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Preface

Alhamdulillah... Praised be to Allah s.w.t... Peace and Blessing be to Prophet
Muhammad s.a.w...

While preparing this book, we were in contact with numerous researchers,
academicians, and professionals. They have contributed toward the understanding
and thoughts of physics and fibre sensors. In particular, we wish to express our
sincere appreciation and gratitude to Prof. Dr. Jalil bin Ali from Faculty of
Science UTM, Assoc. Prof. Dr. Hazri bin Bakhtiar from Laser Centre UTM, Nurul
Amirah bt Yusof from Ministry of Health Malaysia, Muhammad Hakeem Anagqi,
and Muhammad Hazeeq Arfan for their motivation, support, and patience. Last but
not least, we like to thank our family members and friends for their endless support.
Without their continued support and interest, the completion of this book would
definitely impossible and keep in imaginary nature.

This book serves to design, construct, and analyze the optical FBG and NCF
sensing system in indoor and outdoor environment, within different refractive
indexes, under different solutions, and different temperatures. The FBG and NCF
sensing system has been analyzed, the performance has been investigated, and the
characteristics of the system have been reported. The performance of the system has
been investigated in terms of Bragg wavelength shift, no-core wavelength, FWHM,
and intensity. The fundamentals of FBG and NCF have been discussed in details.
At the end, the model design of FBG and NCF sensing system has been developed
successfully.

This book consists of six chapters, namely Introduction, Operational Principles
of Fibre Bragg Grating and No-Core Fibre, Theory, Methodology, Research
Finding, and Conclusion. The overview and motivations of this book are discussed
in Chap. 1, which includes its objective. The principles of FBG and NCF are
discussed in Chap. 2, which includes the writing techniques and preparation
techniques of FBG and NCF. The historical perspective of FBG and NCF is also
discussed in this chapter. In Chap. 3, the theoretical part of FBG and NCF is given.
This includes the coupled mode theory analysis, operational principles of FBG and
NCF, and characteristics of both FBG and NCF. Chapter 4 explains the experi-
mental set-up and methodology used in the experiments, in order to prepare this
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book. Results, analysis, discussion, and evaluation of the performance of FBG and
NCF sensing system are discussed in Chap. 5. Bragg wavelength shift and no-core
wavelength are among the main criteria discussed in this book. At the end, the
conclusions of this work are described in Chap. 6.

Hopefully, this book may lead to the fundamental study on FBG and NCF,
especially in sensing field.

Johor Bahru, Malaysia Suzairi Daud
Jalil Ali
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Abstract

A prototype of fibre Bragg grating (FBG) and no-core fibre (NCF) sensing system
has been designed, constructed, developed, and evaluated. Indoor and outdoor FBG
temperature sensor system has been developed where the commercial FBG has
been tested under controlled environment (lab based) and uncontrolled environment
(outdoor based). The sensitivity of the system has been evaluated in different
refractive indexes of solutions, different placements of sensor, under focused and
unfocused elements and under different temperatures. The NCF has been incor-
porated into the FBG and the performance of the system has been evaluated. The
combination of FBG and NCF can be used as a very useful tracking system,
especially for the temperature and surrounding refractive index (SRI) sensing. For
the purposes, TLS was used as the broadband light source and the output spectra
been displayed through the OSA, where both transmission and reflection spectra
of the system have been analyzed. The performance of FBG and NCF has been
investigated in terms of Bragg wavelength shift, no-core wavelength, FWHM, and
power dip. The sensitivity of FBG and NCF were calculated using the related
formula, based on the data taken. Results show that the sensitivity of FBG and NCF
system is directly proportional to the temperature change and SRI number, for both
indoor and outdoor environment. Thus, a prototype FBG and NCF sensing system
has been developed successfully.

XiX



Chapter 1 )
Introduction Check or

1.1 Overview

This book will give an overview of fibre Bragg grating (FBG) and no-core fibre
(NCF) sensors. The working principle of FBG and NCF will be discussed and
explained in detail where the main motivation of writing this book is as a reference
for researchers and academicians to gain knowledge on FBG and NCF-based fibre
sensors. This book will focus on one of the basic SI (International System of Units)
systems, which is temperature. Temperature is the most measured physical
parameter for most processes in nature and temperature-dependent industries.
Accuracy in temperature measurement or investigation is essential not only for the
safety, but also for the efficacy of the operation and regulation of the industrial
processes.

A sensor is a device that measures a physical quantity and converts it into a
signal which can be read by an instrument. For example, mercury in glass ther-
mometer converts the measured temperature into expansion and contraction of the
liquid which can be read on a calibrated glass tube. A thermocouple converts the
temperature measurement to an output voltage which can be read by a voltmeter.
Temperature is an important and most commonly measured parameter in everyday
applications. Traditionally, semiconductor sensors, platinum-resistance sensors,
thermistors, and thermocouples are most commonly utilized for temperature mea-
surements. For most applications, these conventional temperature sensors are
adequate for their purposes. However, these all are not reliable due to the lack of
intrinsic safety, their characteristics of being electrically active, and poor lifetime at
excessive temperatures. These conventional temperature sensors are all point-based
sensors. In other words, they are localized sensors, which can only provide a
temperature reading over a small area rather than providing an overall temperature
profile. These types of sensors are suitable for passive multiplexing, but difficult in
practice, due to size limitations.

© The Author(s) 2018 1
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Fibre optic sensor (FOS) has emerged as a modern device in sensing technology
since the photonic probe made its tentative appearance in the mid of 1960s. FOS
can be classified as fluorescent/spectrally based, intensity-based, or interferometric
sensors. Fluorescent-decay, blackbody radiation, Fabry-Perot, interferometric,
polarimetric, and dual mode temperature sensors are examples of sensors used in
fibre optic temperature sensing. Due to its unique advantages, optical fibre sensor
offers a number of distinguished and excellent advantages over conventional
Sensors.

The most important innovation of the FOS is the development of fibre Bragg
grating (FBG) sensor. FBG temperature sensors are an ideal, intelligent distributed
temperature sensor for real-time temperature monitoring. The principle of the FBG
temperature sensor is based on the measurement of the reflected Bragg wavelength.
FBGs are compact sensing elements, which are relatively inexpensive to produce,
easy to multiplex, and applicable to a range of physical measurements. The gratings
of FBG are uniformly spaced regions in the fibre where the refractive index has
been raised from the rest of the core. These radiations scatter light by the Bragg
effect.

The first fibre photosensitivity in germanium-doped silica fibre was discovered at
Communication Research Center in Canada in an experiment conducted by Hill and
his co-workers. Intense visible light from an argon ion laser was launched into the
core of the fibre to study the nonlinear effects. The fibre attenuation was increased
under prolonged exposure and the intensity of light back-reflected increased with
time with all of the incident radiation back-reflecting out of the fibre. The increase
in reflectivity resulted in permanent refractive index grating called Hill gratings.
The experiment obtained a permanent index grating with 90% reflectivity for argon
laser-writing wavelength. The modulation index change, An, was estimated to be
approximately 10> to 107 within a very narrow bandwidth (20 MHz). However,
the grating only functions at the writing wavelength and in the visible part of the
spectrum. Their potential for applications in sensing and telecommunication will be
recognized in view of the writing characteristics.

However, most of the recognized pioneering works about the FBG and its
applications were only published a decade later after its discovery by a group of
researchers at United Technology Research Centre. FBG plays a crucial role in
sensing technology due to its unique smart structure. For this reason, it is a requisite
for researchers to establish a better understanding of the FBG sensor in temperature
sensing. Since the FBG’s first discovery in 1978, numerous works have been
conducted by researchers for the development of FBG sensor. FBG is one example
of distributed Bragg reflector constructed in a short segment of optical fibre that
reflects a particular wavelength of light and transmits all the others. This is achieved
by appending a periodic variation to the refractive index of the fibre core, which
generates a wavelength of a specific dielectric mirror. It can be used as an inline
optical filter to block certain wavelengths or as a wavelength-specific reflector.
Until today, FBG sensor is one of the most important, useful, and economical
optical fibre sensors available.
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Currently, FBG has been used as a very crucial sensor due to its excellent
performance and sensitivity. As a result of its smart structure, excellent linear
characteristics, immunity to electromagnetic interference (EMI), low fibre loss, and
other outstanding advantages, FBG emerges as an important technology in fibre
optic sensing. FBG is used in accurate measurement of temperature in a variety of
environments, including harsh environment, underground, underwater, and in dis-
aster areas. FBG sensors are dielectric and virtually immune to EMI. It can with-
stand hostile environments, including environments with high and excessive
temperatures. It is capable of measuring temperature up to 1000 °C.

Multimode optical fibre is a type of optical fibre used mostly for communication
over short distances, such as within a building or on a campus. Typical multimode
links have data rates of 10 Mbit/s to 10 Gbit/s over link lengths of up to 600 m
(2000 feet). For this reason, a little thinner no-core fibre (NCF) is used instead of
traditional multimode fibre. The advantages of thin NCF is that it exhibits a more
sensitive response to the changes in the environment. The jointing point with
single-mode fibre (SMF) is a taper, which is easier for light to couple into NCF and
will improve the sensing sensitivity. When the strain or curvature of the fibre
changes, there will be a wavelength shift response of the sensor. Because there is no
cladding, the NCF sensor is more sensitive than traditional fibre sensors. The main
index-sensing mechanism of NCF is based on the wavelength shift of multimode
signals’ interference (MMI). When the incident light wave propagates along the
axial direction of NCF, the outer medium of the adjacent substance will sense a
lower index compared to the cladding layer index of the fibre. It facilitates a total
internal reflection as a result of the Frensel reflection. In addition, the peak wave-
length of the sensor can be changed by simply changing the length of the NCF.

FBG sensors can be incorporated into optical fibre cables. These sensors can be
embedded into a new structure or surface-bonded onto an existing structure. This
allows real-time monitoring of structure which will ultimately lead to truly smart
sensor and provide fatigue data for subsequent analysis. As a result, FBG is able to
play a crucial role in sensing technology. Nowadays, decent and sophisticated
techniques in temperature measurement have become very important and necessary
for safety precautions in industrial requirements.

1.2 Optical Fibre Bragg Grating and No-Core Fibre
Sensors

Among the main motivations or objectives of writing this book is to share
knowledge on designation, construction, and development of temperature sensor
system using FBG and NCF sensors in indoor- and outdoor-based environments.
Until now, a commercial germanium-doped silica fibre FBG is used and incorpo-
rated with a multimode NCF. This book will discuss the performance and uses of
FBG and NCF in daily routines. The effect of temperature variations on the



4 1 Introduction

characteristics of FBG and NCF temperature sensors will be discussed and
explained in detail. How do the changes of Bragg wavelength, bandwidth, and
reflectivity of FBG and NCF respond to temperature variation? How do the char-
acteristics of FBG sensor respond to the changes in temperature under different
environmental conditions and placement heights? How do the FBG and NCF react
when pressure is applied to the sensors?

This book will discuss the design, construction, experiment, and measurements
of the performance and sensitivity of FBG and NCF sensors in indoor and outdoor
environments. This book will also discuss the performance of FBG and NCF sensor
systems at different placement heights and pressure. This is important to evaluate
the effect of location and pressure on the FBG and NCF for multiple purposes. In
the end, the efficiency of the focusing elements on the FBG and NCF sensor heads,
based on transmission and reflection spectra will be discussed. This book enables us
to understand the performance of FBG and NCF sensors by examining the char-
acteristics and properties of the spectra. Different types of liquids and sudden
changes in the outdoor environment such as temperature variation, rain, and wind
might affect the stability of the sensor. With the increasing need to monitor
structures such as bridges, tunnels, highways, dams, aircraft wings, and spacecraft
fuel tanks, it is imperative to design and develop an effective sensor system which
can detect any sudden changes in strain, pressure, and temperature. For this reason,
the knowledge and evaluation of FBG and NCF sensors are very crucial. This book
will deepen and enhance understanding of FBG and NCF temperature-sensing
performance. The effect of the properties of FBG and NCF in three different liquids
and temperatures will be examined. This enables us to apply the FBG and NCF
temperature sensors in various fields, such as medicine, construction, manufactur-
ing, industry, and many more.

1.3 Organization of Book

This book is divided into six chapters, beginning with a brief introduction and the
overview of FBG and NCF in this Chapter. The review of the fundamentals of FBG
and NCF and the overview of FBG and NCF for temperature sensing are provided
in Chap. 2. In Chap. 3, the theoretical discussion of FBG and NCF will take place.
This includes the coupled-mode theory (CMT) analysis, properties, optical
response, and characteristics of FBG and NCF. Chapter 4 explains the experimental
setup and methodology used for the investigations on FBG and NCF. The results,
analysis, and discussion of the performance evaluation of FBG and NCF sensing in
the indoor and outdoor environment will be discussed in Chap. 5. The Bragg and
no-core wavelength response with respect to the temperature variation will be
analyzed. Finally, the book is concluded in Chap. 6.
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Operational Principles of Fibre Bragg e
Grating and No-Core Fibre

2.1 Fibre Bragg Grating

Fibre optics is an overlap of applied science and engineering concerned with the
design and application of optical fibre. Normal optical fibre s possess a uniform
refractive index along their lengths. Such fibre is referred to as fibre Bragg grating
(FBG). FBG is defined as a periodic perturbation of a refractive index formed by
exposing its naked core to an intense optical interference pattern. FBG is a passive
optical component which selectively reflects and transmits lights at certain wave-
lengths. The portion of light where the wavelength is equal to the Bragg wavelength
will be reflected and the rest will be transmitted through the FBG. The refractive
index variation scatters light that passes through the fibre. It provides modulation of
core refractive index for single-mode fibre. In FBG, the gratings are uniformly
spaced regions in fibre where the refractive index has been raised from the rest of
the core. These radiations scatter light and they are called the Bragg effect. Every
time the light hits the region of the scattered higher refractive index, a few light
beams will be scattered from each higher index zone, interfering constructively and
producing strong refraction as shown in Fig. 2.1. High-index regions scatter light at
other wavelengths, but the scattered wave differs in phase by canceling each other
out in destructive interference.

These nonresonant wavelengths are transmitted through the grating with low
losses along the fibre. It is one of the most important examples of optical fibre
designed to serve the function of optional components and emerges as an important
technology in fibre optic sensing. Gratings in FBG are induced by exposing the
fibre core to a periodic pattern of UV light over an extended time and the prolonged
exposure results in FBG, as shown in Fig. 2.2.

© The Author(s) 2018 5
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2.2 Writing Technique

There are a few ways to fabricate the Bragg grating, including internal and external
writing technique, sequential writing technique, photomask technique, and point-
by-point technique. The first in- fibre Bragg grating was demonstrated by
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Ken Hill in 1978. Initially, the gratings were fabricated using a visible laser propa-
gating along the fibre core. In 1989, Gerald Meltz and his colleagues demonstrated a
considerably more flexible transverse holographic inscription technique where the
laser illumination came from the side of the fibre. This technique uses the interference
pattern of ultraviolet laser light to create the periodic structure of the fibre Bragg
grating. This section will discuss the internal and external writing techniques of FBG,
the easiest and most economical technique.

2.2.1 Internal Writing Technique

Bragg gratings were first fabricated using internal writing technique. Figure 2.3
shows the schematic diagram used for generating self-induced Bragg grating in
internal writing technique. Intense argon-ion laser radiations with 488 nm wave-
length are launched into a short piece of germanium-doped fibre for a few minutes.
An increase in reflected light intensity occurs and continues to grow until almost all
the lights are reflected from the fibre. The coherent light propagating in the fibre
together with a small amount of light are reflected back from the end of the fibre
which generates a standing wave pattern in the fibre. This standing wave pattern
creates an index modulation in the fibre core through photosensitivity method.

(—1} Power Meter

i 50% M,
Single Mode Argon rea <,
I Absorber

Variable x50 Objective
Attenuator / o
i Rigid Quartz Clamp
Optical Fiber Enclozed m
Quartz Tube
Spring
T Steal .
Cldm Position
Sensor

Po:itiiml 655_%
ower Meter

Fig. 2.3 Schematic diagram used for generating self-induced Bragg grating
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Special measurements confirm that a very narrow band Bragg grating filter is
formed with 90% reflectivity over the entire one-meter length of the fibre. It is
shown that this grating can be used as a feedback mirror for a laser or as a sensor for
strain measurements by stretching the fibre. Unfortunately, it reflects light only at
the wavelength of the writing light. This limitation is then overcome ten years later
after the external writing technique was invented by Hill and his co-workers.
Internal writing technique is not commonly used due to the inefficiency of the
writing process. This is because the Bragg grating is formed by internal writing.
The limitation is the wavelength of the reflected light too close to the wavelength at
which they are written.

2.2.2 External Writing Technique

The external writing technique was first reported in 1988. External writing technique
can be classified into three groups, which are interferometric technique,
point-by-point technique, and phase-mask technique. The techniques differ in the
principle of writing and consequently, the equipment used in the writing process.
External writing technique is more used compared to internal writing technique due to
its ability to overcome the limitation of internal writing technique. For this reason, the
transverse holographic technique is used. In this technique, fibre is exposed externally
from the side to an interference pattern formed by two coherent UV beams. The period
of photo-induced grating depends on the angle between the two interfering UV
beams. In principle, Bragg gratings can be made to function at arbitrary wavelengths
by adjusting the angle of the interference between the UV beams. This basic concept
of FBG fabrication makes them suitable for various applications.

An alternative setup based on a prism interferometer is shown in Fig. 2.4. In this
system, UV beam is directed through the hypotenuse face of a right-angle prism
towards the apex in such a way only half of the beam is incident on the bank face.
The other half of it undergoes reflection from the side face. The reflection of the
beam is directed towards the back of prism where it can interfere with rest of the
beam. In this case, the interference pattern is generated using total internal reflection
from the prism that might be in contact with the fibre. The interferometer is very
stable and allows the fibre to be illuminated for a long time. However, both the
prism interferometer and the transverse holographic techniques require careful
angular alignment of the interferometer to monitor the Bragg wavelength.

2.3 Historical Perspective of Fibre Bragg Grating Sensor

FBG is a type of fibre optic sensing which can work as a supersensitive sensor due
to the extra-sensitive gratings in the optical fibre itself. FBG works as a sensor when
changes in a particular environmental variable are correlated with Bragg
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Fig. 2.4 Schematic diagram of the setup used for transverse holographic technique

wavelength shifts in the reflection and transmission wavelengths of FBG, such as
refractive index, strain, and temperature. With the existence of Bragg grating in an
optical fibre, the grating reflects and transmits narrow bandwidth of light centered at
the Bragg wavelength within the transmission spectrum. The reflection and trans-
mission wavelengths are dependent on the Bragg grating period and the guiding
properties of the fibre.

Representative values of the strain- and temperature-induced wavelength shift
for the grating produced in silica fibre are 1 and 10 pm °C™' at 1300 nm wave-
length respectively. The use of such devices for temperature sensor has been
reported in the 1990s by Jung and team. These results and observations were in
good agreement with the research work on FBG temperature sensing done by
Edmon and team in 2004. Selected FBG temperature sensor with the sensitivity of
16.5 + 0.1 pm °C™" and in the range of —60 °C to 150°C at 1550.63 nm wave-
length has been designed and developed by Ramesh and his team in 2006. In 1981,
Lam and Garside successfully proved the relationship between photo-induced re-
fractive index and strength of UV light exposure. This led to the discovery of a new
technique that led to the external fabrication of FBG in germanium-doped silica
fibre.

The side-writing technique was discovered by Meltz and his team in 1989, and
greatly simplified the previous Hill’s method. Since Meltz’s work was published,
new technologies for fabricating and producing FBGs have been developed rapidly.
The new techniques overcome the complexity of FBG manufacturing process and
make them reproducible at lower costs and shorter time. Finally, FBG becomes
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beneficial in many commercial applications in optical fibre communications and
sensor systems, including their potentials in temperature and strain sensing.
Following the realization of low-loss optical waveguides in the 1960s, optical fibre
fibres have been developed to the point where they are now synonymous with
modern telecommunication and optical sensor networks. The success in optical
fibre properties such as low transmission loss, high optical damage threshold, and
low optical nonlinearity renders them useful for telecommunications and sensing
technologies.

In 1999, Ramesh and his co-workers designed and fabricated an FBG temperature
sensor with a wavelength of 1550 nm by using the phase-mask technique. Excellent
linearity between the shift in the center wavelength and temperature were observed in
temperatures ranging from —60 to 150 °C. The center wavelength of the FBG was
observed at 1550.36 nm. Its performance was characterized by monitoring the shiftin
the Bragg wavelength as a function of temperature. This is described by a linear
equation given by 7' = KL + b, where T represents the temperature in degree Celsius,
K is the thermal expansion coefficient, L is the position of the Bragg wavelength
measured using an optical spectrum analyzer, and b is the wavelength position that
corresponds to 0 °C temperature. It exhibits a shift in the center wavelength of
0.01 nm °C™' change in every single temperature change. This means, for every 1 °C
temperature change, it leads to a center wavelength shift of 0.01 nm.

In 2004, Edmon and co-workers investigated the transverse load and temperature
sensitivity of fabricated FBG in a range of commercially available stress and
geometrically induced high birefringent (HiBi) fibre. The reflected wavelengths of
the FBG in each Eigen mode polarization were measured independently and
simultaneously using a costume-designed interrogation system. HiBi FBG for
temperature sensor with a maximum sensitivity of 11.5 & 0.1 pm °C™' was
investigated. The temperature sensitivity of 9.0 pm °C™' at a low temperature
which changed to 17.5 pm °C™" at 1000 °C was reported in 2004. The highest
sensitivity of 16.5 pm °C~' was measured using the HiBi FBG fabricated in a
PANDA ring resonator fibre. This value was approximately 27% greater than any
other types of fibre. The physical geometry of the fibre core and cladding, and the
presence of stress-applying parts, influenced the sensitivity of FBG.

In 2005, Hilaire and team wrote an FBG at an arbitrary wavelength without
extensive recalibration and reconfiguration of the writing equipment in some
embodiments. A pair of writing beams was used to expose the fibre and the crossing
angles of the writing beams can be adjusted. In the same year, a group of
researchers at NASA Glenn Research Center evaluated the performance of a device
at high temperature up to 1000 °C using commercially available polyimide-coated
high-temperature gratings to assess the stability of FBG at high temperature.
The gratings were placed in a furnace and the generated signals were sent to a
photodetector, and from there, to a spectrum analyzer. The signals generated were
then fed into a computer equipped with LabVIEW software. The software was used
to control and monitor the equipment, as well as to process the data taken. Tests
including thermal cycling from room temperature to 750 °C and up to 1000 °C, as
well as prolonged exposure of the gratings to 1000 °C were completed. The tests
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confirmed the formation of secondary thermally stable gratings in the
germania-doped glasses at high temperature. The secondary gratings were formed
in place of the primary ones originally written by the UV light. The secondary
gratings became dominant at high temperatures.

In 2007, Bowei and Mojtaba successfully demonstrated that molecular water
FBG possessed a higher sensitivity compared to that of a high temperature-resistant
FBG fabricated using hydrogen-loaded conventional FBG which has been given
thermal annealing treatment at a temperature around 1000 °C. The shift in Bragg
wavelength with the change of temperature was used as an effective factor for the
temperature sensing on temperature compensation in other sensing, including
the ones in their research. The sensitivities of FBGs were determined by observing
the shift of Bragg wavelength with temperature change. The variations of Bragg
wavelength shift with respect to the temperature change were almost linear at higher
temperature ranges. The sensitivity of the sensor increased from 9.0 pm °C™" at low
temperature and up to 17.5 pm °C~" at temperatures around 1000 °C, whereas the
conventional hydrogen-loaded FBG possessed 16.6 pm °C™" as compared with
15.0 pm °C™" at temperatures around 700 °C.

In 2008, Ho fabricated a single-mode FBG using phase-mask technique. KrF
excimer laser was used as the UV source. The FBGs were fabricated with different
pulse energies and exposure times. The sensitivity of FBG was determined using
three different mediums, namely liquid, air, and metal. From the research done, it
was concluded that the phase-mask technique is suitable for FBG fabrication and
FBG can be used as a sensor in different media. This research was then continued
by Daud in 2010. He investigated the sensitivity of commercial and fabricated FBG
in harsh environments, including in high temperature and rainy and windy weather.
It was found that FBG can be used in a variety of environments.

2.4 Why Fibre Bragg Grating Sensor?

The existence of FBG in the fields of sensor technologies is very much appreciated.
FBG reflects a narrow spectral part of light guided in the fibre core at the Bragg
wavelength, which is dependent on the grating period and the refractive index of
fibre core itself. The grating period is highly sensitive to small changes in
mechanical strain, temperature, humidity, and other physical parameters, including
the refractive index of the fibre. What distinguishes the FBG sensor from con-
ventional electrical strain gauges are its excellent linear characteristics, immunity to
electromagnetic interference, low fibre loss (over many kilometers), highly multi-
plex distributed sensor arrays, and intrinsic safety in explosive environments. FBG
sensor gives high accuracy, sensitivity, and immunity to radio-frequency interfer-
ence. It has the ability to be made into a compact, lightweight, and rugged device
small enough to be embedded and laminated into structures or substances to create
smart materials that can operate in harsh environments, such as underwater, where
conventional sensors cannot work.
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FBG sensor has the ability to accommodate multiplexing and an inherent low
transmission loss at 1550 nm wavelength, which allows one to use many sensors on
a single optical fibre at arbitrary spacing. In other words, it can be highly multi-
plexed; the installation and use of FBG are very straightforward. With the grating
multiplex on a single fibre, one can access many sensors with a single connection to
the optical source and detector. It gives the potential low cost and results of the
high-volume automated manufacturing process. FBG can also be used in explosive
atmospheres, either in natural gas or oil. FBG has rugged passive components,
resulting in a high lifetime. It is small in size and can be easily embedded into the
desired areas. It forms an intrinsic part of the fibre optic cable that can easily
transmit measurement signal over several kilometers. There are no interferences
with electromagnetic radiation, so it might work in many hostile environments
where conventional sensors would fail. FBG does not use electrical signals as well,
thus making it intrinsic safety. It has the ability to multiplex many sensors using
only one optical fibre, driving down the cost of the complex control system. FBG is
highly reliable and cost-effective. It can produce fast and accurate measurements
and does not require on-site power supply. It is highly sensitive, thus having a faster
response time.

The criteria of fibre optic sensors include wide bandwidth, compactness, geo-
metric versatility, and economic. It is characterized by high sensitivity compared to
other type of sensors. It is passive in nature due to the dielectric construction.
Specially prepared fibre can withstand high temperature and harsh environments.
In telemetry and remote sensing applications, it is possible to use a segment of the
fibre as the sensor gauge while a long length of fibre can convey the sensed
information to a remote station. Signal processing devices like splitters, combiners,
multiplexers, filters, and delay lines are mostly made of fibre elements, thus
enabling the realization of an all—fibre measuring system. Recently, photonic
circuits have been proposed as a single-chip optical device or signal processing
elements which enable miniaturization, batch production, economic, and enhanced
properties. Optical fibre, being a physical medium, is subjected to perturbation of a
kind or other at all times, therefore experiences geometrical (size, shape) and optical
(refractive index, mode conversion) changes to a larger or lesser extent depending
on the nature and magnitude of the perturbation. In communication applications,
one tries to minimize such effects so that signal transmission and reception are
reliable. On the other hand, the response to external influence is deliberately
enhanced so that the resulting change in optical radiation can be used as a measure
of the external perturbation in fibre optic sensing systems. In communication sys-
tems, the signal passing through a fibre is already modulated. In sensing systems,
the fibre acts as a modulator. It serves as a transducer and converts measurements
like temperature, stress, strain, rotation, and magnetic currents into a corresponding
change in the optical radiation. Since light is characterized by amplitude, phase,
frequency, and polarization, any one or more of these parameters may undergo a
change. Fibre optic sensors have wide bandwidth, compactness, geometric versa-
tility, and economic advantage. In general, fibre optic sensors are characterized by
high sensitivity compared to other types of sensors. In telemetry and remote sensing
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applications, it is possible to use a segment of the fibre as the sensor gauge while a
long length of the same or another fibre can convey the sensed information to a
remote station. Development of distributed and array sensors covering extensive
structures and geographical locations is also feasible. Many signal processing
devices like splitter, combiner, multiplexer, filter, and delay line can also be made
from fibre elements thus enabling the realization of an all—fibre measuring system.
Recently, photonic circuits have been proposed as a single-chip optical device or
signal processing element which enables miniaturization, batch production, eco-
nomical, and has enhanced capabilities.

2.5 No-Core Fibre Sensor

No-core fibre (NCF) is a highly pure silica fibre without cladding. The main
index-sensing mechanism of NCF is based on the wavelength shift of multimode
signals’ interference (MMI). When the incident light wave propagates along the
axial direction of NCF, the outer medium of the adjacent substance is sensed with a
lower index than the cladding layer index of the fibre and facilitates a total internal
reflection due to Fresnel reflection. Since the structure of the NCF comes with no
cladding, NCF exhibits a more sensitive response to the changes of the environ-
ment. The jointing point with single-mode fibre (SMF) is a taper, which is easier for
light to couple into the NCF and will improve the sensing sensitivity. The peak
wavelength of the sensor can be changed by simply changing the length of the
NCF. Figure 2.5 shows the schematic diagram of NCF where the multimode fibre
(MMF) is jointed with SMF at both ends. When light is injected from the input
SMF into the NCF, multiple modes will be excited and will propagate along the
NCF. The theoretical peak wavelength indicates response to the NCF sensor.
The NCF sensor is very sensitive to any small changes in the length of NCF.

Fig. 2.5 No-core fibre Input SMF Output SMF
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3.1 Coupled-Mode Theory

One of the methods commonly used to analyze and investigate light propagation in
perturbed coupled waveguides is coupled-mode theory (CMT) method. The basic
idea of CMT method is that the modes of unperturbed (or uncoupled) structures are
defined and solved first. Linear combinations of these modes are used as trial so-
lutions to Maxwell’s equations for the complicated perturbed or coupled structure.
This theory assumes the field of modes of unperturbed structures. In many practical
cases, this assumption is valid and does give an insightful and often accurate
mathematical description of electromagnetic wave propagation. CMT method is
often used as a technique to obtain quantitative information on the diffraction effi-
ciency and spectral dependence of fibre gratings. Due to its simplicity and accuracy
in modeling and the optical properties of most fibre gratings, it is one of the most
popular techniques utilized in describing the behavior of Bragg gratings.

Commonly, the term mode coupling addresses one of at least three different
means of power transfer

i. Coupling modes of distinct waveguides by evanescent fields.
ii. Coupling modes in the same waveguide by longitudinally homogeneous
perturbation.
iii. Co- and contra-directional coupling by longitudinal inhomogeneous, usually
short periodic perturbations.

Fibre Bragg Grating (FBG) is based on contra-directional couplings. In the case of
single-mode fibre, the propagating core mode is reflected into the identical core mode
propagating in the opposite direction. In most cases of moderated FBGs, the coupling
of Bragg reflection is dominant compared to the cladding-mode couplings, even
though it is possible for the core mode to be coupled with the counterpropagating
cladding modes in cases that include strong gratings and blazed grating. The sche-
matic illustration of contra-directional coupling in optical fibres is shown in Fig. 3.1.
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Fig. 3.1 Illustration of contra-directional coupling

Based on contra-directional coupling, the nominal Bragg wavelength is given as
A-B,O = 2neffA (31)

and

OReff av
Amax = 2(neff + 5neff,av)A = |:1 + ’;i] AB,Ov (32)
eff

where ne is the unperturbed effective index of the core and A is the grating period.

3.2 Principle Operation of Fibre Bragg Grating

The basic principle of FBG-based sensor lies in the wavelength shift of the per-
turbed Bragg signal as a function of measuring elements such as strain, temperature,
and force. It is related to the refractive index of the material and grating pitch itself.
Sensor systems involves such gratings which usually work by injecting light from a
spectral component at the Bragg wavelength. The strong reflected light from an
incident broadband source over a narrow wavelength range and transmitted without
changing all other wavelengths, produce a dip in the transmission and reflection
spectra at the same wavelength range. One must first consider an unstrained low
birefringence single-mode fibre for which the refractive index of the cross-section
of the core is uniform. In principle, the reflection spectrum of FBG is compli-
mentary to its transmission spectrum, although this is not realized in the practice of
transmission losses, which may result from the conversion of the coupling to
cladding modes.

The existence of Bragg grating in an optical fibre may reflect a very narrow
bandwidth of light centered at the Bragg wavelength within the transmission
spectrum. The reflected wavelength depends on the period of Bragg grating and
guiding properties of the fibre. Both quantities are proportionally related to envi-
ronmental variables such as temperature and strain variation. FBG operates as a
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sensor when changes in a particular environmental variable are correlated with a
shift in the reflected wavelength of the FBG. When a guided fibre mode at the
Bragg condition is incident upon an FBG, a certain percentage of incident light will
be scattered at each grating plane. For certain directions, the wavelets are created
and each plane is in phase.

Figure 3.2 shows the schematic diagram of an enlarged FBG. As indicated in the
figure, A;, is the wavelength of incident light, Az = 2Agnesr is the Bragg wavelength
or center wavelength of the FBG, A, is the spacing of grating, dncyr is the change of
effective refractive index of the fibre, n.g is the effective refractive index of fibre
core at free-space center wavelength, k; is the modal wavevector of the
forward-propagating wave, k, is the modal wavevector of the backward-
propagating wave, and the grating momentum, K = 271/A, for the FBG.

3.2.1 Bragg Wavelength

The interaction of the light traveling through the FBG depends on its wavelength.
Bragg wavelength may be altered with changes in the applied strain, ambient
temperature, and incident wavelength. With the appearance of the gratings in the
photosensitive fibre during irradiation, the initial Bragg wavelength is measured in
the last exposure laser. The Bragg wavelength shift is the difference between two
measured Bragg wavelengths. It is given as

Al = Jin — Jp (3.3)

The change in Bragg wavelength of FBG due to temperature can be measured using
the relation

Bragg Grating

Cladding ks Kk Fibre Core

Incident Light

Min - 2 5 Transmitted Light

Ap Ain-Ap
Reflected Light

4—
K
A
Index Modulation

Fig. 3.2 Schematic diagram of enlarged FBG
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Alg = Jp(&+a)AT (3.4)

where A/p is the Bragg wavelength shift, A is the Bragg wavelength of the FBG, &
is the thermo-optic coefficient, o is the thermo-expansion coefficient, and AT is the
change of temperature. For example, the thermo-optic and thermo-expansion
coefficients of germanium-doped silica core optical fibre are given as
£=8.6x10°°C " and o = 0.55 x 107° °C 7! respectively.

When a guided mode at the Bragg condition is incident upon an FBG, a certain
percentage of the incident light will be scattered at each grating plane. Certain
directions may be discovered where wavelets created at each plane are in phase. If
these directions correspond to a mode of the fibre, then a resonant condition is satisfied.
In this case, the forward wave momentum, & is reflected by the grating momentum, K.

The conservation of momentum can be dictated as

— — -
k =k +K, (3.5)

where k—f is the modal wavevector of the forward-propagating wave, E is the modal
wavevector of the backward-propagating wave, and K is the grating momentum,
where K = 22,

As the photon frequencies are identical for the two propagating waves,
A = Jp = 1, therefore, from Eq. (3.5) we can get

2nn 2
2{— 1| = .
( /B ) A (36)

which simplifies to the first-order Bragg condition as

)“B = 2neffA, (3 7)

where the Bragg wavelength, Ag, is the free-space center wavelength of the input
light that will be back-reflected from the Bragg gratings, and ne¢ is the effective
refractive index of the fibre core at the free-space center wavelength.

The effective refractive index of the fibre core, ngg, is given as

neit(2) = An cos <2A”Z) (3.8)

where An is the amplitude of index modulation.

3.2.2 Bandwidth of Bragg Grating

In 2002, Hill defined another FBG property: its bandwidth, which is a measure of
the wavelength range in which the grating reflects light. Previously in 1999, Grattan
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and Meggit defined bandwidth as the separation in the wavelength between two
points on either side of Bragg wavelength where the reflectivity has decreased to
half of its maximum value. The example of bandwidth measurement of a fibre is
shown in Fig. 3.3.

The full width at half maximum, AArwpwm, of the central reflection peak is the
easiest way to measure the bandwidth of fibre grating. FWHM is defined as the
wavelength interval between the 3-dB points of fibre. However, it is more conve-
nient to determine the bandwidth of the grating by using

Nl = Jo — I (3.9)

where /, is the wavelength of the first zero in reflection spectra and g is the Bragg
wavelength.

If the grating is a weak grating or induces a small index change, then the
reflectivity can be simplified using Born approximation. It is given as

,sin®(AkL)

R(L,2) = (An) (AkL)2

(3.10)

From this expression, it may readily be seen that the FWHM of the peak between
the first zero occurs when

AKL = +7 (3.11)
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Fig. 3.3 Calculation of FWHM using reflection spectrum
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By substituting Eq. (3.11) into Eq. (3.10), it can be rewritten as

ZnnCOAlB

2
/B

L=x=n (3.12)

Thus, the full spectral width of the Bragg grating is given as

Alg = )“]23 (3.13)
B e '
In the frequency domain, it can be expressed as
c
Avg = 3.14
=T (3.14)

Although the above expressions are derived with the initial assumption that the
grating is weak, the important trend to note is that the grating bandwidth decreases
with increasing grating length. It can be seen that the bandwidth of Bragg grating
depends upon two factors, namely, the number of grating planes, N and the depth of
index modulation, An.

In 1999, Kashyap found a more accurate expression for full width at
half-maximum bandwidth, Adgwpy of a grating. It is given as

An\? 1\*
AL = /g — — 3.15
() () 519
where Ap is the Bragg wavelength, N is the number of grating plane, n, is the core
index which the typical value of 1.45, An is the depth of index modulation, and

s ~ 1 for strong gratings (with more than 100 gratings), and s ~ 0.5 for week
gratings.

3.2.3 Reflectivity of Bragg Grating

As discussed earlier in the first chapter, FBGs are based on the principle of Bragg
reflection. When the light propagates periodically alternating regions of higher and
lower refractive index, it is partially reflected at each interface between those
regions. If the space between those regions are such that all the partial reflections
add up in phase, the total reflection can grow up to nearly 100% even though the
individual reflections are very small. This condition will only take place at the
specific wavelength. For the other wavelengths, the out-of-phase reflections end up
canceling each other, resulting in high transmission.

Consider a uniform Bragg grating formed within the core of an optical fibre with
an average refractive index, n,. The refractive index profile can be expressed as
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2
n(z) = no+An cos% (3.16)

where An is the amplitude of induced refractive index perturbation and z is the
distance along the fibre longitudinal axis. The value of An is in range of 10°—107>.

Based on CMT, for constant modulation amplitude and period, the reflectivity of
a grating is given as

B Q% sin g2(sL)
 AK?sinh?(sL) + s cosh? (sL)

R(L7 ;“) (3.17)

where R(L, /) is the reflectivity (in the function of the grating length, L, and
wavelength, 1), Q is the coupling coefficient, Ak =k — /4 is the detuning
wavevector, k = (27n,)// is the propagation constant, and s> = Q% — AK>.

The coupling coefficient, Q, for the sinusoidal variation of index perturbation
along the fibre axis is given as

Q="M, (3.18)

where M, is the fraction of the fibre mode power contained by fibre core.

There is no wavevector detuning at the center wavelength of Bragg grating, and
Ak = 0. Therefore, from Eq. (3.17), the expression for the reflectivity of FBG
becomes

R(L, /) = tanh?(QL) (3.19)

The reflectivity of FBG increases as the induced index of refraction increases.
Similarly, as the length of grating increases, the reflectivity will also increase. The
reflectivity level increases as the induced index of refraction change increases.
Similarly, as the length of the grating increases, so does the resultant reflectivity.
The side lobes of the resonance are due to multiple reflections to and from opposite
ends of the grating region.

The general expression for the approximate full width at half-maximum band-
width (Apwnm) of a grating is given as

i An\? 1\?2
AFWHM = /IBS (ﬁ) + (N) s (320)

where N is the number of the grating planes. The parameter s is ~ 1 for strong
gratings (for gratings with near 100% reflection) and ~0 for weak gratings.

The maximum reflectivity of FBG can be calculated by measuring the trans-
mission power dip as
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R= (1 - 10*%) x 100, (3.21)

where R is the reflectivity of FBG and d is the power dip.

The variation of the reflectivity with the wavelength depends on the grating.
Fine, thin, evenly spaced lines tend to concentrate reflection at a narrow range of
wavelengths. Turning up exposures to make a stronger grating will increase the
reflectivity and broaden the range of reflected wavelengths. Commercial devices
using this design select a range of wavelengths as narrow as a few tenths of
nanometer ranging up to several nanometers wide. The narrow ranges are well
matched to the requirements of wavelength division multiplexing in the 1550 nm
band.

3.3 Optical Response of Bragg Grating

Since the discovery of photosensitivity in optical fibres and the UV side-writing
technique, FBG has become an interesting area in the field of sensors around the
world. The development effort has been principally led by applications to sense
different measurements including temperature, strain, pressure, electric field,
magnetic field, chemical concentration, and many more. These applications are
based on the same principle, namely the measurement of Bragg wavelength shift of
reflected maxima caused by the measurements.

By expanding Eq. (3.1), that is, Ag¢ = 2neA, in terms of partial derivatives
with respect to the variable length, temperature, and wavelength, the shift in Bragg
grating wavelength can be derived as

_ ONefe oA [ oA Onegt oA\ | .
AZB =2 (A SL + Neff E) AL + 2 (A ST -+ Neff ﬁ) AT + 2 (A 5A + Neff E) AL

(3.22)

3.3.1 Optical Response to Wavelength

From Eq. (3.22), the optical response of fibre grating to the shift in wavelength is
written as

. ORefy oA
A/L,B = 2(/\ (5], +neff§>Ai (323)

where A4 is the change in wavelength of the grating due to initial wavelength.
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In reality, the variation of refractive index due to the change in wavelength is
negligible. In addition, the periodic spacing of the index modulations in fibre is
unaffected by the wavelength change. Thus, by neglecting the wavelength effects,
Eq. (3.22) can be written as

o 5neff oA 5neff oA
Alg = 2(/\ SL + Nesr 5L) AL+2<A ST + Netr 5T> AT (3.24)

where AL is the change of length and AT is the change of temperature of the fibre.

3.3.2 Optical Response to Strain

The effects of the strain on Bragg grating are twofold. First, the change in physical
spacing between successive index modulations will cause a shift in Bragg wave-
length. Second, the strain-optic effect will induce a change in refractive index, thus
causing a shift in Bragg wavelength.

The change in the center wavelength of Bragg grating for a given change in
strain is given as

, one oA
Adg = 2(/\ S LT 5L> AL (3.25)

where AL is the change in physical length of the grating due to the strain applied.
Given that the path integrated by longitudinal strain is given by & = AL/L,
Eq. (3.25) can be rewritten as

e oA
Aip =207 AL + 20— s L (3.26)
Defining,
Oty
Anggr = L 27
Neft SL (3 )
and

A<i > - 2Afeff (3.28)

n ne

eff eff

By substituting Egs. (3.27) and (3.28), Eq. (3.26) can be written as

n 1 oA
Alg =2A |- A = 2 3.29
w [ 2 (ngff>:| il oL ( )
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The shift in the center wavelength for a grating with a given center wavelength,
/B, 1S given as

Alg

)\.B

= (1 = pe)e; (3.30)

where ¢, is the strain applied and p, is 0.213 for germanosilicate optical fibre.
Equation (3.30) can be simplified and rearranged as

A = J5(1 — po)e, (3.31)

3.3.3 Optical Response to Temperature

Thermal expansion or contraction changes the grating period and will affect the
FBG optical responses as well. Simply said, the Bragg wavelength, Ag, and the
effective refractive index, neg, are temperature dependent (thermo-optic effect).
Therefore, the change in the Bragg wavelength for a given change in temperature is
given as

o 5}’leff oA
Alg = 2<A ST + Nefr (3_T> AT (332)
where AL is the change in physical length of the grating due to the temperature
applied.
Defining,
ONest
5;“ = Engr (3.33)
and
oA
— =aA 34
5T = (3.34)

Substituting Eqgs. (3.33) and (3.34) into Eq. (3.32) leads to
Al = Z(Ag’neff + neffoc/\)AT = 21 AEAT 4 2ne AdAT (3.35)
Substituting 2n.¢A = A into Eq. (3.35) gives
Alg = IgEAT + JgoAT (3.36)
Rearranging Eq. (3.36), the Bragg wavelength shift, Alg, becomes

Adp = Jp(E+a)AT (3.37)



3.3 Optical Response of Bragg Grating 25

For germanium-doped silica core, the thermo-optic coefficient, is 8.6 x 107¢°C™!
and the thermal-expansion coefficient, a is 0.55 X 107%°C7!,

3.4 Characteristics of Fibre Bragg Grating

Figure 3.4 illustrates the basic principle of FBG. The characteristics of FBG will be
examined in terms of Bragg conditions, index modulation, transmission and
reflection spectra, effective refractive index, and grating period.

3.4.1 Bragg Condition

A certain percentage of the incident light passing through the FBG will be scattered
at each of the FBG’s grating planes. Certain directions may be observed where
wavelets created at each plane are in phase. A resonant condition is satisfied if these
directions correspond to the mode of the fibre. In this case, the forward-propagating
wave momentum, k, is reflected by grating momentum, K.

Bragg Grating
Cladding ks K Fibre Core
-— | —»
Incident Light
Min ~ v N Transmitted Light
s Ain-hp
Reflected Light
-—
K
>
Index Modulation

Incident Spectrum Reflected Spectrum Transmitted Spectrum

Fig. 3.4 Schematic diagram of fibre Bragg grating
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The conservation of momentum indicates that
ko = ki +K, (3.38)

where %1 is the modal wavevector of the forward-propagating wave, Ez is the modal

wavevector of the backward-propagating wave, and grating momentum,
K =2n/A.

Both k 1 and Ez are defined as

_2n

ka—z

(3.39)

As the photon frequencies for two propagating waves are identical, the Bragg
wavelength, Ag is given as

Jp == s (3.40)

Thus, from Eq. (3.38)

2(@) = 2; (3.41)

B
which can be simplified as the first-order of Bragg condition is defined as
)vB = 2neffA, (342)

where the Bragg wavelength, /g, is the free-space center wavelength of the input
light and nc is the effective refractive index of the fibre core at the free space of
center wavelength.

The effective refractive index, neg, iS given as

2
Negt (2) = neo + An cos (%) (3.43)

where n, is the core average index and An is the amplitude of index modulation of
the fibre. For a given 1550 nm grating wavelength, the typical values of the
aforementioned variables range from n¢, = 1.45 to 1.50 and An = 1072 to 107>

3.4.2 Transmission and Reflection in Fibre Bragg Grating

Each grating in FBG reflects a certain portion of the light at all wavelengths. If the
wavelength passing through the glass is twice the spacing or period of the grating in
fibre, all the scattered lights are in phase. The light waves interfere constructively
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and that wavelength is reflected. The light wave going through the region between
the grating needs to be twice the distance between the gratings because one will go
through the FBG and one will be reflected back. As the number of gratings increase,
the spacing becomes more uniform and they are written more strongly, thus the
reflection is stronger.

If A, is the grating period and n is the refractive index of glass, the reflected
wavelength in air is given as

)Lgraling = 21’1Ag (3 44)

Other wavelengths that do not meet this criterion are not reflected in phase. The
scattered light waves do not add constructively. FBG can be made to have a peak
reflection across a narrow band with nearly square sides as shown in Fig. 3.5. The
transmission plot shows the transmission loss at the mentioned wavelength while
the reflection curve shows the fraction of light reflected at that wavelength. The rest
of light outside the selected band passes through unaffected.

The variation of FBG’s reflectivity with the wavelength depends on the grating.
Fine, thin, and evenly spaced intervals tend to concentrate reflection at a narrow
range of wavelengths. Turning up exposures to make a strong grating will increase
the reflectivity of FBG and broaden the range of reflected wavelength. The narrow
range of wavelengths is well matched to the requirements of wavelength division
multiplexing in 1550 nm band.

1
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=20 ==

=30 4+

Transmission or reflection loss (dB)
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1 I I | I I | |
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Fig. 3.5 Transmission and reflection in FBG
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3.4.3 Effective Refractive Index

The effective refractive index, ng, is the ratio of the free-space velocity of prop-
agation or guided velocity. It is different for each individual mode where generally
the effective refractive index of FBG is defined as

/B

A (3.45)

Neff =

where ngr is the effective refractive index of FBG, Ap is the Bragg wavelength, and
A is the grating period of the fibre.

3.4.4 Refractive Index Modulation

If a region of the germanium-doped fibre core is exposed to a UV wavelength laser
beam, the index of refraction can be changed in that region. By using UV light to
expose the fibre from the side with a periodic pattern created by using an inter-
ferometer or phase mask, periodic modulation of the index of refraction can be
generated along the fibre core. At each periodic index change, a small amount of the
guided light is reflected as depicted in Fig. 3.6.

If the spacing of the index periods is equal to one half of the wavelength of the
light, then the waves will interfere constructively (the round trip of each reflected
wave is one wavelength) and a large reflection will occur from the periodic array.
Optical signals whose wavelengths are not equal/different to one half of the spacing
will travel through the periodic array unaffected. With a reasonable assumption that
the gratings are all uniform, the amplitude of the refractive index modulation,
Anped, can be estimated using Eq. (3.46)

nCD
A

[ [ —

Regr | I I

Regular core index

Fig. 3.6 Refractive index modulation of fibre
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A
Ao = m?—Ltanhf1 (\/1_3) (3.46)

When tanh™! (\/1_3) = ln(llf\/\/l_f), based on the inverse hyperbolic, Eq. (3.46)

can be rearranged and becomes

Anppog = (3.47)

) ln(1+\/l_€>
2npl \1—+/R)’

where R is the reflectivity of uniform Bragg grating, A is the grating operating
wavelength, L is the length of the grating, and 5 is the mode overlap parameter
(fraction of the fibre mode power contained in the core).
n is given by
n2d* NA?

= 3.48
2%+ m2d2 NA? (3:48)

n

where d_, is the fibre core diameter and NA is the numerical aperture of the fibre.

In accordance with the phase-matching condition, a variation in the local
effective refractive index, Anegr, will appear as a shift in the local Bragg wavelength,
g, such that

Alg

I (3.49)

Anegy =

where the Bragg wavelength shift during the grating fabrication, Alg, is measured
with the Bragg wavelength at the start of the inscription, Ap; as a reference, and A is
the grating period, i.e., half of the phase-mask period.

3.4.5 Grating Period

Grating period, A, is only decided by the phase-mask period, where the strength of

grating is directly related to the efficiency of the beam which diffracted by phase

mask in +1 order. Grating period is directly proportional to the phase-mask period.
Grating period, A, is defined as

(3.50)

where Apn is the phase-mask period.
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3.5 Photosensitivity in Optical Fibre

Photosensitive fibres are one of the methods used to fabricate FBG. The formation
of a permanent grating in an optical fibre was first demonstrated in 1978. It was
shown that when intense UV light is radiated on an optical fibre, the refractive
index of the fibre core changed permanently. This effect is termed as photosensi-
tivity. It is known that germanium-doped silica fibre exhibits excellent photosen-
sitivity. When the UV radiation breaks oxygen-vacancy defect bonds in
germanium-doped silica, electrons are set free and find their way to color center
traps elsewhere in the glass structure. The new electron traps change the absorption
properties of the doped silica in the UV portion of the spectrum. The positive net
change in the absorption spectrum causes an increase in the refractive index.

The relief of induced stress and/or configuration changes in the glass structure of
the fibre core when the bonds, photolytically broken by the radiation, may also play
a significant role in changing the index of the glass. The amount of index change
depends on several factors, such as the radiation conditions including wavelength,
intensity, and total dosage of radiation; the glass composition in the fibre core; and
the processing (such as hydrogen loading) of the fibre prior to radiation. In practice,
the most commonly used light sources are KrF and ArF excimer laser might
generate 248 and 193 nm optical pulses respectively. Strong photosensitivity with
germanium-doped fibres has been observed at these two wavelengths where all the
characteristics of FBG are pertinent in the development of FBG temperature sensor
system.

3.6 Fabrication of Fibre Bragg Grating

The fabrication of FBG is formed by KrF excimer laser (248 nm wavelength), mask
aligner, TLS, and OSA. TLS provides a light source which passes through the
optical fibre while OSA plays a critical role in demodulation to detect the growth of
fibre grating and obtain the relevant spectrum. The schematic diagram for the
fabrication of FBG is shown in Fig. 3.7.

The jacket or cladding of the section where the grating is supposed to be written
should be removed before the fibre is placed on the platforms. For a QPS fibre,
which has a standard diameter of 125 pm, the fibre jacket should be removed by a
cleaver or stripper. For other types of fibres, a mixture of 50% dichloromethane and
50% acetone could be used for the purpose. Alternatively, one could use Nitromors
(a paint stripper) but it will take a longer time. For certain jacket materials, the
percentage of dichloromethane and acetone in the mixture would need to be
changed. When the fibre is placed on the platform, a slight strain could be applied to
ensure that the fibre is straight. It is also noteworthy that the naked photosensitive
fibre should be cleaned thoroughly with acetone or alcohol before placing it on the
platforms, otherwise the UV beam can ablate any remaining jacket and might
damage the phase mask.
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Fig. 3.7 Schematic diagram of FBG fabrication setup

The fibre is connected to the OSA and TLS. The real-time growth of the FBG is
monitored with the OSA. It is necessary to clean all the optical elements in the mask
aligner (reflecting mirror, cylindrical lens, phase mask, and quartz plate) with
compressed nitrogen gas because any dust could absorb UV light and thus reduce
the efficiency of the process. To ensure that the energy status of the excimer laser is
suitable, several laser pulses with energy between 100 and 130 mJ at 20-30 kV
voltage supply are tested in a closed tube. If the excimer laser output drops below
the operation range, a new gas fill would be needed. After every new fill, a fine tune
on the optical alignment of the laser pulses would be required.

With the completion of the optical alignment, the excimer laser is tuned to the
pulsed mode. A suitable number of pulses are inserted to the laser controller and
the grating writing process is started. The laser beam from the excimer laser enters
the mask aligner and hits the fibre via the phase mask after passing through some
mirrors and lens. The growth of the grating in terms of the center wavelength and
reflectivity is monitored using OSA and the UV light that passes through the
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cylindrical lens is focused linearly onto the fibre core. To monitor the growth of
the grating in transmission with a stopwatch, the light from the TLS is launched into
the core of this fibre at one end and monitored with the OSA at the other end. The
writing process is then stopped when the desired characteristics of the grating are
achieved.

3.7 Preparation of No-Core Fibre

NCEF exhibits a sensitive response to the changes of its surrounding environment,
and the fabrication requires splicing a specific section of MMF between two SMFs.
The length of NCF will influence the transmission peak wavelength. To gain the
different peak wavelengths, the length of NCF needs to be precisely controlled. The
fabrication of NCF will be done using fusion splicer. Splicing work is the most
crucial stage of the fabrication of NCF since this process will affect the whole result
of the experiment. The splicing work should be done carefully. The jacket and
cladding of the single- and multi-mode fibres is strip or removed using optical fibre
stripper. After this process, the bare or core of the fibre should be cleaned with
alcohol. The fibre is then been cleaved using optical fibre cleaver. During the
process, the cleaved end of the optical fibre should keep away from any dust to
avoid causes of defectives during splicing work. It is then being joined with MMF
using fusion splicer. The purposes of this stage is to ensure that light passing
through the fibres is not scattered or reflected back. The cleaved fibres are aligned
and then the adequate buffing pressure is applied, as per exact requirement. The
losses due to the splicing technique should less than 0.05 dB and with proper
aligned and care, this may be reduce to 0.00 dB loss.
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4.1 Design of Fibre Bragg Grating for Temperature
Sensing

A commercial FBG with a center wavelength of 1553.865 nm, 0.24 nm bandwidth,
and >97% reflectivity was used for the purpose. It was used to investigate the
thermal response by determining its sensitivity and accuracy. The indoor temper-
ature (laboratory) system was increased by applying the heat of liquids. For the
FBG sensor system in outdoor environment, sunlight was used as the natural
temperature source. Figure 4.1 shows the general schematic diagram of the
FBG temperature sensor system. The simplest system consisted of a light source
(e.g., tunable laser source), a spectrum analyzer (e.g., optical spectrum analyzer),
and an FBG. For indoor measurement, different types of liquid were used, which
were distilled water and 0.1 M NaCl solution. Different focusing elements were
used for the FBG sensor measurements in outdoor area, which were convex and
hand lens with focal lengths of 20 and 15 cm, respectively.

4.2 Set Up of Fibre Bragg Grating for Indoor
Temperature Sensor

Research and studies on the characteristics of FBG as a temperature sensor in liquid
have been discussed earlier in Chap. 3. The experimental setup for temperature
measurement in the liquid was formed up by a TLS, OSA, hot plate (for heating
purposes), FBG, mercury-in-glass thermometer (to measure the temperature of
liquid), and beaker filled with distilled water and 0.1 M NaCl solution. The sche-
matic diagram of the experimental setup for temperature measurement in liquid is
depicted in Fig. 4.2.
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Fig. 4.2 Schematic diagram of the experimental setup for temperature measurement in liquid

FBG was connected to the TLS and OSA and placed in liquid solutions inside
the beaker as shown in Fig. 4.3. A thermometer was placed in the beaker to record
the temperature change of the solutions along the heating process. The temperature
of solutions varied from 25 to 100 °C, thus producing the thermal expansion in the
grating, which engendered the refractive index variation of the FBG. For the rea-
sons, the laser source was turned on to operate this experiment. The Bragg
wavelength of FBG was observed using OSA. All transmission and reflection
spectra were recorded. Moreover, other critical properties such as bandwidth, power
dip, and reflectivity of FBG were also recorded and investigated.
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Fig. 4.3 Photograph of the experimental setup for temperature measurement in liquid

4.3 Set Up of Fibre Bragg Grating for Outdoor
Temperature Sensor

Fibre Bragg grating has become very useful and important in sensing and
telecommunication technologies. In this research, the FBG was placed in an open
area and directly exposed to sunlight. Both transmission and reflection spectra were
measured and analyzed. It is important to have both transmission and reflection
measurements especially to cross-check the Bragg wavelength shift and the sen-
sitivity of FBG for both transmission and reflection systems.

An FBG was inserted into a glass tube which is used to hold it at a certain height
from the base of the perspex holder. This will prevent the FBG from being easily
snapped and damaged (due to wind or rain). A thermometer was placed in the
perspex holder and used to measure the surrounding temperature. The FBG was then
directly connected with TLS and OSA through a single-mode fibre optic cable.
A light source from TLS was launched into the core of the fibre and transmitted
through FBG. As the light propagates through FBG, the light source with a wave-
length that matches the Bragg condition will be reflected, while the rest will be
transmitted through the fibre. These induce a significant power dip at the Bragg
wavelength. The output of transmission spectrum was examined using OSA in terms
of Bragg wavelength shift, bandwidth, and power dip. Figure 4.4 shows the sche-
matic diagram of the experimental setup for measuring the transmission spectrum.
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Fig. 4.4 Schematic diagram of experimental setup for transmission spectrum measurement

In order to achieve the reflection spectrum, a fibre optic coupler was added to the
system. An SMF-28 2 x 2 3-dB fibre optic coupler was chosen. One end of the
fibre optic coupler was connected to one end of the FBG, and another two ends
were connected to the laser source (TLS) and output device (OSA). The schematic
diagram of the experimental setup for examining the reflection spectrum is depicted
in Fig. 4.5.

The reflection spectrum of FBG can be captured by using the OSA since light
from TLS having the same range of wavelength with the FBG was launched into
the fibre optic cable, to the FBG, and through the fibre optic coupler. One end of the
FBG was neglected to ensure only the reflected spectrum will be measured by OSA.
When the wavelength of the light from TLS matched with the Bragg wavelength of
the FBG, it was reflected back and emerged as the output signal at OSA.

4.4 Set Up of Fibre Bragg Grating and No-Core Fibre
for Temperature Sensing

In this part, the FBG and NCF were placed in three different types of solutions with
various temperatures. The FBG and NCF used in this experiment were inserted in a
1 L solution (H,O, NaCl, and NaOH). The FBG and NCF were dipped into the
solution and directly connected with the TLS and OSA through a fibre optic cable.
The sectional area of FBG and NCF was placed hanging in the beaker without
touching the wall of the beaker to avoid overheating.

The light from TLS was launched into the core of the fibre and transmitted
through the FBG and NCF. As the light propagates through both FBG and NCF, the



4.4 Set Up of Fibre Bragg Grating and No-Core Fibre for Temperature Sensing 37

Focusing Element
Perspex Holder /

Capillary Tube

Optical Coupler

-
Iy

Adjustable
Stand

Floor
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Fig. 4.7 Experimental setup for FBG and NCF temperature sensing

light source with a wavelength that matches the Bragg condition will be reflected,
while the rest will be transmitted through the fibre. A significant power dip at the
Bragg wavelength will be induced. OSA will display the output of the transmission
spectra of both FBG and NCF in terms of Bragg wavelength, bandwidth, and power
dip. Figure 4.6 shows the schematic diagram of the setup for measuring the
transmission spectrum temperature. The experimental setup for FBG and NCF
temperature sensing is shown in Fig. 4.7.
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5.1 Indoor Fibre Bragg Grating Temperature Sensor

5.1.1 Reflection and Transmission Spectra in Room
Temperature

The manufactured spectrum of fibre Bragg grating (FBG) is presented in Fig. 5.1.
It was used as the initial/reference reading of every measurement, for both
transmission and reflection spectra. The center wavelength or the Bragg wave-
length, Ag, was measured as 1553.865 nm with 0.24 nm bandwidth. Figures 5.2
and 5.3 show the transmission and reflection spectra of FBG taken at room
temperature (23 £+ 1 °C).

The transmission spectrum (1553.44 nm wavelength, 0.38 nm bandwidth) and
reflection spectrum (1553.42 nm wavelength, 0.37 nm bandwidth) are experi-
mentally measured. The measured and the manufacturer’s Ag values show an
excellent agreement with each other. Based on the data inspected, it is clear that the
FBG can be used to measure both transmission and reflection spectra.

5.1.2 Fibre Bragg Grating for Temperature Sensor
in Indoor Environment

The performance of FBG for the temperature sensor measurement in liquids was
investigated in an indoor environment. For this reason, two different types of liquids
were chosen, namely distilled water and 0.1 M NaCl solution. This was used to
determine the effect of refractive index of the solution toward the performance of
FBG. Tables 5.1 and 5.2 show data obtained from the experiments conducted in
distilled water and NaCl solution respectively.
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Table 5.1 Fibre Bragg grating for temperature measurement in distilled water
Temperature, Bragg wavelength, Bandwidth, Power dip, Reflectivity,
T (£1 °C) A (£0.01 nm) d (£0.01 nm) r (£0.005 dB) R (%)
25 1553.34 0.18 10.950 92
30 1553.38 0.18 1.8750 92
35 1553.46 0.18 10.950 92
40 1553.52 0.18 10.875 92
45 1553.58 0.18 10.950 92
50 1553.62 0.18 10.950 92
55 1553.65 0.18 10.950 92
60 1553.69 0.16 10.950 92
65 1553.73 0.18 10.950 92
70 1553.77 0.18 10.950 92
75 1553.81 0.18 10.950 92
80 1553.84 0.18 1.8750 92
85 1553.88 0.18 10.950 92
90 1553.92 0.18 10.875 92
95 1553.95 0.18 10.950 92
100 1553.97 0.18 10.950 92
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Table 5.2 Fibre Bragg grating for temperature measurement in NaCl solution

Temperature, Bragg wavelength, Bandwidth, Power dip, Reflectivity,
T (£1 °C) g (£0.01 nm) d (£0.01 nm) r (£0.005 dB) R (%)
25 1553.28 0.18 10.220 92

30 1553.34 0.19 10.220 92

35 1553.38 0.18 10.220 92
40 1553.42 0.18 10.150 91

45 1553.50 0.18 10.220 92
50 1553.56 0.18 10.290 92

55 1553.60 0.18 10.290 92
60 1553.64 0.18 10.220 92

65 1553.68 0.18 10.220 92
70 1553.71 0.19 10.220 92

75 1553.75 0.18 10.220 92

80 1553.79 0.18 10.150 91

85 1553.84 0.18 10.220 92
90 1553.86 0.18 10.290 92

95 1553.91 0.18 10.290 92
100 1553.94 0.18 10.220 92

5.1.3 Bragg Wavelength

The shift in Bragg wavelength is dependent on temperature. The normalized
wavelength change is related to temperature change by

Alp = Jp(é+a)AT (5.1)

where A/Zp is the Bragg wavelength shift, A is the Bragg wavelength of the FBG, &
is the thermo-optic coefficient, o is the thermo-expansion coefficient, and AT is the
change in temperature. For the germanium-doped silica core optical fibre, the values
of ¢ and o are 8.6 x 107° °C™" and 0.55 x 107¢ °C™! respectively.

From Eq. (5.1), with the constant values of £ and o, it is mathematically shown that
the shift in Bragg wavelength is dependent on temperature. An increase in temper-
ature will increase the shift of Bragg wavelength and vice versa. It shows good
agreement with the results obtained from the experiments done. With the increase in
the temperature of the solutions, the Bragg wavelength of the fibre also increases. As a
conclusion, the shift in Bragg wavelength is directly dependent on temperature.

Table 5.3 shows the comparison between theoretical results of Bragg wave-
length shift and changes in temperature calculated using Eq. (5.1) and the data
obtained using distilled water and NaCl solution. The graph of Bragg wavelength
shift against temperature for theoretical calculation, distilled water, and NaCl
solution is plotted and shown in Fig. 5.4. The graph shows that the Bragg wave-
length behaved in an almost linear response to the changes in temperature.
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Table 5.3 Theoretical, distilled water, and NaCl solution data for the shift in Bragg wavelength
with temperature variation

Temperature, Change in 7, Bragg wavelength shift, Alg (£0.01 nm)
T (£1°0) AT (£1 °C) Theoretical Distilled NaCl
water solution
25 0 0 0 0
30 5 0.0711 0.08 0.10
35 10 0.1423 0.12 0.14
40 15 0.2134 0.16 0.16
45 20 0.2845 0.22 0.22
50 25 0.3557 0.26 0.28
55 30 0.4268 0.30 0.32
60 35 0.4979 0.38 0.36
65 40 0.5691 0.42 0.42
70 45 0.6402 0.44 0.48
75 50 0.7113 0.50 0.52
80 55 0.7825 0.54 0.56
85 60 0.8536 0.62 0.64
90 65 0.9247 0.68 0.70
95 70 0.9958 0.74 0.74
100 75 1.0670 0.78 0.78
15 Bragg wavelength shift vs. Temperature
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Fig. 5.4 Graph of Bragg wavelength shift versus temperature

90 95 100

This means that the Bragg wavelength shift, Alg, is proportional to the change in
the temperature. The data of theoretical and experimental results obtained were
plotted for comparison. The data trend shows that the experimental results obtained
matched with the theoretical calculation done.
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The example of spectral results for Bragg wavelength measurement in this
experiment is shown in Fig. 5.5. The center wavelength, reflectivity, power dip, and
full width at half maximum (AZgwam) of the spectrum were measured.

The change in Bragg wavelength was calculated by deducting the initial Bragg
wavelength from the second Bragg wavelength:

Ag = s — g (5.2)

where A/gp is the Bragg wavelength change, 4, is the second wavelength (or the
Bragg wavelength at current temperature), and Ag is the initial wavelength (or
Bragg wavelength).

Figure 5.6 shows the examples of the easiest way to measure the Bragg wave-
length shift with the change in temperature. The red line represents the spectrum at
initial temperature, /g, and the green line represents the spectrum at current tem-
perature, ;. As depicted in this figure, the values of Ag and A, were recorded as
1549.96 and 1550.28 nm respectively, and the shift in the Bragg wavelength is
calculated as 0.32 nm or 320 pm. It was observed that there is a slight change of the
Bragg wavelength with changes in temperature.
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Fig. 5.5 Example of spectral results for Bragg wavelength shift



5.1 Indoor Fibre Bragg Grating Temperature Sensor 45

Anrltsu 1534. 991 @9-01-14 1R:4%
AMkr  A:  158@. 28mm B: 155@. @B8nm B-A: @.18nm
LMkr C: -14.375dBm D: -19.85dBm C-D: 5.475dB
=== FP-=LD Tegt ======c-ccccccccccccccccccccnccccncccccnccancnecaaas
1111
-11.6 L1
dBm L]
1!5&8 e e = T A + Lt :‘ ]|r|_
sdiv it
-19.1 ’
dBm e o o — — — —— — — — —— — — —— _I- _____________________________
I
'U)!! |155IJ.ZE nm
'26'86 |1569.95nm :| 2
d |
m1545. Brm  1.@nm-div 155@. Bnm in Vac 155%. @nm
Res:1.@nm ’ Avg:Of f s Smplg:%@1 ~ Pk_Hold
VBUW: 1kHz 7 SmiOff  ~ Intv1:0ff ~ s Att Off

Fig. 5.6 Comparison of the Bragg wavelength shift with the change in temperature

5.1.4 Bandwidth

Measuring the full width at half maximum, AZgwgwm, is the simplest method used to
determine the bandwidth of FBG. The bandwidth of FBG is dependent on two main
factors, which are the number of grating plane, N and the depth of index modu-
lation, An. Theoretically, the bandwidth of FBG can be determined using

Mt = pst] (A1) 4 (LY (5.3)
\FWHM = ABS 2710 N .

Data taken from experiments shows that the values of the bandwidth of the FBG
collected on FBG sensor in distilled water and NaCl solution are close to each other
and it can be concluded that they are constant. There are only small changes and no
dramatic changes in the bandwidth in neither distilled water nor NaCl solution
measurements. The values of the bandwidth in distilled water are collected in the
range of 0.16-0.18 (£0.01) nm. It is coherent with the results measured in NaCl
solution where it was recorded as 0.18-0.19 (£0.01) nm.

The difference of bandwidth measured in these two experiments is very small,
that is, 0.03 nm or 3 X 107" m. The bandwidth measured is almost similar when
compared with the actual values discussed in Sect. 5.1.1 earlier. Table 5.4 shows
the data collected for the bandwidth of FBG measured in distilled water and NaCl
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Table 5.4 Bandwidth of Temperature, T (£1 °C) | Bandwidth, d (£0.01 nm)

FBG measured in dlsF]”ed . Distilled water NaCl solution

water and NaCl solution with

temperature variation 25 0.18 0.18
30 0.18 0.19
35 0.18 0.18
40 0.18 0.18
45 0.18 0.18
50 0.18 0.18
55 0.18 0.18
60 0.16 0.18
65 0.18 0.18
70 0.18 0.19
75 0.18 0.18
80 0.18 0.18
85 0.18 0.18
90 0.18 0.18
95 0.18 0.18
100 0.18 0.18

solution. This observation may lead to the conclusion that the values of bandwidth
measured are unaffected by the changes in temperature and the refractive index of
the solutions.

5.1.5 Reflectivity

The reflectivity of FBG can be calculated by substituting the value of power dip in
Eq. (5.4)

R=(1-1071)x100 (5.4)

where R is the reflectivity and r is the power dip of the spectrum.

Table 5.5 shows the data taken from experiments conducted for the reflectivity
measurement of the FBG in distilled water and NaCl solution. It can be seen that the
reflectivity of the FBG in distilled water and NaCl solution were almost constant
even with changes in temperature. The reflectivity of the FBG in distilled water is
measured to be 92% while in NaCl solution, it is measured to be in the range from
90 to 91%. These values coincide with the actual reflectivity value of FBG, which is
91%. It can be concluded that there is no variation in reflectivity with the variation
in temperature, either in distilled water or NaCl solution. The reflectivity of FBG is
independent of the change in temperature and refractive index of the solutions.
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Table 5.5 Reflectivity of FBG in distilled water and NaCl solution

Temperature, T (£1 °C) Change in 7T, AT (£ 1 °C) Reflectivity, R (%)
Distilled water NaCl solution

25 0 92 91
30 5 92 91
35 10 92 91
40 15 92 91
45 20 92 91
50 25 92 90
55 30 92 91
60 35 92 90
65 40 92 91
70 45 92 91
75 50 92 91
80 55 92 90
85 60 92 91
90 65 92 91
95 70 92 91
100 75 92 91

5.1.6 Fibre Bragg Grating Sensor in Liquid

FBG characteristics (Bragg wavelength, bandwidth, and reflectivity) can be linked
with temperature variation. The Bragg wavelength is proportional to the tempera-
ture change while the bandwidth and reflectivity of the FBG are always constant
with changes in temperature and refractive index of the solutions. In other words,
bandwidth and reflectivity of FBG are independent of the temperature and refractive
index of the solutions.

5.1.6.1 Sensitivity of Fibre Bragg Grating in Liquid

The sensitivity of fibre is defined as the ability to respond for affective changes in
certain environments, which implies the susceptibility of a system to the changes
surrounding it. Thus, temperature sensitivity of the FBG sensor was investigated in
terms of how sensitive the sensor is toward temperature change. In principle, lower
sensitivity indicates better susceptibility.

Figures 5.7 and 5.8 show the graph of Bragg wavelength shift versus temper-
ature for the FBG sensing system in distilled water and NaCl solution. The slope
steepness of the graph determines the sensitivity and minimum detectable wave-
length shift of the sensor. The average sensitivity of FBG can be obtained by
calculating the countable slope steepness of the graph plotted. From the graphs
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Fig. 5.8 Graph of Bragg wavelength shift versus temperature in NaCl solution

plotted, the Bragg wavelength shift is directly proportional to the change in tem-
perature for both systems. The sensitivities of FBG in distilled water and NaCl
solution were measured to be 0.0109 and 0.0102 nm °C™' respectively.
Nevertheless, the FBG sensor has been proven as a usable candidate for temperature
sensing.

5.1.6.2 Resolution and Accuracy of Fibre Bragg Grating
Temperature Sensor

The resolution of the temperature sensor is the smallest change it can detect in the
temperature measured. By knowing the wavelength resolution from the sensitivity
obtained, the temperature resolution can be determined as well. Standard deviation
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Fig. 5.9 Theoretical sensitivity of FBG temperature sensor

is used to indicate the accuracy of any devices. The accuracy of the fabricated FBG
temperature sensor can be affirmed by examining its standard deviation. Figure 5.9
shows the graph of Bragg wavelength shift versus temperature for the theoretical
calculation of the FBG temperature sensor. From the graph plotted, the sensitivity
of FBG was measured to be 0.0142 nm °C~' and intercepted at 0.2832 nm
wavelength.

Based on the testing done in different solutions, it is measured that the
temperature sensitivity of FBG sensor in distilled water and NaCl is 0.0109 and
0.0102 nm °C™" respectively, whereas the theoretical temperature sensitivity is
measured to be 0.0142 nm °C~'. Based on this situation, it can be concluded
that the FBG may work as a viable temperature sensor with a sensitivity of
0.0142 nm °C™" and resolution of 0.0065 °C.

5.1.7 Fibre Bragg Grating Temperature Sensor
in Liquid and Air

FBG act as sensors not only in liquids, but also in air, gases, as well as corrosion
studies. Table 5.6 shows the data of FBG characteristics in distilled water and air
collected for the comparison. The same FBG is used for the purpose. The Bragg
wavelength shift of FBG in liquids increases with an increase in temperature as well
as in the air. Also, the bandwidth and reflectivity of FBG in the air do not change
with the changes in temperature and refractive index of the medium.
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5.2 Outdoor Fibre Bragg Grating Temperature Sensor

5.2.1 Fibre Loss Measurement

In the research proposed for outdoor temperature environments, 1550 nm
single-mode fibre (SMF) system of 55.5 m length (consisting of two pieces of
26.0 m SMF-28 fibre and 3.5 m FBG sensor) were used. Both ends of the fibre
were connected to the FC-FC connector (so that it matches with FBG, TLS, OSA,
and fibre optic coupler). The measurements were set up from TLS via FBG to OSA
and from TLS to FBG via fibre optic coupler, to OSA.

In performing the experimental measurement of fibre loss, an initial reading was
taken when one meter optical fibre was connected with a light source and power
meter. It was then connected with a 26-m optical fibre which was used in this
research, and a second reading was measured. Data taken from both readings are
recorded in Table 5.7. The difference between the final and initial reading is the loss
of that 26-m fibre. In this research, the loss of 26-m optical fibre was 4.21 dB,
leading to an 8.42-dB loss in the full FBG outdoor temperature sensor system.

Determination of optical losses in the system used is important indeed.
Assuming that the total optical loss in the system is the summation of connector
loss and attenuation loss leads to

Z Losses = Connector loss + Attenuation loss (5.5)
The loss of the connector is 2.0 dB each. Thus, the total connector loss is
4(connectors) x (2.0)dB = 8.0dB (5.6)
And the attenuation coefficient of the system can be measured using
Pou = Pine ™™ (5.7)

o in Eq. (5.7) is the attenuation coefficient and it is given as

10 Pin
o= Iloglo <Pom) (58)

where L is the fibre length and Py, and P, are the input and output powers of the
system respectively. The values of Pj, and Py, were measured using OSA in the
course of this experiment. Py, and P,y are given as

Table 5.7 Power meter Fibre length, / (£0.1 m) | Output power, Poy (£0.01 dB)
reading of fibre loss

1.0 37.16

27.0 (1.0 + 26.0) 32.95

Loss 4.21
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P = —10.00dBm = 4.71 x 107’ W = —63.27dB (5.9)
Poy = —33.27dBm = 10.00 x 10~* W = —30.00dB (5.10)

The total length of the system, L, can be calculated using

L=260m+260m+3.5m=>555m (5.11)

Using Eq. (5.8), the attenuation coefficient is equal to —0.0584 dB km™".
Thus, the attenuation loss is

4344 =0.2534dB (5.12)

By using Eq. (5.5), the total loss of the FBG temperature sensor system is
calculated to be 8.2534 dB.

The total loss investigation and calculation obtained from experimental results and
calculation measurements show that the results were in good agreement with each other.

5.2.2 Fibre Bragg Grating for Temperature Sensor
in Outdoor Environment

Research on FBG for temperature sensing in an open area was conducted.
The performance of FBG for different placement heights was measured during different
periods of the day with and without any focusing element. The FBG sensor head was
focused with a convex and hand lens to measure the effect of focusing elements toward
the performance of FBG sensor. The effect of the focusing elements was identically
measured and analyzed. Figure 5.10 shows typical examples of transmission and
reflection spectra for different temperatures in an outdoor environment.

The Bragg wavelength shift is the difference between the Bragg wavelength
measured at a certain temperature and the Bragg wavelength measured at room
temperature (also called initial temperature).

It is calculated using:

Adg = g1 — Is (5.13)

where A/g is the Bragg wavelength shift, Ag 7 is the Bragg wavelength measured
at temperature T, and /g is the Bragg wavelength measured at room temperature of
23 °C.

An analysis of Bragg wavelength shift of transmission and reflection spectra were
performed over outdoor temperature variations ranging from 23 to 42 °C respectively.
Figure 5.10 shows the typical FBG transmission and reflection spectra due to the
effect of outdoor temperatures obtained via OSA. The dotted line is used as an indi-
cator to show the shift in Bragg wavelength. In these experiments, the Bragg wave-
length shift illustrated in Fig. 5.11 is based on the transmission spectrum.



5.2 Outdoor Fibre Bragg Grating Temperature Sensor

1 1
| [ AnriEsy 1
ke A: 1SEE2Trm : 15ifEe Ba 0.4l i 15563. 29w B: I5RLfGrm  B-a: .37
WMir C: -13-24ddim  D: -20.l2dim  C-0: 15.365%6 LM -15. S D: -5T.36m  C-D: 18dE
T iDipd Normal ¢ A ) Ther (Pankt
B || =2 ' |
5.9y | | | RER et | | | e
b TLE Tracking £ TLE Tracking|
2. |
sdiv
-28.9 1 !
o |
31,9
i
1560.0m  B-5mmediv [ infir 1556 2m
Res:1.0m o amgOff s Smplg:sAl <
VEUE T < SmOff < Iotql:off - - ALt OfF
1
1
= 1
1
1
(Anrits T
Ak A 1S53 39em B @. 38 T 1553. Form B: 1553 MErm
Uy C: -4 TRdEm ] 16. 30548 U C: -2 96dim 0: -3 @
Thir (Dipd Mormal @ A ) THer tPaakl
1882 Sarm T = { ' !
10T 1% Trackingl -I?‘g- Gdfm | 4 4
2.0 [T i TN - =
div i [div
1 ! 1
4
2.1 1 -41.9) "
&n | 1 | dEn) o
! 1
! ! i ! 1 1
4 | - |
] I
-33.7 T -82.0) 1
dn —+ s
15600 B-Somediv 1565, 5m i A 1586- Brm 166100 B.5mmcdiv 1663 Som in fur 1556. 2rm
Res:l.0m s gD ) s mplgisRl - s RgtOff 1 s Smplgisdl -
VEREz T 2 Sm0ff < Inti:off - - AL O 2 SmOfF < Intwliong - < AL OfF
1
1
1
1
|
[ AnrTEsy T
At 1553 dbrm 8. 33m B: -4: 83T
LPr -16. G2 16. 36548 [ “0: 17, TEdE
Ther iDipd | | Mormal i & b Worsal @ & b
1882 Etrm| i + I ;
~13. 7|32, S6Em,| I | B | — |
| | | LS Trmckiregf TLE Trmcki
2. 28 I
div | |
24,7 1 I 1
i | |
|
oy i ! L__
e Lo Bmdiv 1562, Grml in i 1666, Brm 1661.0rm  B.5mdiv in fir 1666, Brm
i1, s g ! mplgisel - Rl s giOff | oSeplgisan
VB Tk < Sm0ff < Intvl:oft - <t Off VEL: Hie < SmsOff < Itvliof) o - oL 00
1
o 1
= '
T=32°C '
1
0. 34m 1553, ddrm B
16. 96446 -16. Salim [
Trer gt | ! Mormal { A b THir (Foakt
TR . T il
13, T e~ 52 B ! i 1 -8 5 < L 2l
-y T TLE Trncking|
2.28 p— N —— 6.0
sdiv “div
-24.7 ] -38.9)
£ dEm)
-35.7 I 68 9) i i
B + dbn
1561.0om  B-Smvdiv 1563, G in ir 1566. Brm 15518 @-5mediv 1563. 5l in Air 1566 B
Res:1. Bem s Awgiff Vo smlgism - Fase1. s AwgiDff ! omelgsan
VB Tk e T < AL O VE: [z L L - L 0fF
T T
' '

T=34°C

Fig. 5.10 Examples of transmission and reflection spectra



5 Research Findings

Mgy = Ap1 — A
where Ap is the
Bragg wavelength at
room temperature,
T,, and Apq is the
Bragg wavelength at
Ty.

54
Anritsu
AMkr  A: 1553, 2Trm B: 1553.68nm B-A: B.41mm
LMkr C:  -13.2444Bm D:  -29.612dBm C-D:  16.36848
THkr iDipd Normal { A )
1S53 A I
-9. 9 e -23) S5dEm |
dem | TLS Tracking
2.208 [ T
sdiv |
20,9
dem 1]
-31.9 |
dEm -
1651.8rm  @.5rmdiv 1553, Snm in Air 1556. Brm
Res:1.8rm s vy OF f < Smplg:s@ -
VEU: 1z < Sm:Off - Intv1:0ff - < Att OFf
Ap=155344nm T, =23°C
Ainritsu
Atkr  A: 1553, 46rm B: 1553 T9rm B-A: @, 33mm
LHkr C: -16.602dBm D:  -33. B6dEm C-D: 16, 362dB
Trikr (Dip) Mormal { & )
tg&-stm Id 4
-13.7 -32, 9GdBm
dBm i TLS Tracking|
2.2d8 i i
“div
-24.7 1 |
dEm
T iss1.amm  0.5mdiv 1553. 5rm in Air 1586. Brm
Res:1.0nm s Ava: OFF 7 Smplg:S@l -
WEL: 1kHz < Sm:OfF < Intvl:0fF -~ < Att OFf
A =1553.61nm T, =32°C
Anritsy
AMkr  A: 1553, 48mm B: 1553.82nm E-A: Q. 34mm
LMkr C:  -16. G@4dBm D:  -33.5884Em C-D:  16.984d8
Thike kDipd | Normal ( A )
1S53 65w I
-12. 7 |eer =33, 59dEm
dBm TLS Tracking
2.2d8
“div
-24. T|- i = 1 -
dEm
|
\‘L i
.1 . i
“lissr.em  @.5mediv 1563 Snm in Air 1656. Brm
Res: 1. Brm s fvg: OF f < Smplg:g@l ~
VEM: 1kHz < Sm:0ff - Intvl:Off ~ < Att OFf

Mgy = Ap; — A
where A is the
Bragg wavelength at
room temperature,
T,, and Ap, is the
Bragg wavelength at
TZ .

Ay, = 1553.65 nm

T, =34°C

Fig. 5.11 Calculation of Bragg wavelength shift



5.2 Outdoor Fibre Bragg Grating Temperature Sensor 55

Typical wavelength shifting response of FBG sensor due to temperature can be
achieved by calculating the gradient, assuming constant strain. Thus, temperature
sensitivity with good linear characteristics over practical dynamic ranges can be
obtained. Experiments were performed over a period of time to achieve different
effects, namely placement heights, temperature variations, and effect of focusing
lens based on the transmission and reflection spectra characteristics. These spectra
provided valuable information on the Bragg wavelength shift, power dip, band-
width, reflectivity, and transmissivity of the FBG at different temperatures.

5.2.3 Height Effect on the Sensitivity of Fibre Bragg
Grating

Does the elevated position of FBG affect its sensitivity? Figure 5.12 shows the
graph of Bragg wavelength shift versus temperature for the FBG sensor head when
it is placed at different heights based on the transmission spectrum. From the graph
plotted, the profile shows a linear response, where the gradient of the profile
determines the sensitivity of FBG. Similarly, Fig. 5.13 shows the effect of outdoor
temperature variations on Bragg wavelength shift. The graph of Bragg wavelength
shift versus temperature plotted shows a linear relationship between the two vari-
ables. Table 5.8 shows the summary of the sensitivity of FBG calculated based on
both transmission and reflection spectra for different placement heights.

The average sensitivities measured for the transmission and reflection spectra are
10.05 and 10.02 pm °C™" respectively. Based on the data taken and graph plotted,
the results show an excellent agreement for the sensitivity of FBG for both systems
measured. This shows that the sensitivity of FBG is not affected by its placement
height. The results also show that the FBG sensitivity can be determined either from
transmission or reflection spectra.

= 2

= 0.25

£

<02

~N

&

< 015

o

ED €2.0cm
5 0.1 4.0 cm
o

2 0.05 o 410.0 cm
z.g ’ £420.0 cm
= ©30.0 cm
m 0

24 26 28 30 32 34 36 38 40 42
Temperature, T (°C)

Fig. 5.12 Bragg wavelength shift in different height for transmission spectrum
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Fig. 5.13 Bragg wavelength shift at different heights for reflection spectrum

Table 5.8 Sensitivity of FBG at different heights

Height, i (£0.1 cm) Sensitivity (pm °ch
Transmission spectrum Reflection spectrum

2.0 10.00 10.00
4.0 10.09 10.00
10.0 10.15 10.00
20.0 10.19 10.00
30.0 9.80 10.10
Mean 10.05 10.02

5.2.4 Focusing Lens Effect on the Sensitivity of Fibre Bragg
Grating

Different types of focusing element will result in a different output of the system.
A research was done to measure if either of the focusing elements affect the sen-
sitivity of FBG. A convex lens of 20 cm focal length and a hand lens of 15 cm focal
length were used in this research for the purpose. All the focusing elements were
placed directly on top of the sensor head of FBG.

5.2.4.1 Effect of Convex Lens

The setup depicted in Figs. 4.4 and 4.5 in Chap. 4 were prepared. Convex lens was
chosen as the focusing elements for this purpose. Figures 5.14 and 5.15 show the
graphs of Bragg wavelength shift versus temperature plotted for the transmission
and reflection spectra with the presence of convex lens on top of the FBG’s sensor
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Table 5.9 Effect of convex lens on the sensitivity of FBG at different heights

Height, i (£0.1 cm) Sensitivity (pm °ch
Transmission spectrum Reflection spectrum

2.0 12.22 12.27
4.0 12.00 12.40
10.0 12.73 12.39
20.0 12.14 12.35
30.0 12.32 12.37
Mean 12.28 12.35

head. Based on the data taken and a graph plotted, the Bragg wavelength shift is
directly proportional to the change of temperature for both systems. The computed
FBG sensitivity is summarized in Table 5.9.
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The sensitivities of the FBG are calculated from the gradient of the graphs of
Bragg wavelength shift against temperature as plotted in Figs. 5.14 and 5.15. The
sensitivities of each graph plotted are calculated and the average sensitivity of the
transmission and reflection system are recorded as 12.28 and 12.35 pm °C™!
respectively. Both transmission and reflection systems show an excellent agreement
on the sensitivity of the FBG.

5.2.4.2 Effect of Hand Lens

The setup as discussed in Sect. 5.2.4.1 was repeated where a hand lens with 15.0 cm
focal length was used to replace the convex lens. The measurements of Bragg
wavelength shift based on transmission and reflection spectra were made for dif-
ferent placement heights of the FBG at different temperatures. Figures 5.16 and 5.17
show the graph of the Bragg wavelength shift versus temperature for both
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Table 5.10 Effect of hand lens on the sensitivity of FBG at different heights

Height, i (£0.1 cm) Sensitivity (pm °C™")
Transmission spectrum Reflection spectrum

2.0 13.33 14.00
4.0 13.35 13.73
10.0 13.33 14.00
20.0 13.00 13.85
30.0 13.56 14.00
Mean 13.31 13.92

transmission and reflection systems where the FBG sensor head is focused directly
with the hand lens.

From the graphs plotted in Figs. 5.16 and 5.17, it can be observed that the shift
in the Bragg wavelength is directly proportional to the change in temperature. The
sensitivities of each graph plotted e measured where an average sensitivity of FBG
system is recorded as 13.31 and 13.92 pm °C”" for the transmission and reflection
systems respectively. The calculated sensitivities of FBG for this research are
summarized in Table 5.10.

5.2.4.3 Comparison of Different Focusing Elements

As discussed in Sects. 5.2.4.1 and 5.2.4.2, the change in the Bragg wavelengths is
directly proportional to the change in temperature. This applies to both the trans-
mission and reflection systems. The presence of the focusing elements (convex and
hand lens) affects the sensitivity of FBG sensor. Figures 5.18 and 5.19 show the

Fig. 5.18 Comparison of z 0.25
Bragg wavelength shift at £
2.0 cm height < 02
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g
% 015
<
& 71
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g .
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=
B
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Temperature, T'(°C)
¢ FBG sensor head without a focusing element
M FBG sensor head with a convex lens as the focusing element

A FBG sensor head with a hand lens as the focusing element
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Fig. 5.19 Comparison of 0.3
Bragg wavelength shift at
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graph of Bragg wavelength shift against temperature at 2.0 and 30.0 cm heights
respectively with different focusing elements applied.

Figures 5.20, 5.21, and 5.22 show the average sensitivity of FBG in focused and
unfocused system modes based on the transmission and reflection spectra. The
placement height of FBG does not affect the sensitivity of the FBG sensor. The
sensitivities of the FBG are constant on both the transmission and reflection spectra
in unfocused modes and slightly increased in the focused modes but the values are
almost the same for both transmission and reflection spectra. The sensitivities of the
systems increase further when the convex lens is replaced with the hand lens. It can
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Fig. 5.22 Mean sensitivity of the FBG sensor focused using the hand lens

be concluded that the presence of a hand lens on the sensor head will increase the
sensitivity of FBG sensor due to the thermal expansion of the grating length.

Tables 5.11 and 5.12 show the sensitivities of the FBG for the transmission and
reflection systems respectively. Data taken from the experiment done without a
focusing element, focused using a convex lens and focused using a hand lens are
shown. The data discussed are based on actual measurements done in outdoor
environments, under direct sunlight as the temperature source.

From the data tabulated in Tables 5.11 and 5.12, it is clear that the FBG sensor
head focused using a hand lens has greater sensitivity compared to other systems.
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Table 5.11 Sensitivity of the FBG for different focusing elements based on the transmission
spectra

Height, Sensitivity (pm °C ")

h(£0.1) cm | Without focusing element | Focus with convex lens | Focus withhand lens
2.0 10.00 12.22 13.33

4.0 10.00 12.00 13.35

10.0 10.00 12.73 13.33

20.0 10.00 12.14 13.00

30.0 10.10 12.32 13.56

Table 5.12 Sensitivity of FBG for different focusing elements based on the reflection spectra

Height, 1 (£0.1) cm | Sensitivity (pm °C_1)
Without focusing element | Focus with convex lens | Focus with
hand lens
2.0 10.00 12.27 14.00
4.0 10.09 12.40 13.73
10.0 10.15 12.39 14.00
20.0 10.19 12.35 13.85
30.0 9.80 12.37 14.00
1392 133

12.35 12.28

10.02 1042 H Reflection

™ Transmission

Unfocused Covex lens Hand lens

Fig. 5.23 Bar chart of the mean sensitivity of FBG sensor

The hand lens has a significant effect on the FBG’s sensitivity for both transmission
and reflection spectra. The comparison of both transmission and reflection spectra
for all systems are presented in Fig. 5.23.

5.2.5 Bandwidth of Fibre Bragg Grating

Bandwidth is the separation of wavelength between two points on either side of the
Bragg wavelength where the reflectivity has decreased to half of its maximum
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Fig. 5.24 Bandwidth of the FBG at different placement heights

value. Figure 5.24 shows the graph of bandwidth against the temperature profile for
different FBG placement heights at different temperatures.

Referring to the data plotted in Fig. 5.24, the results show that the bandwidth of
FBG is almost constant, even at different heights, with different focusing elements
applied, and variations of temperature. The bandwidth of FBG is recorded in the
range from 0.32 to 0.37 nm. It can be concluded that the variations in temperature
and placement height do not affect the bandwidth of FBG. The value of FBG’s
bandwidth is always constant irrespective of any changes in temperature, focusing
elements applied, and placement heights.

5.2.6 Reflectivity of Fibre Bragg Grating

When light is launched into the FBG, one center wavelength will be reflected back
and the rest of wavelength will be transmitted. The reflectivity of the FBG can be
calculated using Eq. (3.21), which is

R= (1 — 10*1%)100

where R is the reflectivity and d is the power dip of the spectrum.

Figure 5.25 shows the data collected for the reflectivity of FBG at different
placement heights and temperature. It shows that the reflectivity of FBG is always
constant for all placement heights of the FBG. The temperature variation does not
affect the reflectivity as well. Different type of focusing elements applied does not
affect the reflectivity of FBG. The reflectivity of FBG measured in this research is in
the range of 86—-88%.
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Fig. 5.25 Reflectivity of FBG at different height and temperature

5.2.7 Interpretation and Discussion on Fibre Bragg Grating
Sensor in Outdoor Environment

The shifts in Bragg wavelength with external temperature applied are observed for
both transmission and reflection spectra. This is due to the perturbations of gratings
resulting in a shift in Bragg wavelength in either transmission or reflection systems.
As the outdoor temperature changes due to environmental conditions, thermal
expansion in the grating occurs. Due to this thermal expansion, the refractive index,
ngp of the FBG changes. This causes variation in the wavelength of FBG itself. The
variations in Adg are monitored through the transmission or reflection spectra via
the spectrum analyzer.

The reflection method offers some advantages over the transmission method. In
the reflection system, only light that matches the Bragg condition of the grating is
measured over a relatively small background intensity. There is a good correlation
between Bragg wavelength shift and temperature changes obtained from the setups
designed. A linear response is observed between Bragg wavelength shift and
temperature changes throughout the measured region. The slope or gradient of Adg
versus T describes the sensitivity of FBG sensors.

Results obtained from the graph of Bragg wavelength shift plotted against
outdoor temperature show the sensitivities of 12.35 and 13.92 pm °C~' for the
sensor head focused using convex and hand lens respectively. In the unfocused
mode system, the sensitivity of FBG was calculated to be 10.02 pm °C™". These
values of FBG sensitivities differed for the focused and unfocused FBG sensing
systems. FBG sensor head focused using the hand lens showed a higher sensitivity
compared to the convex lens or without focusing element.

For an FBG with a 1550-nm center wavelength, the typical sensitivity is
approximately 13 pm °C™". Theoretically, the change in Bragg wavelength, AAg for
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a given wavelength of 1553.805 nm due to the change in temperature, AT is
calculated to be 13.2 pm °C™'. It can be seen that there was a good agreement
between the experimental results, the theoretical calculation, and the typical tem-
perature sensitivity. It is concluded that the prototype FBG temperature sensing
system can be used not only indoors but also outdoors.

5.3 Fibre Bragg Grating and No-Core Fibre
for Temperature Measurement

5.3.1 Fibre Bragg Grating and No-Core Fibre at Room
Temperature

The room temperature was measured and recorded. The reading was then used as
the initial reading for the whole study of FBG and NCF temperature sensor.
Figure 5.26 shows the FBG and NCF spectra taken at room temperature of 29 °C.
The center wavelength of FBG spectrum is recorded as 1549.5600 nm with a
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Fig. 5.26 FBG and NCF spectra at 29 °C
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bandwidth of 0.34 nm. The power dip and FWHM of this spectrum are recorded as
27.25 dB and 0.1706 nm respectively and the center wavelength of no-core fibre,
ANCE, is recorded as 1559.1160 nm.

5.3.2 Temperature Sensing of Fibre Bragg Grating
and No-Core Fibre

The studies of FBG and NCF for temperature sensing were conducted in three
different types of solutions, namely distilled water, NaCl, and NaOH solutions. The
hot plate was used to supply heat to the systems, varied up to 100 °C. The per-
formances of FBG and NCF at different temperatures were measured while the
solutions were changed and the temperature was increased. Figures 5.27, 5.28, and
5.29 show the typical transmission spectra for the FBG and NCF in different
solutions at a particular temperature.

The spectrum depicted in Fig. 5.27 shows that the center wavelength or Bragg
wavelength, /g, is 1550.0760 nm with a bandwidth of 0.32 nm, while the power
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Fig. 5.27 FBG and NCF spectrum in H,O at 90 °C
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Fig. 5.28 FBG and NCF spectrum in NaCl solution at 90 °C

dip and FWHM are recorded as 28.6 dB and 0.1647 nm respectively. The center
wavelength of NCF, Ancr, is 1560.724 nm. Details of g, Ancr, bandwidth, power
dip, and FWHM of the systems are presented in Table 5.13.

An analysis of the Bragg wavelength shifts of the fibre is performed for different
solutions and temperatures from 30 to 100 °C. Figure 5.30 shows the typical FBG
and NCF spectra at various temperatures collected from the spectrum analyzer. The
figure illustrates the Bragg wavelength and no-core fibre shift in NaCl solution at
temperatures 30, 60, and 100 °C, respectively.

Figure 5.30 shows the small shifts in the wavelength of FBG spectrum at dif-
ferent temperatures of the NaCl solution. The wavelengths recorded are 1549.630,
1549.880, and 1550.356 nm at 30, 60, and 90 °C, respectively. A bigger shift in the
wavelength of NCF is recorded, and the spectra show 1556.590, 1562.350, and
1565.808 nm at 30, 60, and 90 °C, respectively.
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Fig. 5.29 FBG and NCF spectrum in NaOH solution at 90 °C

Table 5.13 Details of FBG and NCF spectra

Properties Solution

H,O NaCl NaOH
Bragg wavelength (nm) 1550.0760 1550.3560 1550.1880
NCF wavelength (nm) 1560.7240 1565.8080 1566.4560
Bandwidth (nm) 0.32 0.32 0.32
Power dip (dB) 28.60 27.25 30.48
FWHM (nm) 0.1647 0.1615 0.1615

5.3.3 Reaction of FBG in Different Solutions

The FBG and NCF were dipped into the solution at an initial temperature of 29 °C.
The measurement for the spectrum was taken when the solution was heated. It was
then repeated for different solutions starting from H,O, NaCl, and NaOH solutions
for temperatures ranging between 30 and 90 °C with an increment of 10 °C.
Figure 5.31 shows the graph of Bragg wavelength shift versus the temperature
when the FBG sensor was placed in different solutions over increasing temperature
over time. The profile shows a linear response whereas the gradient of the graph
indicates the sensitivity of the FBG. From the graph plotted, an overall increasing
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Fig. 5.31 Shift of Bragg wavelength in different types of solutions at different temperatures

trend can clearly be seen when the temperature increases for all types of solutions.
Figure 5.32 shows the graph of the Bragg wavelength shift versus temperature of
the theoretical and experimental values of the systems. The trend of the data shows
that the experimental results match the theoretical calculation.
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5.3.4 Reaction of NCF in Different Solutions

Figure 5.33 shows the graph of no-core wavelength shift versus temperature when
the NCF sensor was placed in different solutions with increasing temperature over
time. The profile shows a linear response whereas the gradient of the graph
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Fig. 5.33 Shift of no-core wavelength in different types of solutions at different temperatures



5.3 Fibre Bragg Grating and No-Core Fibre for Temperature Measurement

71

0.40
Graph of FWHM (nm), vs. Temperature B o
0.35 1 @ NacCl
. *™ NaOH
0.30 T
€ 0257
=
= 020
e f— - @ [ o 2
0.10 7
0.05
ooOT—//™ T ™" T 1 1 1 1 17
20 30 40 50 60 70 80 S0

Temperature (°C)

Fig. 5.34 FWHM versus temperature in different solutions

indicates the sensitivity of the NCF. From the graph plotted, a trend of significant
increase is observed for the no-core wavelength shift as the temperature increases
for all the solutions used. As for H,O, NaCl, and NaOH solutions, the deviations of
points along the line of best fit are not more than +1.21 nm.

5.3.5 Full Width at Half Maximum of Bragg Grating

The full width at half maximum (FWHM) is the difference between the two
extreme values of the wavelength in which the dependent variable is equal to half
of its maximum value. In other words, it is the width of a spectrum curve measured
between those points on the y-axis; is half of the maximum amplitude. The FWHM
of FBG is determined from the spectra shown in the spectrum analyzer. Figure 5.34
shows the graph of FWHM versus temperature profile in different solutions at
different temperatures. From the graph plotted, it shows that the temperature of each
solution does not affect the reading of the FWHM. The trend for FWHM of FBG is
constant as the distribution of points of FWHM is consistent, ranging from 0.15 to
0.20 nm at a temperature ranging from 30 to 90 °C.
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Conclusion et

A prototype of the indoor and outdoor fibre Bragg grating temperature sensor
incorporated with no-core fibre sensor systems were designed, developed, inves-
tigated, and evaluated successfully. A commercial FBG sensor head with
1553.865 nm center wavelength, 0.24 nm bandwidth, and 3.0 £ 0.1 cm length and
3.5 + 0.1 cm NCF sensor were used for the purpose. The prototype FBG and NCF
temperature sensor systems were capable of detecting the Bragg wavelength shifts
and a no-core shift in different indoor and outdoor temperatures, in different liquids,
and at different heights, either with or without the presence of focusing elements.
Experimental results found a linear relationship between the Bragg wavelength
shift, A, and temperature, T, for both transmission and reflection systems either in
indoor or outdoor measurements. This is also applied in NCF systems. Thus, a
prototype FBG and NCF sensing systems for temperature sensors have been
developed.
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