through the
application of interferometric Fourier transform spectroscopy and the associated Hilb-
ert transform processing technique, to interferograms captured using customised in-
terferometric approaches.

FTS is an established spectroscopic tool for spectral measurement and an ideal
technique for the measurement of wavelength division multiplexed fibre Bragg grat-
ings. High resolution measurements of the reflected wavelengths from Bragg grat-
ing sensors have been obtained when operating in distinct environments. In the re-
ported mechanically scanned interferometric configurations, Hilbert transform pro-
cessing (HTP) has been shown to provide accurate optical path delay calibration based
on the recovery of the respective temporal phase values of co-captured high coherence
interferograms. This is despite the accumulating effects of spectral degradation in the
long-scan case.

FTS and HTP techniques have also been shown to be capable of high resolution
measurement of the intra-grating spectral detail of the individual gratings in an array.
The efficacy of a scheme based on collinear propagation of the reference and mea-

surand beams in the interrogating interferometer, allowing capture of both reference
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and measurand interferograms on a single photodiode, was proven to provide identi-
cal spectral measurements to those obtained from a singlemode reference.

HTP processing has also been applied to the high resolution interrogation of fibre
Bragg grating (FBG) sensors in an all-fibre interferometric configuration. HTP process-
ing bases measurement of the mean reflected wavelength from a fibre Bragg grating on
the ratio of the slope of the extracted temporal phase vector to that of a known refer-
ence. The performance of a grating based reference relative to a laser based reference
has also been evaluated.

Chapter 1 introduces the work reported in the later chapters. This work is then put
into context in the literature review in Chapter 2. The literature review offers a review
of the fields of interferometry and optical sensing, with particular focus on sensing
using fibre Bragg gratings. The theory of the processing techniques used throughout
this thesis is also discussed.

In Chapter 3, the observations on the failure of near infrared (NIR) femtosecond
laser inscribed FBGs were made when the gratings were exposed to high optical pow-
ers. The analysis was conducted using a drift compensated high resolution interfer-
ometric wavelength-shift detection scheme based on comparison of signal and refer-
ence phases. Grating spectra were also monitored using an optical spectrum analyser
for comparison with the wavelength shifts recorded by the interferometric configura-
tion. Measurements of optically induced wavelength shifts and damage experienced
by the gratings when exposed to high optical powers were achieved. The limitations of
the interferometric interrogation scheme for interrogation of gratings over extended
wavelength ranges were also demonstrated.

In Chapter 4, the Hilbert transform technique for delay calibration was applied to
long optical path difference (OPD) scans. The capability of the Hilbert transform tech-
nique for delay calibration in a mechanically scanned, customised Michelson inter-
ferometric configuration was demonstrated, despite the accumulating effects of non-
uniform delay sampling in the Fourier transform. The efficacy of a calibration scheme
based on propagation of a 632.8 nm Helium-Neon (HeNe) laser in 1550 nm fibre, where
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higher order modes were suppressed using a 50/50 coupler was also investigated and
compared to that of a single mode HeNe beam.

The customised Michelson interferometer and long-OPD calibration techniques
demonstrated in chapter 4 were applied to the high resolution Fourier transform spec-
troscopic (FTS) measurement of the light reflected from an array of fibre Bragg gratings
in Chapter 5. Both the measurement and reference beams were acquired on a single
InGaAs photodetector using collinear propagation of the ~ 1550 nm measurand beam
and 632.8 nm reference beam in 1550 nm fibre. Measurement of all of the gratings
in the array was made in a single scan of the delay in one arm of the interferometer.
The technique was evaluated, in the context of temperature sensing using one of the
gratings in the array, relative to the performance of a conventionally parallel propagat-
ing single mode reference. The robustness of the technique for measurement of non-
uniform temperature gradients was also demonstrated by introducing a chirp across
the grating.

In chapter 6, the Hilbert transform processing approach, used in Chapters 4 and
5 for high accuracy calibration of the mechanically scanned delay in the bulk optic
interferometer, was applied to interferograms captured in an all-fibre Michelson in-
terferometric configuration. The all-fibre configuration has potential for high mea-
surement bandwidths, and is ideally suited for application in structural health mon-
itoring. This approach demonstrated high resolution, absolute measurements of the
mean resonant wavelengths reflected from an array of fibre Bragg gratings. High res-
olution measurement of the temperature and strain induced grating wavelength shifts
was achieved in spite of short delay scans. The efficacy of a technique based on refer-
encing to an interferogram obtained from a reference Bragg grating was analysed and
compared to the results where referencing was based on interferograms obtained from

a highly stable reference laser.
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7.2 Summary of Results

In this section a summary of the results of the individual chapters is given below. The
reader is referred to the discussion sections of the relevant chapters for a more detailed

discussion on the results.

Chapter 3

Chapter 3 presents observations on optically induced wavelength shifts in NIR fem-
tosecond laser inscribed FBGs, and the implications of the high power losses. NIR in-
scription involves inducing damage (3 um spot size) in the core of the fibre producing
scattering sites along the length of the grating. The scattering of light into the cladding
results in varying temperature increases (~ 40 - 540 °C) at the grating site, with longer
gratings showing the greater temperature increases. The optically induced activity can
potentially result in damage to the gratings, inducing permanent spectral modifica-
tion. The implications of spectral modification for the interrogation unit deployed
for grating interrogation were also observed, with the spectral broadening incurring
a mean measurement of the wavelength shift (1 nm shift for the interferometric phase

comparison technique compared to spectral measurements using an OSA of ~ 7 nm).

Chapter 4

The Hilbert transform technique for calibration of the delay in mechanically scanned
interferometers was applied to scan lengths > 25x those previously reported in the lit-
erature. The efficacy of the technique for long-scan calibration was demonstrated for
two reference beams. The first was a transversely singlemode 632.8 nm HeNe beam
launched in to a customised Michelson interferometric configuration through 633 nm
fibre. The second was a quasi-singlemode HeNe where the 632.8 nm HeNe beam was
launched into the interferometer through 1550 nm fibre with suppression of the higher
order modes using a wavelength flattened 1330 - 1550 nm 50/50 coupler. Both refer-
ences exhibited identical spectral recovery, within the resolution of the Fourier trans-
form (1 pm).
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Chapter 5

The long-opd configuration demonstrated in Chapter 4 was applied to interrogation
of an array of FBGs in Chapter 5. High resolution measurements of the light reflected
from the individual gratings in an array were made in a single scan of the interfero-
metric OPD, with both the measurand (~ 1550 nm) and reference (632.8 nm) beams
captured on a single InGaAs photodiode. A 240 mm scan length provided a wavelength
resolution of ~ 10 pm at 1550 nm. The results when referenced from both the reference
beams described in Chapter 4, provided identical measurement within the measure-
ment resolution of the Fourier transform. The results were compared in the context of
temperature sensing on one of the gratings. Also demonstrated was a potential mea-
surement range of ~ 900 nm, but more practically could be applied over the entire E,

S, C and L telecommunication bands.

Chapter 6

The Hilbert transform techniques for delay calibration used in Chapters 4 and 5 were
applied to an all-fibre Michelson interferometric configuration. The all-fibre interfer-
ometric configuration was scanned at a frequency 0f ~ 0.5 Hz to provide a delay scan
of 6.3 mm. The efficacy of the interrogation unit to provide high resolution measure-
ment when referenced from both a Bragg grating and a telecom laser were evaluated in
the context of temperature and strain measurement. High resolution measurement of
the reflected wavelengths from an array of FBGs was demonstrated, providing ~ 3 pm
wavelength resolution, corresponding to a ~ 0.3 °C temperature resolution or ~ 3 ue
strain resolution, was achieved when referencing from a highly stable telecom laser. A
~ 10 pm wavelength resolution, corresponding to a ~ 0.3 °C temperature resolution or

~ 10 pe strain resolution, when referenced from a Bragg grating.

7.3 Future Investigations

Near infrared femtosecond laser inscribed FBG losses

The work reported in Chapter 3 demonstrates the need to have tight control over
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grating quality in high power applications. Further investigations are required to fully
understand the loss mechanism and to optimise the inscription mechanism. Work
needs to be done to minimise such losses, which are not necessarily intrinsic to the

femtosecond writing process.

Bullk-optic interferometric interrogation of FBG arrays

The bulk-optic interferometric configuration which was demonstrated in Chapters 4
and 5, where delay calibration is conducted entirely in software using the Hilbert trans-
form technique, could be implemented in an all-fibre configuration. Such a scheme
could also provide simultaneous measurement of all of the gratings in an array, poten-
tially spanning a 900 nm range, in a single scan of the interferometric OPD. The scheme
would also be capable of providing high resolution measurement of the intra-grating
spectral detail, which could be valuable for the detection of non-uniform measurand
fields at the grating site. Implementation in an all-fibre configuration would be more
suitable for application outside laboratory conditions, where vibration would become
more of an issue, introducing further spectral content in the Fourier transform, in a

bulk-optic interferometer.

All-fibre Interferometer

The work presented in this thesis shows strong potential for development from the
proof of concept stage to commercialisation. All-fibre interferometers are an attrac-
tive alternative to bulk-optic interferometers for real world applications because of the
ease of removing from laboratory conditions. Higher measurement bandwidths can be
achieved with piezo-electric stretchers compared to conventional translation stages,
however there is a corresponding decrease in the length of the delay scans (~ 1 mm @
~ 900 Hz). However, high resolution measurements of the mean reflected wavelength
from a fibre Bragg grating have been reported for far shorter OPD scans using Hilbert
transform processing than achievable with conventional FTS, with Flavin et al. [1] re-

porting wavelength resolutions of ~ 7 pm obtained from a 1.2 mm scan.
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In the all-fibre interferometric configuration, the gain-bandwidth product of the
amplifiers and the maximum sampling rate of the data acquisition card (DAQ) card
limited the scanning velocity of the stretcher. The use of amplifiers with higher gain-
bandwidth products, cascaded amplifiers, or higher power power broadband sources,
such as those based on the supercontinuum effect, in conjunction with higher specifi-
cation DAQ cards, would allow higher measurement bandwidth.

The demonstration of the different responses to temperature and strain open up
the possibility of a single demodulator capable of discriminating between strain and
temperature. Simultaneous measurement of strain and temperature has been reported
using the first and second order diffraction wavelengths of Bragg gratings [2], where the
particular condition that the ratio of the temperature and strain coefficients at both

diffraction wavelengths differ must be met.
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Appendix A

Electromagnetic Wave Theory

The wave equations describing electromagnetic wave propagation can be derived
from Maxwell’s equations. These equations can be applied to the analysis of wave
propagation in optical fibres once the following assumptions have been made on the

physical structure and composition of the waveguide.

* The waveguide is assumed to consist of a linear, isotropic, homogenous, lossless
dielectric material without any sources such as currents and free charges aswell

as an absence of ferromagnetic medium [1].

Defining E as the electric field vector, D= ¢ E as the electric displacement vector,
where € is the permittivity, H as the magnetic field vector and B= uH as the magnetic

flux vector, where p is the permeability, Maxwell’s equations

6B
fooai=— [] 2.as wo)

OE
?gB-dl:uoeoff —.dS (A.0.2)
c A0t
# B.dS=0 (A.0.3)
A
# E-dS=0 (A.0.4)
A
can be written as follows: [1, 2]
V xE OB (A.0.5)
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V.B=0 (A.0.8)

Wave equations describing the phenomena of electromagnetic fields within an optical
waveguide can be obtained by taking the curl of A.0.5 and substituting A.0.6 to get

5%E
Vx(VxE)= el (A.0.9)

Using the vector identity V x (Vx ) =V.(V. ) — V2 provides one homogenous wave

equation
’E

52 (A.0.10)

V2E = €g o

Similarly, for the magnetic field, taking the curl of equation A.0.6 yields the second

wave equation
’B

V2B = eypio—
oMo 512

(A.0.11)

These are the scalar wave equations for the electric and magnetic field components.

For a guided wave traveling in the z-direction (along the fibre axis) with a radian
frequency w and a propagation constant 3, as defined in Section 2.1.3, the electric field
vectors are usually defined in cylindrical co-ordinates to be spatially and temporally
harmonic phasors [3]

E = Ey(r, ) e!@=P?) (A.0.12)

B = By(r,¢p)e'@i=F? (A.0.13)
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Substitution of A.0.13 into A.0.10 and A.0.11 provide

1(5E2+irﬁE )——iw B

r\oé¢ ?) " HEr
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(A.0.14)

(A.0.15)

(A.0.16)

(A.0.17)

(A.0.18)

(A.0.19)

By eliminating variables these equations can be rewritten such that when E, and B,

are known the remaining transverse components can be determined [3, 4]. Doing so

yields

B __L(ﬁaEZ ,u_wc‘)‘Hz
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(A.0.20)

(A.0.21)

(A.0.22)

(A.0.23)

where g = w?eu — f? = k? — 82 Substitution back into A.0.19 results in the wave equa-

tion in cylindrical co-ordinates [2-5],

6 16 1 62

2 2
52 rar rsge T K P
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