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ABSTRACT 

 

Fiber Bragg Gratings (FBGs) are highly sensitive to acousto-optic wave, 

temperature, pressure wave, and etc. FBGs are used in our study to manufacture all-

fiber Fabry-Perot resonator (FPR) in different optical fibers. The variations in grating 

pitch and refractive index of the fiber device are the key contributors to its output 

spectral response and sensitivity. Opto-elastic properties of FPR play an important role 

in output spectral response. FBG based all-fiber FPR has been comprehensively studied 

in this thesis for effective, inexpensive and simple manufacture aspects. The 

background of FBGs, Fabry-Perot resonators, their fabrication procedures, applications, 

and operational principles are comprehensively discussed. Moreover, the background 

study on the widespread theory of opto-elasticity, the correlation of refractive index and 

stress, in silica based optical fiber is presented. 

In this thesis, the fabrication and characterization of FBG based short cavity FPR and 

PCF cavity FPR are demonstrated. In addition, opto-elastic properties of FBG based 

FPR in various fibers are studied under the influence of longitudinal waves, pressure 

and temperature through simulation and experimental investigation.  

Additionally, LP01-LP11 cross mode interference is observed in a single chirped 

grating (CG) inscribed in a two-mode fiber (TMF). Both spatial modes can be 

concurrently excited using a phase plate at different intensity ratio of LP01:LP11 in the 

TMF. Diverse interference patterns are formed in the output spectra by the excited input 

beams. These findings are significant steps in the advancement and characterization of 

more sophisticated grating structures on single mode and few mode optical fibers. This 

study will contribute to the understanding and designing of efficient FBG based Fabry-

Perot resonators as well. 
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ABSTRAK 

Fiber Bragg Gratings (FBGs) amat peka kepada gelombang acousto-optik, suhu, 

gelombang tekanan, dan lain-lain. FBGs telah digunakan dalam kajian kami untuk 

menghasilkan kesemua gentian Salun Fabry-Perot (FPR) dalam gentian optik yang 

berbeza. Kepelbagaian nilai di dalam jarak parutan dan indeks biasan peranti gentian 

adalah penyumbang utama kepada tindak balas keluaran spektrum dan sensitiviti. Sifat-

sifat Opto-kenyal FPR memainkan peranan penting dalam tindak balas keluaran 

spektrum. FBG berdasarkan kesemua gentian FPR telah dikaji secara komprehensif di 

dalam tesis ini dari aspek keberkesanannya, kos perbelanjaan yang murah serta 

pembuatannya yang mudah. Latar belakang FBGs, FPR, prosedur pembuatannya, 

aplikasi, dan prinsip-prinsip operasi turut dibincangkan secara menyeluruh. Selain itu, 

kajian latar belakang terhadap teori yang meluas tentang opto-keanjalan, perhubungan 

di antara indeks biasan dan tekanan, di dalam gentian optik berasaskan silika telah 

dibentangkan. 

Di dalam tesis ini, pembuatan dan penyifatan FPR berdasarkan FBG yang berongga 

pendek dan berongga PCF telah ditunjukkan. Di samping itu, sifat-sifat opto-kenyal 

FPR berdasarkan FBG di dalam pelbagai gentian telah dikaji di bawah pengaruh 

gelombang membujur, tekanan dan suhu melalui simulasi dan ujikaji eksperimen.  

Selain itu, mod interferens silang LP01-LP11 juga diperhatikan dalam parutan chirped 

tunggal (CG) yang tertulis di dalam gentian dua mod (TMF). Kedua-dua mod spasial 

dalam TMF boleh teruja secara serentak dengan menggunakan plat fasa pada nisbah 

keamatan mod LP01: LP11 yang berbeza. Corak interferens yang berlainan dalam 

spektrum output telah terbentuk oleh alur input ujaan. Penemuan ini adalah langkah-

langkah penting dalam kemajuan dan pencirian lagi struktur parutan yang lebih moden 

pada gentian optik mod tunggal dan beberapa mod. Kajian ini akan memberi 

sumbangan dalam pemahaman dan reka bentuk cekap FPR yang berdasarkan FBG. 
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CHAPTER 1: INTRODUCTION 

 
1.1 Overview of Fabry–Perot resonator 

Fabry–Perot (FP) resonators function as fundamental parts of lasers and high-

resolution optical spectrum analysers; thus, their functions depend on the superposition 

or interference of light. Jamin (Jamin, 1856) first assembled an interference device in 

1856. They exhibited an exact estimation of the relative refractive index of optical 

media with this device. Their research shaped the premise on which Mach and Zehnder 

built up an interferometer of remarkable implication in 1892 (Mach, 1892), now known 

as the Mach–Zehnder interferometer, which became significant in laser measuring 

strategies (e.g., laser vibrometres). The most prominent interferometer, which is called a 

two-beam interferometer, was created by Michelson in 1887 (Michelson, 1887). In the 

interferometers or resonators technologically advanced later by FP, two (or numerous 

beams) were made to interfere. This kind of interferometer is consequently known as a 

multibeam interferometer. In the interferometer developed by Fabry and Perot (1897), 

the approaching light beam is split into numerous individual components, which all 

interfere with one another. 

The fiber optic FP interferometer exhibit a wide range of structures. The resonating 

cavity can be intrinsic or extrinsic, implying that the space, in which the light is in part 

reflected forward and backward by two reflectors, can be inside or outside the optical 

fiber. For intrinsic cavities, semiconductor reflectors can be developed on the fiber 

ends. The fiber ends are then grafted together to make an internal mirror. Fiber optic 

loop mirrors may likewise be utilized. The FP interferometer has a sensitive advantage 

(of around the cavity finesse) over the Michelson and Mach–Zehnder interferometers. 

The most significant advantage of optical fiber FP is the solid reliance of the resonant 

cavity’s optical length on natural parameters, such as, temperature, strain, and bending. 
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The optical path length changes decipher into a phase shift, which is ambiguous from 

the phase shift brought on by the measurand. Thus, studies on the opto-elastic behaviour 

of cavity are important to overcome such weaknesses. The accompanying chapter will 

clarify the sequence of a wide range of FP resonator/interferometer development and 

their manufacture, principles, and applications.    

1.2 Fiber Bragg Grating and Opto-elastic properties 

The historical backdrop of optical fibers dated back to the 1960s. In 1969, the first 

gradient index fibers were manufactured by the collaboration of Nippon Sheet Glass 

Co. and Nippon Electric Co. for telecommunications applications (Mitschke, 2010). 

Nevertheless, these fibers experience a high damping of 100 dB/km mostly because of 

the chemical contamination of the glass. Remarkable advancement was made in the 

next years; in 1976, enhanced fibers were produced with < 1 dB/km, which were 

accessible in Great Britain, USA, and Japan. Infrared was utilized then rather than 

visible light. Today, optical silica (SiO2) fibers with an attenuation coefficient of < 0.2 

dB/km are widely used as standard telecommunications fibers.  

 In 1978, Ken O. Hill revealed the effect of photosensitivity on germanium-doped 

fibers. Exposure to ultraviolet light incites a lasting change of the fiber refractive index. 

The following stride was to utilize this effect and imprint Bragg gratings into fibers, 

which can reflect very narrow wavelength peaks. The wavelengths of these reflections 

differ with temperature or when such fibers are strained. The first commercial fiber 

Bragg grating sensors were available in 1995 from 3M and Photonetics. Since 2000, 

more than 20 organizations offer Fiber Bragg gratings (FBG) (Mitschke, 2005). Like 

strain gauges, FBG can be utilized to construct transducers for measuring a wide range 

of physical quantities. 
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Understanding the opto-elastic conduct of optical fiber is essential while considering 

fiber optic devices for applications in mechanical estimations. At the point when the 

optical fiber core conveying the light experiences mechanical perturbations, which 

modify the material properties of the optical fiber – an adjustment in the yield optical 

signal can be observed. The optical response of the optical fiber device can be 

corresponded with the applied mechanical perturbations, such as stress and strain, on 

the optical fiber. In this research, several different FBG-based FPR structures are 

investigated. The optical properties and high sensitivity of the FPRs are directly related 

to the opto-elastic properties of FBGs and resonator cavity. Therefore, the study of the 

opto-elastic behaviours of FBGs is very significant in the understanding and design of 

complex FPR structures.   

1.3 Problem Statement 

In spite of all the remarkable features of FBG, several challenges in its use in 

industrial sensing applications still exist. One of the limitations is the low sensitivity of 

a uniform FBG for acoustic–ultrasonic wave detection. FBG-based FPR can be useful 

in such application. FBG-based FPR offers advantages in terms of high sensitivity for 

acoustic–ultrasonic wave detection and wide frequency detection range. 

Unlike the standard FBG, the optical structure of FBG-based FPR is more complex, 

and the opto-elastic properties of FBG-based FPR fabricated from different optical 

fibers are sophisticated.  

1.4 Thesis Motivations 

The advancement in laser and fiber optic technology has greatly accelerated the 

progress in the development and improvement of optical instrumentation frameworks 

for sensor and telecommunications applications. Fiber optic devices offer great 

advantages over the conventional electrical counterpart in terms of robustness, compact 
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size, chemically latent, resistant to the electromagnetic interference (EMI), 

nonconductive, and simplicity in the integrated system because they do not require 

extensive electrical wiring for integration. FBG is among the greatest achievements in 

the development of optical fiber technology. FBGs are fabricated by imprinting a 

periodic optical structure into a silica fiber by UV laser irradiation, realizing periodic 

modulation of refractive index specifically into the core of fiber, producing an 

exceptionally resonant sensing device. Due to the intrinsic fiber properties of these 

optical devices, FBGs are compatible with most fiber components as well as 

sophisticated optical structures, such as telecommunications and optoelectronics system. 

These characteristics support the extensive acceptance of fiber-based components and 

the advancement of new optoelectronic devices. FBG-based devices offer outright 

information of wavelength, and the execution of these FBG devices might be designed 

to make the general system light levels autonomous. Due to these attractive advantages, 

FBG has been utilized as a part of our research study to fabricate FBG-based FB 

resonators. Interferometric optical fiber sensors taking into account the optical phase 

change offer considerably higher resolution for high sensitivity estimation. Fiber-based 

interferometers, such as FP interferometer, have been produced in this thesis study by 

utilizing FBGs performing as reflective mirrors. This thesis focuses on the study of the 

performance of the FBG-based FPR, particularly in acousto–ultrasonic wave detection, 

simultaneous temperature, and pressure detection. In order to understand the opto-

elastic behaviour of FBGs and FPRs and design highly sensitive and robust FBG-based 

FPRs, the opto-elastic properties of FBGs and FBG-based FPRs have been extensively 

studied.  

The FP resonator utilizing FBGs should be developed in such a way that they can 

achieve enhanced sensitivity to acousto–ultrasonic wave as well as to temperature and 

pressure, in which most FPR devices are incapable due to the unresolved cross-
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sensitivity issue. The design of such FBG-based FPR requires a thorough study of opto-

elastic behaviour of the proposed FBG-based FPR. Information was assembled to 

provide a foundation for the fabrication and operation of FBG-based FPR devices in 

general. In addition, in the wake of breaking down in points of interest how acousto–

ultrasonic, thermal- and pressure-induced stress could influence the index of refraction 

(and resultant abnormalities in the FBG readings) of glass fiber. Theoretical 

investigation was directed to different conditions in glass fiber, causing a change in the 

index of refraction. Moreover, experimental work was performed to validate the 

theoretical analysis. The created stress fields can be converted to a change in refractive 

index, and these non-homogenous indexes of refraction changes are then exhibited to 

their effect on the FBG signal. The FPR have been characterized based on the responses 

in applications. LP01–LP11 cross mode interference seen in single-chirped grating (CG) 

inscribed in two-mode fiber is studied as a part of this thesis. The aim of this mode 

interference study is to develop and characterize more complex grating structures on 

few mode fibers. This is probably the first report on experimental and theoretical 

investigation of non-uniform grating structure in few mode fibers. 

1.5 Thesis Objective 

FBGs and FPRs have engaged growing consideration regarding its gigantic potential 

in building photonics parts and coordinated photonic frameworks. This thesis is mainly 

concerned with the manufacture, characterization, and uses of FBG-based FPRs. The 

primary focus of this research is to investigate the opto-elastic properties of the cavity 

of FPR where the FPR is made utilizing FBG.  

Various stages associated with the fabrication strategy are acknowledged and 

completed correctly to protect the manufacture of good quality FBG-based FPR. Some 

theoretical models are introduced to complement the test information to provide more 
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top to bottom understanding of the opto-elastic properties of FBG-based FPR and 

clarification with respect to the characteristics of these FBG-based FPR devices affected 

by temperature, pressure, and acoustic-ultrasonic impelled stress. Quantitative 

investigation of the experimental data is conducted using various software, such as 

Matlab, COMSOL Multiphysics, and Microsoft Excel, in the analytical and 

characterization investigation of this study. Finally, the uses of FBG-based FPR devices 

are investigated and illustrated. The demonstration of LP01–LP11 cross mode 

interference in a single chirped grating (CG) inscribed in two-mode fiber has increased 

the significance of this study. The key objectives of this thesis are the following: 

1. To fabricate a short cavity FBG-based FPR in SMF and a PCF cavity FBG-

based FPR. 

2. To evaluate the opto-elastic properties of FBG-based FPR in various fibers 

and the effect of strain-optic tensor and strain vectors of different types to 

acoustic waves and pressures. 

3. To characterize FBG-based FPR under the influence of longitudinal waves, 

pressure, and temperature through experimental investigation. 

4. To demonstrate LP01–LP11 cross mode interference in chirped grating (CG) 

by both the simulation and experimental analysis along with the 

characteristics of CG in two-mode fiber (TMF).  

1.6 Thesis Outline 

In this thesis, theoretical and experimental investigations on opto-elastic properties 

of FBG-based all-fiber FPR in various optical fibers are exhibited and trailed by an 

investigation of LP01–LP11 cross mode interference in chirped grating inscribed in TMF.  
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The first chapter provides a brief overview of the cutting edge of FPR, including the 

authentic perspective of FBG, the significance of study the opto-elastic properties, 

thesis objectives, motivations, and outlines. 

Chapter 2 incorporates the writing survey of all-fiber FPR. Fabrication strategies are 

sorted into two groups: based on spliced techniques and based on unspliced techniques. 

The operating principles of a few FPRs alongside various applications, numerous 

physical effects on optical fibers, and statistical analysis on the sequence of FPRs 

advancement are discussed.  

Chapter 3 covers the theories alongside opto-elasticity and characteristics of FBG-

based FPR in optical fibers. This chapter incorporates the theories of light propagation 

in the optical fiber (e.g., Maxwell’s equation, propagation modes, LP modes, dispersion 

of light), fundamentals of FBGs with phase matching, Bragg conditions and FBG 

parameters, mode coupling theories for grating, and theories of FPR.  

Chapter 4 shows LP01–LP11 cross mode interference in a solitary chirped grating 

(CG) inscribed in TMF. Moreover, the creation of CG in TMF and the experimental 

setup are illustrated. The modal excitation is selectively performed with the aid of a 

binary phase mask in the investigation and the arrangement of various interference 

patterns in the output spectra are verified with the simulation results. 

Chapter 5 presents the demonstration and characterization of an all-fiber short cavity 

FPR manufactured in SMF and a PCF-cavity FBG FPR. The discriminative sensing 

property if there should be an occurrence of cross-sensitivity has been researched. The 

manufacture of these FPR, experimental setup, and opto-elastic responses from both 

FPR are likewise contemplated. 
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The last chapter, Chapter 6, outlines the significant contributions and provides a few 

proposals for future improvement of the FPR devices. 
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CHAPTER 2: REVIEW OF ALL-FIBER FABRY–PEROT RESONATOR 

 
2.1 Introduction 

Optical fiber sensors made their first debut over four decades ago since the first 

photonic sensor had been patented in mid-1960s (U.S. 03327584 granted June 27, 

1967). Several techniques are used for functionalizing the optical fiber device in 

industrial sensing, such as interferometric system, Bragg grating, and resonator. Among 

them, interferometric based optical fiber sensors have attracted considerable attention 

because of their prospective applications in sensing temperature, refractive index, strain 

measurement, pressure, acoustic wave, vibration, magnetic field, and voltage. During 

this time, numerous types of interferometers have been developed such as FP, 

Michelson, Mach–Zehnder, Sagnac Fiber, and common-path interferometers. FP 

interferometer (FPI) fiber-optic sensors have been extensively investigated for their 

exceedingly effective and simple fabrication as well as low-cost aspects. In this study, a 

wide variety of FPI sensors is reviewed in terms of fabrication methods, the principle of 

operation, and their sensing applications. The chronology of the development of FPI 

sensors and their implementation in various applications are discussed.  

The construction of photoinduced gratings in glass optical fibers was first introduced 

by Hill et al. (1978). A Bragg grating structure is produced in the core of a 

germanosilicate-made optical fiber by inducing a periodic index change by an Ar ion 

laser (Wosinski et al., 1994). Optical-fiber sensors are being significantly advanced as 

they have numerous advantages over conventional sensors, such as the ability to 

function in hostile environments, high sensitivity, resistance to EMI, and perspectives 

for multiplexing. In recent times, growing attention has been paid to the embedding of 

optical fiber sensors in composite materials for the measurement of strain, temperature, 

and vibration in structures such as spacecraft and airplane wings (Lee et al., 1989). 
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Interferometer-based fiber optic sensors have been implemented in a wide range of 

applications since 1980 (Farahi et al., 1988). The FP interferometer (FPI) was invented 

by physicists Charles Fabry and Alfred Perot who published their most significant 

article in 1897 (Fabry & Perot, 1897). FP interferometric sensors are very promising 

among numerous optical fiber sensors proposed in recent times, as they are precise, 

simple, versatile, responsive, and immune to environmental noise. Optical sensor-based 

FPIs have been extensively studied because of their tunability and potentiality for signal 

“amplification” (i.e., resonance). However, the difficulties in device fabrication have 

limited their commercial growth (Han & Neikirk, 1996). The FP type sensors can be 

fabricated using air-glass reflectors, in-fiber Bragg gratings, or through semi-reflective 

splices. Two broad types of FPI fiber sensors are identified in the literature: intrinsic 

and extrinsic. The following sections aim to introduce some significant developments in 

all types of FPI fiber sensors. FPI optical fiber sensors have been used in several 

applications in different fields, such as aircraft jet engine monitoring where 

inflammable materials and high voltage electricity exists, smart structure monitoring, 

seismic and sonar applications, the oil industry, downhole measurement in oil wells, 

fiber optic gyroscopes for navigation purposes, acquiring information from small 

complex structures, biomechanics and rehabilitation engineering, and biological and 

chemical sensing.  

Fiber-optic interferometer sensors have been developed in several ways by numerous 

researchers to improve the functionality, efficiency, and potential applications. For 

example, an intrinsic FP fiber sensor with an optical path length considerably greater 

than the coherence length of the LED light source was demonstrated, in which low 

coherence light emitting diode (LED) had been used and modulated by two FPIs to 

measure temperature (Lee & Taylor, 1991). A fiber-optic FP temperature sensor 

developed by Tseng and Chen can distinguish between temperature increment and falls 
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as well as the direction of temperature difference (Tseng & Chen, 1988). Some FPI 

fiber-optic sensors have been fabricated/improved through the following processes: by 

embedding in epoxy and also submerging in water for evaluating the ultrasonic sensing 

performances (John et al., 1997), by micromachining technology with a 

Si3N4/SiO2/Si3N4(N/O/N) diaphragm for pressure sensing (Kim et al., 1997) with a 

vortex-shedding flowmeter for the measurement of liquid flow velocities in a pipe 

(Fang et al., 1998), by creating a low-finesse FP cavity between the end of a polished 

fiber tip for displacement sensing (Pepe et al., 1998), by low-finesse FPI for generating 

fringes with good visibility (Wang et al., 1998), with a patch-type extrinsic FP 

interferometer (EFPI) in order to conquer interferometric non-linearity, applied to the 

active suppression of flutter to reduce the amplitude of the flutter mode as well as 

increase the speed (Kim et al., 2005), based on a nano-interferometric optical cavity by 

the novel ionic self-assembly monolayer (ISAM) technique for humidity sensing 

(Arregui et al., 1999), by a three-wavelength passive quadrature digital phase-

demodulation scheme with low-coherence (Schmidt & Furstenau, 1999), by fusing 

several fibers with different core diametres for use in harsh gamma-radiation 

environments (Lai et al., 2003), by depositing a partly reflective dielectric or metallic 

coating on the tip of a fiber-optic, or a glass or polymer planar substrate, and a close to 

entirely reflective coating on a polymer film spacer to create the mirrors of the FPI 

sensor (Cox et al., 2004), and by bonding the silica fiber, with the ferrule, the tube, and 

the diaphragm together to form an interferometer with a sealed cavity for detecting 

acoustic emissions (Deng, 2004), using a technique silicon-to-silicon anodic bonding or 

a polymer structure with SU-8 on silicon wafer (Peng et al., 2013) a micro electro-

mechanical systems (MEMS) structure for pressure sensing (Saran, 2004), by 

depositing polyaniline and Nafion layers on the face of sensor head for ammonia gas 

sensing (Opilski et al., 2005), by cascading a single-mode fiber (SMF), a photonic 
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crystal fiber (PCF), and a hollow optical fiber (HOF) for high-temperature sensing 

(Choi et al., 2008), by a suspended core between two single mode fibers for a FP 

refractive index (RI) sensor for low temperature sensitivity (Frazao et al., 2009), by 

using a diaphragm based on a polymer material for acoustic sensing Wang & Yu, 2010, 

by the measured sample and the exteriors of a sensing fiber end for optical glass RI 

measurement (Chen et al., 2010), by a miniature all-silica fiber optic EFPI sensor with 

an embedded Fiber Bragg grating (FBG) reference sensor element to determine 

temperature and pressure (Reinsch et al., 2012), by a thin film polyvinyl alcohol (PVA)-

coated SMF tip for extreme temperature sensing (Rong et al., 2012), by an SMF with a 

Metglas (Fe77.5B15Si7.5) wire-based magnetostrictive transducer (Oh et al., 1997; 2004) 

or, a magnetic fluid (Lv et al., 2014; Zhao et al., 2012) to measure magnetic fields, and 

by coating it with a thin film of SU-8 photoresist and dipping it into a nano-magnetic 

fluid for measuring magnetic fields (Jin et al., 2013).  

In addition, a number of FPI fiber-optic sensors and their performance have also 

been reviewed in this chapter, such as an FP cavity constructed by aligning two fiber 

endfaces in a hollow-core fiber in an EFPI fabrication (De Vries et al., 1997). Multiple 

path-match techniques are used for absolute phase measurement in an EFPI sensor 

(Chang & Sirkis, 1997). Tiny sensor heads for point measurement is significant in many 

applications. An FPI with a low-finesse and tiny cavity is a smart option for the 

fundamental sensing component. From an application point of view, it is very useful 

because of its compactness and straightforwardness (Kim et al., 2005). Several fiber-

optic sensors derived from the MEMS technology have been proposed earlier (Wang et 

al., 2005; Lai et al., 2011). The use of MEMS technology is preferable due to its 

possible vast economical manufacturing and inexpensive products. A composite cavity-

based fiber optic FP (CCFOFP) strain sensor can be fabricated using an electrical 

scanning mirror and a fiber optic Michelson interferometer in which the improvement 
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of the dynamic measurement range and multiplexing capability are observed 

concurrently when evaluating with the extrinsic fiber optic FP (EFOFP) strain sensor 

(Zhang et al., 2008). A two-mode interferometric sensor is manufactured from photonic 

crystal fiber (PCF) for ultra-high temperature measurement (≤ 1,000 °C) (Coviello et 

al., 2009). A hybrid fiber-optic sensor is constructed by combining FPI and MI sensors 

(Jedrzejewska-Szczerska et al., 2011) with an asymmetric dual core micro-structured 

fiber (Frazao et al., 2010). A dual-core microstructured fiber is used to form two 

parallel FP cavities with low finesse between its endface and region of splicing (Lai et 

al., 2011). A PDMS-based polymer-based in-plane silicon FP interferometer was 

constructed for chemical sensing (St-Gelais et al., 2013). A non-contact vibration sensor 

is fabricated from an SMF extrinsic FP interferometer (EFPI) and the extracted wavelet 

transform optical data is used for developing a novel signal decoding technique to 

overcome the limitations of demodulated signals caused by complex fringe and phase 

ambiguity (Gangopadhyay et al., 2005). Coviello et al. (2009) reported that the two-

mode interferometer sensor head requires an extended burn in terms of thermal 

annealing to attain its steady state and a sufficient level of functionality regardless of 

being robust and compact.  

Few review articles have partly discussed common fabrication, sensing technologies, 

and measurands of FP interferometric fiber-optic sensors, including (Vahala, 2003), 

which only covers microcavities that play a significant role in forming FPI, vibration 

sensing in (Zhang et al., 2013), strain measurement in (Zhou & Sim, 2002), acousto–

ultrasonic sensing in (Wild & Hinckley, 2008), and also a number of recent reviews 

given in (Lee et al., 2012) where the recent trends of FPI fabrication, methods, and 

application were reported. Reference (Jorge et al., 2012) explains RI sensing, and in-

line fiber optic FPI formed by using SMF is covered in (Zhu et al., 2012), nevertheless, 

they did not completely cover all the latest and promising as well as previously reported 
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applications of FPI sensors, their remarkable fabrication processes and operating 

principles, which provides a reason to conduct a comprehensive study on FPI sensors. 

Although some books (Yin et al., 2008; Kashyap, 2009) on fiber optic sensors which 

detailed a general study of fiber Bragg gratings and fiber optic sensors, including some 

applications of FPI sensors, have been published, this chapter intends to offer a 

complete summary of the fabrication methods, sensing applications, and operation 

principles of FPI sensors in terms of the advances carried out up to recent days as well 

as the current status of progress in related research from all over the world. This chapter 

is intended for enhancing readers’ understanding of the state of the art of FPI optical 

sensors and their applications, as well as offering better ideas for conducting further 

research in this exciting area. 

2.2 Operating Principles 

The FPI sensor consists of a cavity between two semi-reflective surfaces or one that 

is semi-reflective and the other is a full-reflective surface; thus, the total reflection will 

be the result of two reflective powers, i.e., 1R  and 2R , which can be expressed as (Xie, 

2006): 

 1 2 1 22 cosr iP P R R R R     (2.1) 

where iP  and rP  are the incident and reflected optical powers, respectively, 1R  and 2R  

are the reflections from reflective surfaces  1R  and 2 ) 1R  , and   is the phase shift of 

complete cycle from one reflective surface to another reflective surface, which can be 

written as: 

4 4nL nfL
c

 



   (2.2) 
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where n is the RI, L is the total cavity length of FPI,    is the optical wavelength, f  is 

the optical frequency, and c is the velocity of light. 

From Equation (2.1), the reflected power rP   can be varied by varying the phase 

shift, which depends on the different physical parameters described as: 

initial L f          (2.3) 

with: 
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L n L L n
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where initial  is the initial phase shift and L , n , f , and T  are the changes in 

length, RI, frequency, and temperature, respectively. 

Equation (2.2) is the FPI principle equation used by many researchers for different 

types of applications, i.e., strain, temperature, pressure, magnetic field, voltage, 

humidity, and vibration sensing. A variety of hypotheses concerning FPI fabrication and 

characterization are presented in the literature. For the reader’s better understanding, 

some examples of the working principle equations of different sensors are given in this 

study. For magnetic field sensing, the RI of the cavity can be related to the magnetic 

field by (Zhao et al., 2012): 

 
 0 0coth c

s
c

H H Tn n n n
T H H




   
     

   
      for cH H  (2.7) 
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where cH  is the critical value of the magnetic field, 0n  is the RI of the magnetic fluid 

under the critical magnetic field, sn  is the saturation value of the RI of magnetic fluid, 

and   is the fitting coefficient. For a certain kind of magnetic fluid film, sn , 0n ,  , 

and cH  are constants. For a given temperature T, n can be easily determined by H. 

The humidity sensor based on RI change is also reported in (Yao et al., 2012). In this 

configuration, an FPI with an open interferometric cavity is coated with polyacrylamide 

(PAM), which is a humidity sensitive material. The RI of PAM varies when it absorbs 

water vapour. This induces a spectral shift v ,  and the relationship is given by:  

v v

PAMn n
 


  (2.8) 

where v   is the centre wavelength of reflection, PAMn  is the RI of PAM, and n  is the 

PAM RI change. The distance between two interference peaks is given by: 

1 2
2 1 2 PAMn L

 
    (2.9) 

where 1  and 2  are the wavelengths of consecutive FPI reflection peaks, and L is the 

cavity length. The RI of PAM will be changed when humidity changes, which can be 

used as a principle for humidity sensing. An FPI is sensitive to variation in gas RI, and 

gas RI is a function of pressure. Based on this principle, an FPI can also serve as a 

pressure sensor as reported in (St-Gelais et al., 2013). 

The cavity length of an FPI is sensitive to vibration, and this has been investigated in 

detail by Jia et al. (2012). A microelectromechanical system (MEMS)-based ultra-

sensitive FPI sensor has been developed for acoustic wave sensing (Wang et al., 2005), 

and it has been demonstrated for partial discharge detection inside high voltage 

transformers. In this sensor, the FPI cavity length is modeled as: 
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4 2

3

(1 )
4.2

Pa vL
Eh




  (2.10) 

where P is the ambient pressure related to cavity pressure, L   is the cavity length, 

which actually is the deflection of the membrane, a is the half side length and h is the 

thickness of the membrane, and E and v are the Young modulus and Poisson ratio of the 

membrane material, respectively. 

2.3 Fabrication Methods of All-fiber Fabry–Perot Resonators (FPR) 

Several varieties of optical fiber have been used for the development of the FPI 

sensors. Yoshino et al. fabricated an FPI sensor using SMFs by optically polishing and 

coating the two end faces with a multilayer of dielectric films based on a method called 

vacuum evaporation (Yoshino et al., 1982). A single two-core fiber has been used to 

develop FP interferometric sensors for concurrent comprehensive measurement of 

temperature and strain. This FPI is made of a pair of low reflection Bragg gratings that 

are holographically written with a time-division multiplexing (TDM) technique 

(Yoshino et al., 1982). Various interesting and challenging FPI fabrication methods can 

be found in the literature. The authors managed to categorize some of the significant 

methods into two groups: fabrication of FBI sensors with and without splicing methods. 

Some selected methods are presented in the following subsection. 

2.3.1 Optic Fiber FPI using Unspliced Method 

2.3.1.1 Coherence Multiplexing Technique for Remote Sensing Based on FPI  

The unbalanced FPI using frequency division multiplexing (FDM) technique is 

illuminated by modulating the frequency, and appropriate amplitude is selected to force 

all the interferometer over an integral and a dissimilar number of fringes. Then, for 

every sensing component a pseudoheterodyne carrier is developed that involves 

crosstalk. Furthermore, utilizing FPIs, as proposed by Dakin et al. (Dakin & Wade, 

1984), leads to the same problem. A coherent signal is generated in the image plane due 
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to highly scattering objects and shows similarity with that of sample depth within the 

length of coherence is referred to as “crosstalk”, which is critical for the lengths for 

several sensors and limits the number of sensors used. Consequently, a FP fiber-optic 

sensor with coherence multiplexing is constructed to overcome this drawback (Farahi et 

al., 1988). A super-luminescent diode source is used for illuminating two FP sensors. 

These FP sensors are created inside a compact fitting capillary tube by cleaving a 

single-mode optical fiber as shown in Figure 2.1. Each path length of the FP sensors, as 

well as the difference between the paths length, are larger than the length of the source’s 

coherence. A bulk optic Michelson interferometer is used to detect the interferometric 

fringes by sequentially matching the difference of path length for each FP fiber. The 

coherence length of the light source can be estimated by considering the visibilities of 

the fringes, and the translation stage at a stable velocity over the zero path length 

mismatches (Farahi et al., 1988). Another low-coherence technique for multiplexed 

measurements on a fiber sensor array was proposed by Sorin and Baney (Sorin & 

Baney, 1995). 
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Figure 2.1: Experimental arrangement of coherence multiplexing technique for 
remote sensing based on Fabry–Perot interferometers (Farahi et al., 1988). The 
abbreviations used in the figure are light emitting diode (LED), fiber directional 
coupler (DC(f)), fiber Fabry–Perot (FFP), beam splitter (BSD), photodiode (PD), 

integrator (ʃ), and piezoelectric transducer (PZT). 

2.3.1.2 Micromachining Technique 

A FP cavity is formed by two light-reflecting surfaces. The amount of light passing 

through the cavity depends on the partition between the two reflecting surfaces. 

Accordingly, if one of the surfaces is made of a membrane that deflects with pressure, 

the light output changes according to the magnitude of the membrane deflection. Such a 

strategy has been found in an FPI sensor that was fabricated on a 200 µm thick-silicon 

wafer using the micromachining techniques (Lee et al., 1994). The overall view of the 

sensor is drawn in Figure 2.2.  

The sensor is attached to the end of a Corning Pyrex tube with 1 mm inner diameter 

(ID). A 6.8 μm-deep etching on one side is used as a separation between the two 

surfaces. This separation gap is used for the convenience of using an LED light source 
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that is more economical, but on the other hand, the limitations of utilizing LEDs should 

be considered as well, such as their considerably larger spectral bandwidth and 

considerably shorter length of coherence, which is much shorter than that of a laser (Lee 

et al., 1994). A miniature based mechanical membrane structure is fabricated on silicon 

wafers by anisotropic etching in potassium hydroxide. First, a photolithographically 

structured window is etched to a depth of 178 μm on one side after the specific 

alignment of the masking patterns equally on each side of the silicon wafer. Then, both 

sides are etched to a depth of 7 μm, which yields the required cavity depth and 

membrane thickness of 8 μm. 

 

Figure 2.2: Schematic of a sensor structure. The light is sent and received 
through the 100-μm core fiber. The cavity length is approximately 7 μm, and the 

thickness of the membrane is 8 μm (Lee et al., 1994). 

The upper side of the membrane in a (100) crystal plane is polished to optical quality 

to enable reflection. Finally, a vent hole is created in the micromachined cavity to avoid 

any obstruction at a higher pressure caused by any resistance from the compressed air 

that is otherwise trapped in the cavity (Lee et al., 1994).  

10
0µ

m
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8µm 
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A micromachined FP interference based microcavity structure for pressure sensing 

was studied in (Lee & Taylor, 1988) as well. Based on the same technique, Boyd et al. 

developed a fiber optic sensor based on FPI, and it has been patented (Boyd et al., 

2005). 

2.3.1.3 EFPI Ultrasound Sensor Using a Thin Polymer Film 

An FPI is fabricated using a slim transparent polymer film that acts as a low-finesse 

FPI for ultrasound sensing. For the reason that the polymer film itself is an 

interferometer, shorter path length, low sensitivity to pressure, and thermal differences 

result from the use of a slim polymer film as an FPI sensing component. As a result, 

phase-bias-control and complicated polarization systems are not essential. A 

wavelength-tunable laser diode is used as a laser light source, and the laser light is 

launched into a multimode optical-fiber down-lead (see Figure 2.3). Fresnel reflection 

coefficient is a significant parameter for interferometric mirrors, is related with 

mismatching between the refractive indices of the surrounding media and both sides of 

the sensing film, no additional reflective coating is required. When the acoustic waves 

are applied to the sensor, the optical phase mismatch between two reflections is induced 

due to modulation of the film and consequently, an optical intensity modulation is 

induced, which is then reflected back through the fiber for detection by a photodiode 

(PD). The sensor is controlled and maintained at quadrature by tuning the laser diode 

wavelength for the best possible linearity and sensitivity. The cavity, which is the gap 

between the fiber end and the sensing film, is filled with water due to a couple of 

reasons: first, it gives the best possible fringe visibility of unity, the reflection 

coefficients on each side of the film will be the same, and second, it gives more 

acoustic-impedance matching between the fiber end and the sensing film. On the other 

hand, it will distort the uniformity of the frequency response of the sensor (Beard & 

Mills, 1996). Similarly, the low-finesse FPI technique has been used for strain sensing 
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with some modifications (Jiang & Gerhard, 2001) and has been patented (Elster et al., 

2002; Wavering et al.,2003; Sirkis, 1994). 

 

Figure 2.3: Schematic diagram of an EFPI ultrasound sensor (Beard & Mills, 
1996). 

2.3.1.4 Ionic Self-Assembly Monolayer (ISAM) Technique 

The ionic self-assembly method (ISAM) was first proposed by Arregui et al. 

(Arregui et al., 1999) for the fabrication of nano-FPI as a humidity sensor. This is a 

well-recognized technique and has been implemented for a long time in the fabrication 

of various thin film materials on substrates of numerous shapes and sizes. This method 

is based on the principle of the electrostatic force of attraction between the opposite 

charges of molecules of the thin film deposited on the substrate. In (Arregui et al., 

1999), an optical fiber, treated as a substrate, is cleaned and processed to induce surface 

charges. Afterward, the processed substrate is dipped into the solutions of oppositely 

charged polymers, alternately, to produce a multilayer thin film.  

Arregui et al. used a solution of sodium 4-styrenesulfonate for making the anionic 

electrolyte in order to fabricate a humidity sensor (Arregui et al., 1999), whereas poly 
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R-478 (anthrapyridone chromophore) is used in (Arregui et al., 2000) to achieve fast 

sensor response time. The Au:PDDA cationic electrolyte is formed by a solution of gold 

colloids contained by a polymer coating of poly(diallyldimethyl ammonium chloride) 

(PDDA). Using the aforementioned solutions, a bi-layered structure i.e., 

[Au:PDDA+/PSS−]n, is fabricated at the fiber end by the ISAM process, where n denotes 

the total number of fabricated bilayers. The humidity sensor setup is shown in Figure 4, 

arranged after the build-up of the coating of [Au:PDDA+/PSS−]n. Two photodetectors 

are used to monitor the reference optical power for the incident signal at the coating, 

and the other measures the reflected optical power. For observing the interferometric 

phenomenon, a LED source is used instead of a laser source for the same reasons stated 

in (Lee et al., 1994). The humidity sensor is set up via a small hole through a sealed 

receptacle as shown in Figure 2.4 and hung in the air near above the given solutions for 

humidity sensing (Arregui et al., 1999). 
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Figure 2.4: Experimental humidity sensor system design (Arregui et al., 1999). 

2.3.1.5 Langmuir–Blodgett Technique 

An alternative to the ISAM process, i.e., the Langmuir–Blodgett (LB) process is also 

presented in (Rees et al., 2001) for the synthesis of multilayer films having thicknesses 

in the order of nanometres. A sub-micrometer FPI is fabricated by using the LB 

technique, which allows the thickness management at the molecular level and the layer-

by-layer deposition of multilayer structures. The FPI fiber-optic cavity can also be 

fabricated from a single chemical species by this technique. Such homogeneity of 

fabrication is unattainable with other methods, for example, the ISAM method, which 

requires alternate layers of materials, charged oppositely.  

Tricosanoic acid [CH3(CH2)21CO2H] is used as the cavity material for this technique. 

The acid is spread using a dilute chloroform solution with 0.1 mg·cm−3 density, over the 

pure water surface that is the subphase of one compartment of a Nima Technology LB 
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trough, and left for approximately 10 min at ~20 °C, then compressed at a rate of 0.5 

cm2·s−1, and deposited vertically with a rate of 1 cm/min onto the fiber end at a certain 

surface pressure, i.e., 30 mN·m−1. The cleaved face fiber is perpendicular to the surface 

plane of the film. Y-type structures are fabricated passing the fiber end through the film 

where the amphiphilic molecules are rearranged in head to head structures and tail to 

tail structures, as shown in Figure 2.5(a–c). The deposition of multilayers using the LB 

technique on the fiber end forms a cavity where the first mirror is formed at the optical 

fiber, and LB interface and the other mirror is formed at the LB film and air interface, 

as shown in Figure 2.5d. 

 

 

Figure 2.5: Illustration of Langmuir–Blodgett method. (a) Formation of a 
monolayer film of aliphatic molecules on the water surface represented by 

hydrophilic circles and hydrophobic rods; (b) deposition of one layer on the optical 
fiber by passing through the film; (c) after depositing six layers on the fiber end 

through the film, deposition 7th layer occurred; (d) formation of cavity at the fiber 
end with patterned refractive indices (Rees et al., 2001). 
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2.3.1.6 Focused Ion Beam (FIB) Milling Technique 

FIB milling is applied on the fiber end to fabricate an all-glass FP modal 

interferometer (FPMI) as alternative technique for fabricating ultra-small, micro-cavity 

sensors with an air-gap based on FPIs for relatively higher temperature sensing (Kou et 

al., 2010). FIB milling is an ideal technology for nanofabrication and micromachining 

because of its tiny and convenient spot size (on the order of a few tens of nm). A micro-

cavity can be fabricated in order of sub-wavelength fiber, while the higher current 

density of an electron beam is used during FIB milling. A micromachined fiber end 

with tapered structure can be developed by an SMF with splicing through MMF method 

which can be used as a highly sensitive modal interferometer. A micro-notch cavity is 

machined directly on an SMF tapered end to fabricate a tapered FPMI sensor. The 

cavity measures a few micrometres in height, width, and length. Sensing can be 

measured by the reflection of light from the end-faces of the cavity. The temperature 

sensitivity of proposed sensor is approximately 20 pm/°C.  

The fabrication of an optimal fiber tapered end structure can be done by using a 

commercially available pipette puller with optimized pulling velocity and CO2 laser 

power. The tapered end is coated with a 150 nm-thick aluminum (Al) layer through 

vacuum evaporation deposition. Accumulation of gallium ion is prevented by this Al 

layer in FIB micromachining process. Subsequently, the Al-coated fiber tip is 

positioned steadily in the FIB milling chamber using a conductive tape. In the end, the 

Al layer is totally removed by dipping the micro-machined tapered fiber end in 

hydrochloric acid (HCl) for 30 min. Then, deionized water is used to  clean it properly 

before use. 
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2.3.2 Optic Fiber FPI using Spliced Method  

2.3.2.1 FPI with Dielectric Mirrors by Standard Fusion Splicing Techniques 

Dielectric mirrors are used in continuous lengths of single mode fiber to formulate 

reflectively monitored FP interferometers by the fusion splicing technique for use as 

wavelength and temperature sensors (Lee et al., 1988). Electric arc fusion is applied for 

splicing two single mode fibers, one of their ends is coated with an ~1400 Å TiO2 layer. 

Splicing is controlled at lower values of arc current and a shorter period of time than 

usual. Thus, several splicing pulses are required to construct each mirror. A pulsed light 

source is used for monitoring the reflectance throughout this process. The reflectance 

diminishes with every splicing pulse followed by an initial increase, and the fabrication 

of that mirror is completed when the required reflectance is attained. The demonstration 

of this sensor in the temperature and strain measurement is reported in previous studies 

(Lee et al., 1988; Lee et al., 1989). 

2.3.2.2 Semi-Reflective Fusion Splice Technique 

A 10 mm-long strain sensor was fabricated and placed on a cantilever beam surface 

for the formation of all-fiber FPI strain sensor using a simple semi-reflective fusion 

splice technique (Valis et al., 1990). Two cleaved fiber ends with York 3.5 μm/125 μm 

specifications are coated with silver by dipping into a Rochelle solution for one hour. 

Then, both fiber ends are spliced with a fusion splicer by applying a sequence of fusion 

cycles until the desired reflectivity has been achieved. Univ
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Figure 2.6: Detail of a Fabry–Perot strain gauge placed on the cantilever beam 
surface (Valis et al., 1990). 

FPI cavity is fabricated by cleaving and silvering the fiber end that is 10 mm away 

from the splice. The other FPI mirror is made highly reflective, instead of being 

matched with the first. A cleaved and silvered fiber end provides a distinctive 

reflectivity of 0.8 that introduces the notion of semi-reflection. The FP strain sensor is 

attached to an aluminum beam surface by using cyanoacrylate adhesive as shown in 

Figure 2.6. The beam is considered as a cantilever, and it is eventually loaded with 

tension and compression through a strain within a range of 1000 με; the phase–strain 

relation was linear and symmetric with respect to tension and compression (Valis et al., 

1990). 

2.3.2.3 Miniature Fiber-Optic Fabry–Perot Interferometric Modulation 

Technique 

Two pieces of HiBi fiber are spliced with each other and then one of the given HiBi 

fibers is cleaved closer to the point of splicing for fabricating a miniature FPI 

temperature sensor with a length of ~3 mm. The half waveplate and the first beam 

splitter are positioned by a selective fiber coupler create a more practical and easy to 

construct system. The interferometric phase change of the carrier is measured whereby 
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the fiber sensing generates a gradual shift in temperature ranging from ~23 °C to ~32 

°C (Farahi, 1991).  

The cavity of a low-finesse FPI sensor is fabricated by two parallel mirrors with less 

reflectivity and a fixed separation distance (Ezbiri & Tatam, 1996; Perennes et al., 

1999). A number of signal processing techniques are proposed to support sensing 

measurements. However, all these techniques suffer from phase mismatch because of 

multiple reflections which occur at the boundaries of two reflecting surfaces. To 

overcome this problem, a passive signal processing technique has been proposed for 

miniature FPI sensors as in a previous study (Ezbiri & Tatam, 1996), which is based on 

phase stepping methods, and the adjacent axial modes are used by the multimode laser 

diode to achieve four outputs with phase shifted intensities.  

A high-temperature sensor using a miniature FPI is constructed with short hollow-

core fiber (HCF) with a piece of SMF by fusion splicing. The lengths of HCF and SMF 

used in the reported work are 70 μm and 510 μm, respectively, which are indeed tiny 

(Choi et al., 2008). A micro-cavity FPI and a Mach–Zehnder interferometer are 

constructed by splicing two SMFs to both ends of a PCF fiber to form a strain sensor 

(Peng et al., 2013). 

2.3.2.4 Microscopic Air Bubble FPI by Simple Splicing Technique 

A monolithic FPI consists of a microscopic air bubble and is constructed by splicing 

SMF-28 with the index-guiding PCF using arc-discharge splicing technique. A non-

commercial PCF with an air hole diameter of 2.3 μm arranged around the core in a 

hexagonal-like pattern with PCF outer diameter of 125 μm is used making its alignment 

with SMF easy (Villatoro et al., 2009).  
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Arc-discharge is used to heat the fiber ends above the softening point for a short 

interval during the splicing. Afterward, the fibers are pushed collectively to form an 

enduring joint. The softening point of PCFs is normally lower than that of all-solid 

SMFs because they have many microscopic holes in the cladding. Hence, the 

temperature reached through the arc discharge will be highly adequate to exceed the 

PCF softening point when the default splicing parameters are set. Under these 

conditions, the PCF holes will diffuse completely with each other. Consequently, some 

amount of air remain inside the space which produces the microbubble and its position 

can be set at the centre of the fiber if the holes inside the PCF are completely symmetric 

(Villatoro et al., 2009). A similar micro air bubble is formed with an SMF and a silica 

tube by fusion splice method to fabricate an ultrahigh sensitivity FPI pressure sensor 

(Wang et al., 2013). 

2.3.2.5 Two-Mode Interferometric Sensor by Fusion Splice Technique 

A conventional program for splicing with an arc-discharge machine considered 

fabricating a two-mode interferometric sensor based on a short piece of a home-

produced PCF. PCF is fusion spliced on both sides to standard optical fiber (Corning 

SMF-28e). During splicing, part of the holey structure of PCF collapsed (for a length of 

approximately 300 μm) due to the heat required to fuse the two fibers. The guiding 

structure of PCF no longer exists in this collapsed region and it is replaced with an all-

silica rod. The first collapsed region is utilized to excite two modes in the PCF. The 

fundamental SMF mode has diffracted in the pure-silica region, and as a result, the 

mode broadens. This result allows the excitation of two modes inside the PCF because 

of the mismatch between the broadened Gaussian mode and that in the PCF. An 

interferometric pattern is created while such modes propagated with diverse effectual 

indices and accordingly with diverse phase velocities through the uncollapsed PCF 
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region, until they recombine with the fundamental Gaussian mode of the second piece 

of SMF through the second PCF collapsed zone (Covielli et al., 2009).  

2.3.2.6 MEFPI Sensor by Chemical Etching Technique  

A micro-extrinsic FP interferometer (MEFPI) sensor with a cavity length of ~9 μm 

can be fabricated by chemical etching of commercially available erbium (Er)- and boron 

(B)-doped fibers and then splicing with an SMF. The etching procedure is performed 

for approximately 40 to 45 min using a mixture of 20 mg of NH4F, 30 mL of buffered 

hydrogen fluoride (BHF), 40 wt% HF, and 54 mL of deionized water. Then, simple 

splicing method is applied between the etched EDF and BDF to an SMF (Corning, 

SMF-28) to fabricate a microsensor based on FPI. This type of sensor is fabricated for 

the measurement of strain or temperature but not both simultaneously (Rao et al., 2010). 

2.3.2.7 Chitosan-based Fabry–Perot Interferometry 

This miniature FPI humidity sensor is constructed by using SMF in which a hollow 

core fiber with a physical length of 50 μm is used, and a thin layer of natural polymer, 

i.e., chitosan, sensitive to moisture (humidity) is coated over the end of the hollow fiber 

as shown in Figure 2.7. 
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Figure 2.7: Model diagram for the chitosan-coated FPI, RH sensor (Chen et al., 
2012). 

For this fabrication process, 1% conc. of chitosan is selected to synthesize the 

chitosan film because such quantity of chitosan produced a perfect diaphragm by 

forming a thin and flat coating on the fiber end which provides an increased 

permeability because of the reduction in crystallinity. Before splicing, SMF-28 is first 

cleaved by a cleaver with high accuracy to achieve the best quality of the fiber end that 

provides reflectivity of ~4% for fabrication of the sensor. To form a micro gap, a 

hollow core fiber (Polymicro TSP050150, outer diameter-OD: 125 μm, inner diameter-

ID: 75 μm) is then spliced with the well-cleaved SMF end using a conventional fiber 

splicing device with an arc power of 8 bits, gap of 23 μm, and arc duration of 300 ms. 

Then, cleavage of hollow core fiber is performed under the microscope to achieve the 

desired cavity length. Finally, SMFs with microcavity and 1% chitosan solution are 

located inside a drying chamber with 9% RH and temperature of 25 °C to perform the 

dip coating procedure, which provides a sensing diaphragm of thin chitosan over the 

HCF (Chen et al., 2012). Suspended chitosan substrate film was used in a recent study 

on FPI fabrication to form an immunosensor (Chen et al., 2013). 
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2.3.2.8 Femtosecond Laser Micromachining and Fusion Splicing 

Easy fabrication of an FPI cavity sensor for RI measurement is presented previously 

(Liao et al., 2012). Microholes with ~1 μm in diameter are created using femtosecond 

(fs) laser through the centre of the fiber core and then splicing of the two fiber ends with 

micro-holes is performed to create an FP cavity, where fusion current is fixed at 16.3 

mA for a duration of 2.0 s. Then, a hollow sphere with a diameter of ~60 μm is formed. 

In the end, FP cavity is micromachined by fs laser to create a micro-channel with a gap 

of ~38 μm, which can be used for RI sensing of the given liquid interacting inside or 

outside of the cavity as shown in Figure 2.8 (Liao et al., 2012). In another work, fs laser 

is used to fabricate an FPI sensor by producing a diaphragm-like thin fiber piece at the 

end of a fiber (Zhang et al., 2013). 

 

Figure 2.8: Illustration of fabrication of an FPI cavity inside the fiber (Liao et 
al., 2012). (a) Creation of microholes, on the order of ~1 μm using a femtosecond 
laser, through the centre of the fiber core. (b) Splicing of the two fiber ends with 

microholes. (c) Formation of the FP cavity. (d) Introducing the vertical cross-
through microcavity for the fabrication of microchannels. 

A micromachining technology is also used in the previous study (Kim et al., 1997) to 

develop an FPI pressure sensor with high sensitivity by using a 

Si3N4/SiO2/Si3N4(N/O/N) diaphragm with anisotropic etchant solution, that is, 
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KOH(aq). A pair of SMFs with ends coated by TiO2 film is used to fabricate an FPI 

based on the fusion splicing technique. Typically, 10 to 20 splicing pulses with low arc 

current are used until the desired value of the mirror reflectance is achieved. Splicing to 

the next fiber optic mirror is conducted with the first fiber after cleaving with the 

desired cavity length to create the FPI sensor (Kim et al., 1997). 

2.4 Characteristics of Fabry–Perot resonators 

The refractive index of silica is a function of the induced temperature, pressure, and 

strain. Acoustic wave, temperature, pressure, and strain induce changes in the fiber 

glass refractive index due to opto-elastic and thermo-optic effects (Nye, 1985). In this 

section, the effects of thermo-optic, opto-elastic, electro-optics, and acousto-optic in 

optical fibers are reviewed. 

2.4.1 Thermo-optic Effect 

   FBGs exhibited great superiority in terms of high sensitivity to temperature and 

pressure as well as multiplexing capability, yet they suffer from the weakness of cross 

sensitivity due to the thermo-optic effect. The thermo-optic effect in FBGs is a 

recognized phenomenon which affects the performance of fiber devices that includes 

the proposed FPRs. Subsequently, this effect had been broadly utilized and considered 

as a part of the properties of many optical fiber devices. The thermo-optic effect is the 

thermal modulation of the refractive index of a material. The refractive index of a 

material can be controlled as an element of its thermo-optic coefficient . Recently, 

Zhou et al. (2006) demonstrated the responsivity of FBGs with huge tilted structures to 

the cross sensitivity of refractive index with temperature. In addition, such works 

effectively remunerate the effect of temperature in the measurement of refractive index. 

The thermo-optic effect of fluids is a different intriguing impression that was 

contemplated with FBG refractometer. Etched FBG was utilized to investigate the 
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thermo-optic effect of the media because it is sensitive to both surrounding refractive 

index and temperature. The thermal sensitivity of the device will be diversely 

influenced by the surrounding media with various refractive indices considering that 

RIs exhibit a nonlinear behaviour (Cusano et al., 2005). Moreover, different substances 

have distinct thermo-optic coefficients, and the modifications in the refractive index 

will not be similar within a specific temperature range. In any case, the cross-sensitivity 

can be overcome if the sensitivity of grating is already characterized in neighbouring 

media with certainly known optical properties. 

2.4.2 Opto-elastic Effect 

A transparent vitreous elastic glass-like medium becomes birefringent similar to few 

crystals when an exterior force is applied. Optical anisotropy is formed when the outer 

force is adapted to an optically isotropic medium. For example, optical fiber and this 

phenomenon are understood as the opto-elastic (photo-elastic) effect. The connection 

between the refractive index and the stress component can be expressed by the opto-

elastic constant, which can decide the polarization properties of the single-mode optical 

fibers. 

The strain-optic effect is industrially exploited in both optical physical sensors and 

telecommunications apparatuses. Silica-based platforms are widely extolled for such 

applications, because silica shows mechanical strength and a low thermal sensitivity 

compared with other optical platforms, for example, polymers. 

Notwithstanding mechanical strain-induced phase shift, acousto–ultrasonic strain 

prompts different changes to the fiber Bragg grating and optical fiber. Because of the 

change of propagation constant  , the strain-induced phase shift can be composed as 

(Hocker, 1979) 
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d dL L n L D
dn dD
 

     (2.11) 

where D denotes the diameter of the fiber. The primary term of Equation 2.11 considers 

the refractive index change caused by ultrasonic waves and is consequently called 

strain-optic effect or elasto-optic effect. It is known that 0effn k  . cladding eff coren n n   

and the difference between claddingn  and coren  is small, thus 0
d k
dn

 . In the rest of the 

thesis, n represented the effective refractive index. The second term of Equation 2.11 is 

related to the waveguide mode dispersion due to the variation in fiber diameter induced 

by the acousto–ultrasonic impelled strain. This waveguide mode dispersion effect is 

minor compared with the other two effects. 

From the elasto-optic effect, the change in optical indices is given by (Hocker, 

1979): 

6

2
1

1
ij j

j
i p

n
 



 
 

 
  (2.12) 

The shear strain components 4 5 6 0      because the ultrasonic wave propagates 

longitudinally along the fiber axis. The strain-optic tensor for a homogeneous isotropic 

material can be rewritten as (Hocker, 1979) 
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12 11 12

12 12 11
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p p p
p p p p
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 (2.13) 

where 11p  and 12p  are the mechanisms of the strain-optic tensor of the optical fiber 

material. 
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In this manner, the change of the refractive index is 
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3

11 12(1 2 )( 2 )
2x y z
n Pn n n n v p p

E
          (2.15) 

This refractive index changes correspond to the x-, y-, and z-axes as presented in 

Figure 3.13.  

2.4.3 Electro-optic Effect 

Similar to opto-elastic effect, the changes in the refractive index due to an applied 

electric field is identified as the electro-optic effect. The impact of changing the index 

of refraction proportionally with the enforced field is known as Pockels effect. If the 

index change is quadratically-dependent on the applied field, then the effect is known as 

Kerr effect. Interestingly, the Pockels effect is missing in shapeless materials, for 

example, liquids and glasses but can exist just in crystalline materials, where all classes 

of materials have the Kerr effect. 

The electro-optical effect can modify the phase of an optical wave. To retain the 

polarization state during propagation, the optical wave is linearly polarized in a 

direction that is parallel to one of the principal axes of the crystal in the presence of the 

exterior field for this type of application. Phase adjustment can be transformed into 

amplitude regulation by utilizing an interferometric strategy or birefringence difference.  

A quadratic electro-optic effect might occur in centrosymmetric materials, that is, a 

change in the index of refraction is relative to the square of the enforced electric field 

(Degiorgio et al., 2014). 

2.4.4 Acousto-optic Effect 

If an elastic wave is propagating in a medium, then the index of refraction will 

change occasionally considering the photoelastic effect. The phenomenon is known as 

the acousto-optical effect. The acousto-optical interaction was initially examined in 

1922 by Brillouin with a specific end goal to diffract an optical beam (Brillouin, 1922). 
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The acousto-optic effect is the variation of the refractive index of a medium due to the 

mechanical strains accompanying with the propagating acoustic wave in the medium. 

Refractive index modifications are induced by the photoelastic effect which occurs in 

all materials under mechanical stress. The treatment of the acousto-optic interaction 

progresses also to that of the electro-optic effect (Degiorgio et al., 2014).  

2.5 Theory of the Fabry–Perot Resonator 

The all-fiber optical FP cavity, which comprises a couple of exceedingly reflective 

optically-flat surfaces, sets to produce a resonance device as discussed in Chapter 2. 

When the light propagates into an FP resonator, it encounters multiple reflections 

between the exceptionally reflective surfaces. Once the multiple reflections are united 

by a focusing lens, they interfere consistently, and narrow fringes are observed. 

FP can be built from numerous perspectives. For instance, a bulk optical FP is a free 

space optical device. A type of fiber FP etalon was showed by Cheung (2004) whereby 

one of the reflective surfaces is produced by the cut end of a fiber coated with an 

exceptionally reflective material. The cavity is produced between the cut fiber end and a 

mirror as illustrated in Figure 2.9. In this arrangement, positioning is challenging for the 

light to couple again into the fiber from the mirror, making this setup incompetent 

(Cheung, 2004). 

Univ
ers

ity
 of

 M
ala

ya



39 

 

Figure 2.9: FP cavity created between a fiber end and a mirror (Cheung, 2004). 

An expansion of this type of FP comprises the arrangement of an air cavity between 

two fiber ends, which necessitate supporting members (e.g. capillary tube) to retain the 

two fibers set up as illustrated in Figure 2.10. 

 

Figure 2.10: FP cavity created between two fiber ends with supporting members 
(e.g. capillary tube) (Cheung, 2004) 

The arrangement and quality of the device can be enhanced by creating mirrors 

inside the fiber using a method for fusion splicing fiber ends together according to 

Figure 2.11. This method forms mirrors inside the fiber and offers benefits for all fiber 

frameworks. However, the reliability of physical quality and optical properties of the 

fiber can be traded off by interruption at the point of fusion. 
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Figure 2.11: FP cavity generated by fusion splicing portion of fibers together 
with a reflective surface to form reflective mirrors (Cheung, 2004) 

An approach to defeating this issue is to print a couple of indistinguishable FBGs 

inside the fiber with a proper physical partition. FBGs function as the reflectors forming 

cavity inside the fiber core with little interruption to both the physical quality and 

guiding properties of the fiber. The flexibility of inscribing strategy permits a 

progression of such FBG-based FP resonator to be printed in the same fiber with every 

fiber possessing an alternate wavelength bandwidth taking advantage of mode 

interference ability of FBGs. 

2.5.1 FBG-based Fabry–Perot Resonator 

Utilizing FBGs as partial reflectors, FP can be produced by printing two FBGs 

isolated by a cavity length possessing identical wavelength and bandwidth. Uniform 

FBG or uniform saturated FBG can be utilized to produce FP using the same approach 

to offer the FP a larger operating bandwidth. Considering typical prevalence case for an 

FP resonator at which ϕ is zero, at the point when the incident light goes in the cavity, it 

will be reflected both forward and backward inside the cavity. The reflected waves at 

the two mirror surfaces will have a phase delay proportionate to double the optical path 

length, nl. For a monochromatic wave of a single polarization wavelength, λ, the round 

trip phase shift (RTPS) of the cavity is expressed by: 4 nl



 , where n is the 

refractive index of the medium in the cavity. Accumulations of wavelets will interfere 
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when united. When the phase delay is an integer product of 2π, the reflected waves 

interfere productively. When they are of odd products of 2π, they interfere ruinously. 

Consequently, the cavity shows an inclination for fields with the right wavelength in 

which the RTSP is of products of 2π. Accepting a lossless cavity, the mathematical 

treatment of the transmitted intensity results in the following expression (Verdeyen, 

1989): 

2

1 2
0

2

1 2 1 2

(1 )(1 )

(1 )(1 ) 4 sin ( )
2

T

R RI I
R R R R 

 


  

 
(2.16) 

where R1 and R2 are reflectivities of the two mirrors. FP cavity acts as a multiple beam 

interferometer, and slender transmission fringes are found in the yield of FP. Such 

devices might be utilized as filters using a settled cavity length or as optical spectral 

analysers by tuning the cavity length for scanning spectral information in the signals. 

From Equation 2.16, depicting the transmission of FP, the highest intensity occurs 

when RTPS, θ, is an integer product of 2π radian. The condition can be accomplished 

by changing the length of the cavity, l or through an adjustment in the illuminating 

wavelength. 

The variation in the illuminating wavelength starting with one cavity resonant 

wavelength onto the next that emerges a variation of 2π in RTSP is known as the free 

spectral range (FSR): 

2FSR

cFSR v
nl

   (2.17) 

where v is the optical frequency. 

FSR is used in the estimation of the device sensitivity. For highly reflective mirrors, 

the width of the resonant cavity mode is small, and when the reflectance diminishes, the 
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width of the resonance cavity mode widens. The full width at half maximum (FWHM) 

of the resonant frequency is expressed by (Verdeyen (1989)): 

2

1 2
1/2 1/4

1 2

1 ( )
( )

R Rv v
R R

 


 
  

 

 (2.18) 

Furthermore, the finesse (Ff) of the cavity is expressed by: 
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 (2.19) 

The estimation of Ff is a measure of the device’s resolution, and it is identified by the 

reflectivity, R, and the losses acquired in the cavity. The wavelength resolution is 

specified by the result of FSR and finesse, Ff. Extensive FSR must be attained at the 

expense of a lower wavelength resolution and small FSR will produce higher 

sensitivity. A huge FSR indicates an extensive dynamic range. 

Most extreme and least transmissions are specified by (Verdeyen (1989)): 

1 2
max 2

1 2

(1 )(1 )
(1 )
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 (2.20) 

and 

1 2
min 2

1 2

(1 )(1 )
(1 )

R RI
R R

 



 (2.21) 

Visibility, V is a critical variable and it decides how the spectral components can be 

determined satisfactorily. Visibility is assumed as follows: 

max min

max min

I IV
I I





 (2.22) 

Visibility additionally relies on both the condition of polarization and the level of 

coherence of the interfering light beams. When the reflectivity, R, is small, similar to 

the one experienced in the Fresnel reflection in glass/air interface in cut fiber ends, the 
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spectrum is in the sinusoidal form. Accepting R1 = R2, the visibility, V, in the 

transmission appears small. Reflected intensity is expressed as IR = (1 - IT ) and 

expecting that no loss occurs in the cavity. The visibility, V, in reflection will have a 

value close to one, and the fringes can be determined but at the expense of having 

decreased intensity as shown in Figure 2.12c. 

 

Figure 2.12: schematic demonstrating a fiber FP cavity comprising an area of 
an optical fiber producing a cavity with its ends cleaved such that R is ~4%. b) 

transmission reaction with a slight visibility yet high intensity throughput through 
in c) the reflection reaction has a high visibility however a low intensity 

throughput (Cheung, 2004) 

In the low Finesse regime, which is experienced in fiber/air interface where the 

reflectivity is small (R ~ 4%), the reflectance is achieved assuming that R1 = R2 = R and 

a lossless cavity, as indicated by Equation 2.16 (Kidd et al., 1991): 

 

2

0 0
lim, 0 2 2

0
lim, 0

(1 )lim( 0)
(1 ) 4 sin

2

1 cos

r
R

r
R

RI R I I
R R

I I V









 
 
   

      
  

 

 
(2.23) 

where V is given by: 

Univ
ers

ity
 of

 M
ala

ya



44 

2
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 (2.24) 

The reaction demonstrated by Equation 2.23 is compared to the co-sinusoidal 

transfer function of the two beam interferometer. This is the most suitable method for 

sensing applications through various phase measurement strategies (Giallorenzi et al., 

1982) created over the years which could be utilized to demodulate low Finesse FP 

sensors. 

2.5.2 Dispersive Bulk Fabry–Perot 

The cavities of interest in this thesis are based on uniform FBGs, which are 

dispersive elements in their own rights. Parallels can be drawn from the investigation on 

dispersive cavity based on bulk-type FP. The impact of dispersion of the medium inside 

an interferometer changes the optical path length (OPL) as a component of wavelength, 

which thus affects the RTPS of the device. The variation of OPL, nl, with wavelength is 

assumed as follows (Petuchowski et al., 1981): 

( )nl dl dnn l
d d  


 


 (2.25) 

For a bulk FP etalon, the cavity length, l, is fixed and independent of wavelength. 

The main dispersive impact accessible is inside the material that constitutes the cavity. 

Suppose that the refractive index variation with wavelength is critical, then the 

modification in optical path with wavelength in Equation 2.25 can be reduced to 

( )nl dnl
d 





, and the detuning of the dispersive cavity’s FSR can be depicted by: 

0

1
FSR

vv
dn

n d









 
 

 

 
(2.26) 

If the material dispersion is little, then no perceptible change in FSR occurs for the 

device such that 
FSRv ~ 0v . However, if a material displays dispersion, a remarkable 
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alteration to the FSR value in Equation 2.26 occurs. If a material, whose dispersion can 

be controlled or customized with a particular wavelength response, is utilized as a part 

of the FP cavity, the denominator in Equation 2.26 could be zero, with the outcomes 

that the
FSRv can be infinite. The device is then insensitive to wavelength change. The 

condition for this to occur is as follows: 

n dn
d 

  (2.27) 

This condition is free of cavity length, l. The condition holds if the proportion of 

refractive index to wavelength is equivalent to the dispersion. When the condition in the 

equation is not fulfilled as the wavelength is tuned away from this condition, the 

wavelength’s insensitive condition will no longer hold and FSR will change. 

Uniform FBGs are dispersive components and offer an alternate dispersive effect to 

be in a specific position detuning with wavelength as opposed to refractive index 

reliance with wavelength. This qualification has a specific influence when they create 

FP interferometer. 

2.6 Applications of All-fiber Fabry–Perot Interferometers 

Temperature Sensing 

FPI fiber-optic sensors are highly sensitive to thermal radiation. Such a property has 

been employed in support of the measurement of thermal variations (Yoshino et al., 

1982; Jiang & Gerhard, 2001; Ezbiri & Tatam, 1996; Rao et al., 2010; Chana et al., 

1992; Du et al., 2014) and direction of temperature change (Tseng & Chen, 1988) for a 

long time. Until recently, the widest temperature range reported is −200 °C to 1050 °C, 

which is established through the characterization of a fiber FPI temperature sensor with 

internal mirrors (Lee & Taylor, 1991; Leilabady et al., 1985). It can be used for high-

temperature sensing up to 1000 °C (Choi et al., 2008; Coviello et al., 2009). Such a 
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temperature sensor can also be used to detect even minute temperature differences 

produced by the human body (Yoshino et al., 1982). In addition, a coherent multiplexed 

remote FPI fiber-optic sensor is used as a point sensor (Lee et al., 1988) for remote 

point “temperature change” measurements (Farahi et al., 1988). FPI fiber-optic 

temperature sensors can be implemented for some significant applications. Such 

applications are transformers; cancer treatment, where the tumour is subjected to 

microwave radiation; and for monitoring structural materials (Lee & Taylor, 1988), 

where the usual sensors are not appropriate (Farahi, 1991). FP interferometers have 

been fabricated/modified in many approaches for temperature sensing. For instance, it 

can be combined with a Michelson interferometer to fabricate a hybrid temperature 

sensor (Frazao et al., 2010). A miniature fiber FPI (Rong et al., 2012) offers a constant 

temperature reading with a sensitivity up to 173.5 pm/°C at above 80 °C, whereas the 

temperature sensitivity was ~20 pm/°C (Kou et al., 2010) for an all-glass FP modal 

interferometer (FPMI). An all-silica in-line fiber FP etalon with feedback-controlled 

cavity length based on a piezoelectric ceramic unimorph actuator has been 

demonstrated for simultaneously sensing of acceleration and temperature (Jia & Wang, 

2013). A thin core fiber (Zhu et al., 2010) is used to form a high-temperature FPI sensor 

with a sensitivity of ~18.3 pm/°C and it is capable of sensing temperature up to 850 °C 

(Chen et al., 2012). Other proposed FPI sensors with higher temperature sensitivities 

exist; for example, ~5.2 nm/°C (Zhang et al., 2013) and ~39.1 nm/°C (Xu et al., 2012). 

Some patents on FPI-based temperature sensors can be found in previous studies 

(Davis, 1986; Andrews & Pulfrey, 1999).  

Mechanical Vibration Sensing 

FPI vibration sensors find significant applications in geological surveys, large civil 

structure diagnoses (<10 Hz), inertial navigation, consumer electronics, geological 

surveys, oil and gas field exploration, and earthquake monitoring (<20 Hz) (Zhang et 
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al., 2013). A low finesse FPI vibration sensor cavity with a reported sensitivity of 9 

mrad Hz−1/2 has also been investigated (Yoshino et al., 1982). For the measurement of 

periodic and non-periodic vibrations, a dual-cavity EFPI is used (Kim et al., 2005; Rees 

et al., 2001). Besides, a non-contact self-calibrated FPI vibration displacement sensor 

system (Jia & Wang, 2012), an all-fiber FPI sensor for low-frequency vibration 

measurements (Andrews & Pulfrey, 1999), and some other FPI vibration sensors 

(Pullteap, 2008; Gangopadhyay, 2004; 2006) have been developed in early studies. A 

method and apparatus for detecting seismic vibrations involving a micro-machined FPI 

sensor have been patented by Gibler et al. (Gibler & Jeffers, 2010). 

Acoustic Wave Sensing 

The acoustic sensitivity of an FPI varies with the fiber length. Unlike Mach–Zehnder 

interferometer, no reference arm is required for an FFPI as an acoustic sensor, which is 

significantly beneficial; hence, it is free from any spurious signals associated with the 

reference arm (Yoshino et al., 1982). An FPI fiber-optic sensor using a light-emitting 

diode (LED) temperature sensor is presented in the previous study (Lee & Taylor, 

1991). Such a device is also applicable for measuring acoustic-wave pressure. A 

diaphragm-based optical fiber acoustic (DOFIA) sensor was developed to measure the 

attenuation properties of acoustic waves in water and an ~30° detection range was 

observed with an acoustic wave attenuation coefficient of 0.0626 cm−1 (Deng, 2004). 

Another high sensitivity diaphragm-based interferometric fiber optical micro-

electromechanical system sensor was fabricated that can detect partial discharges (PD) 

acoustic waves on-line that generate inside high-voltage power transformers (Wang et 

al., 2005). In addition, a polymer diaphragm-based EFPI fiber acoustic sensor system 

was proposed previously (Wang & Yu, 2010), and it had an acoustic sensitivity of 31 

mV/Pa. A maximum acoustic signal with a frequency of 80 MHz and 1 pm amplitude is 

detected by FPI (Park et al., 2005). A high level of immunity and higher sensitivity was 
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achieved based on the phase-shift effect of this FPI. A multilayer graphene diaphragm is 

used in the formation of an FP acoustic sensor, which exhibits an acoustic pressure 

sensitivity of 1100 nm/kPa and a minimum detectable pressure equivalent to a noise 

level of ~60 µPa·Ha-1/2 at 10 kHz input frequency (Ma et al., 2013). Another fiber optic 

acoustic emission sensor has been reported in a patent, which is particularly useful for 

the vibration sensing under hostile conditions (Berthold & Roman, 2001). 

Ultrasound Sensing 

Ultrasound has been widely used for the detection of a variety of material defects, 

structural health monitoring, and process monitoring (John et al., 1997). Piezoelectric 

devices are the most commonly used components for ultrasound sensing, but they suffer 

a common problem of non-uniform frequency response due to  a poor acoustic–

impedance match to liquids. The development of an extrinsic optical-fiber ultrasound 

sensor offers comparably better sensitivity of 61 mV/MPa (Beard & Mills, 1996). FP 

polymer film sensing interferometer was constructed based on an optical ultrasound 

sensing method that offers excellent detection sensitivities (<10 kPa) (Cox et al., 2004). 

The development of an FPI fiber-optic ultrasound sensor offers the potential to use it in 

fiber optic “smart structure” applications (John et al., 1997). An in-line FPI fabricated 

from hollow-core PCF exhibits a wavelength pressure sensitivity twice as high as that 

of FBG, which is ~7.29 × 10−3 nm/MPa (Rao et al., 2009). In another work, an in-line 

silica capillary tube all-silica fiber-optic FP (ILSCT-ASFP) interferometric sensor has 

been demonstrated for high intensity focused ultrasound fields measurement. It has an 

acoustic sensitivity of 65.4 mV/MPa over a measurement bandwidth of 2.5 MHz (Wang 

et al., 2012). 
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Voltage Sensing 

Measuring the quality and quantity of the energy product for every power exchange 

point is the most significant feature of the power distribution cycle. FPI optical-fiber 

sensors can be a high-precision and inexpensive voltage measurement technique for 

high-power distribution systems. AC electric voltages can be measured optically by 

deducting the counted pulse number from the applied voltages with an FFPI fiber-optic 

sensor (Yoshino et al., 1982). A piezo-optical voltage sensor based on FPI was 

proposed and demonstrated for the measurement of AC voltages from 1 Vrms to 400 

Vrms. This sensor can be used as an optical voltage transducer (Mozafari et al., 2008). A 

multipoint optical fiber liquid crystal (OFLC) voltage sensor was fabricated and can 

directly measure an electric field up to 800 kV/m at distributed points along power lines 

(Bal, 2011). 

Magnetic Field Sensing 

An FPPI sensor is used for DC magnetic field measurement that is considered as a 

matured method. AC and DC magnetic fields are detected by pulse counting method 

(Yoshino et al., 1982). In general, quantization of signals creates measurement errors in 

a digital magnetic field sensing scheme and such errors can be decreased by FFPI. A 

compact fiber-optic EFPI sensor that uses a wire-based magnetostrictive transducer (Oh 

et al., 2004) was investigated for DC magnetic field (100–35,000 nT) sensing (Oh et al., 

1997). A magnetic fluid is adopted to form an EFPI fiber-optic magnetic field sensor 

which produces a measurement sensitivity of 0.0431 nm/Gs (Lv et al., 2014) and 33 

pm/Oe (Zhao et al., 2012). A nano-magnetic fluid-based EFPI also showed satisfactory 

results in magnetic field measurement (Jin et al., 2013). Another EFPI sensor is reported 

for DC magnetic field sensing and it has a dynamic range of 50–40,000 nT (Oh et al., 
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2004). Some patents on FPI-based magnetic field sensors have been filed (Chang & 

Vali, 1994; Davis & Wagreich, 1999). 

Pressure Sensing 

Fabrication of good-performance FP pressure sensors with lower measurement errors 

is a challenging subject. An FPI fiber-optic sensor exhibited good response for static 

pressures of 15 psi to 1,000 psi by measuring the pressure-induced deflection of a 

membrane (Lee et al., 1994). An N/O/N diaphragm-based FPI was demonstrated (Kim 

et al., 1997). It possesses a pressure sensitivity of 0.11 rad/kPa and the pressure 

sensitivity is proportional to the area of the diaphragm. A gas pressure sensitivity of 

1,526 nm/RIU was obtained by an FFPI sensor when applied to different gaseous 

environments (Zetterlind et al., 2003). In addition, some other FPI fiber-optic sensors 

were fabricated and tested (Kim et al., 1997; Reinsch et al., 2012; Lai et al., 2011; 

Zhang et al., 2013; Lee & Taylor, 1988; Jiang & Gerhard, 2001; Xian et al., 2005; Kao 

& Taylor, 1996; Dai et al., 2013) for pressure measurements. An EFPI pressure sensor 

showed a sensitivity of 2.75 × 10−8 l/kPa (Aref et al., 2007). An ultra-high FPI pressure 

sensor has been reported in Wang et al. (2013) that has a sensitivity of >1,000 nm/kPa. 

A miniature FPI fabricated at the tip of an FBG reported in Bae and Yu (2012) 

exhibited a sensitivity of 0.0106 µm/psi over a range of 1.9 psi to 7.9 psi. The used FPI 

based on PCF was a pressure sensor with a sensitivity of ~13 pm/°C over a range of 0 

MPa to 40 MPa (Wu et al., 2011). Some of the examples of patents on FPI-based 

pressure sensors can be found in Taylor et al. (2001), Schmidt (2008), Lopushansky and 

Berthold (2009), Bremer et al. (2011). 

Strain Sensing 

Strain monitoring of materials for structures such as building frames, bridges, 

tunnels, and dams, and smart structures are essential throughout the lifetime of the 
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structure (Sorin & Baney, 1995). A strain range of 1,000 με to 12,255 με is reported in 

De Vries et al. (1997) for strain measurement by FPI fiber-optic sensors. An FPI based 

on a dual-cavity was used as a strain sensor (Chtcherbakov, 1997). Embedding an FPI 

sensor in Hercules AS4/3501-6 graphite/epoxy composite specimens is advantageous 

for strain measurement (Lawrence et al., 1998). Another FPI-embedded fiber-optic 

sensor was designed for micro-strain measurement of concrete (Quirion & Ballivy, 

2000). A polymer film-based FPI strain sensor has proven to be more robust and 

reliable than gauges (Jiang & Gerhard, 2001). PCF-enabled micro-FPIs (Villatoro et al., 

2009) and FPI–Michelson hybrid interferometer (Peng et al., 2013; Frazao et al., 2010) 

are more competent than resistive strain sensors in terms of reliable measurements 

during high-cycle, high-strain fatigue tests (Xiao et al., 2005; Hare & Moore, 2000). A 

temperature-insensitive FPI constructed using a chemical etching method shows a high 

strain sensitivity of ~3.15 pm/µε (Gong et al., 2009). A GIF50 fiber with a core 

diameter of 50 µm was used to form a FPI by chemical etching with HF that showed a 

strain sensitivity of 4.06 pm/µε (Tafulo et al., 2012a), whereas a graded index 

multimode fiber with a larger core diameter of 62.5 µm gives a lower strain sensitivity 

of 3.14 ± 0.05 pm/µε (Tafulo et al., 2012b). The FPIs constructed in Lee and Taylor 

(1991), Chang and Sirkis (1997), Coviello et al. (2009); Yoshino et al. (1982), Lee et al. 

(1988); Ezbiri (1996); Leilabady et al. (1985), and Machavaram et al. (2007) can be 

employed as static and mechanical strain sensors too. Some related patents on strain 

sensing can be found in Davis (1986), Reich (2000), (2001), and Viel (2000).  

Flow Velocity Sensing 

A growing demand for the precise measurement of flow velocity of complex fluid 

flow phenomena exists. The FPI fiber-optic sensor is a potential candidate for flow 

velocity measurements. A vortex-shedding flowmeter with a fiber-optic FP 

interferometer (FFPI) was constructed for measuring the liquid flow velocity in a pipe. 
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A linear optical modulated frequency dependence on flow velocity is found over the 

range of 0.14 ms to 3.0 ms (Fang et al., 1998). A multiple measurement points-based 

FPI sensor was implemented for spectroscopic flow velocity measurements. The 

measurement uncertainty was observed to be reduced further with the assistance of a 

higher output power laser and higher finesse mirrors (Schlubler et al., 2012). The 

comparison between fiber FP interferometer and Michelson interferometer based on 

flow velocity measurement is presented in Leilabady et al. (1985). FPI has shown good 

agreement with their simulation in flow velocity sensing.  

Humidity Sensing 

A nano-FPI humidity sensor can be fabricated using the ISAM method by achieving 

an operating range of 11.3% to 100% relative humidity within a very short response 

time; it is applicable for human breathing monitoring (Arregui et al., 1999; 2000). A 

slim layer of a moisture-sensitive natural polymer chitosan-assisted FPI sensor is 

proposed for a range of relative humidity from 20% RH to 95% RH. A sensitivity of 

0.13 nm/% RH with a quick response time of 380 ms and RH uncertainty of ±1.68%RH 

was demonstrated (Chen et al., 2012). A nanocomposite hygrometer polyacrylamide-

coated low-temperature sensitivity FPI sensor was proposed and it exhibited a relative 

humidity sensitivity of ~0.1 nm/(1% RH) over a range of 38% to 78% RH and ~5.868 

nm/(1% RH) over a range of 88% to 98% RH, respectively (Yao et al., 2012). In a 

recent publication (Xu et al., 2013), an extrinsic micro-cavity FPI with a high sensitivity 

of 0.307 nm/%RH over a range from 8.8% to 88.1% RH has been demonstrated. The 

FPI sensor mentioned in the patent (Donlagic et al., 2010) can be used as a humidity 

sensor. 
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Gas Sensing 

Gas sensing by optical-fiber sensors has drawn significant interest for their extensive 

applications in the areas of the environment, industry, healthcare, battlefield, and 

national security. An FPI sensor with polyaniline and Nafion layers deposited on the 

face of sensor head was fabricated and used as an ammonia gas sensor (Opilski et al., 

2005; St-Gelais et al., 2013). A vapour-sensitive polymer layer and a silver layer are 

deposited in sequence on the fiber endface to construct an optical fiber FPI gas sensor. 

The vapour-sensitive polymer can be employed with any RIs to broaden the sensor’s 

applications in numerous areas. The sensitivity of this FP gas sensor was reported 0.1 

pm/ppm for Norland Optical Adhesive (NOA) 81 and polyethylene glycol (PEG) 400, 

and 3.5 pm/ppm for methanol vapour (Liu et al., 2009). 

Liquid Level Sensing 

Liquid level measurement with high precision is a vital necessity in chemical and 

fuel storage processing systems. An asymmetric FPI was demonstrated for high-

accuracy continuous liquid level sensing. Its calibrated sensitivity is 2.4 mV/mm, over a 

range of 2.3 m (water) (Tao et al., 2009). An optical fiber extrinsic FP cavity liquid-

level sensor is formed with an SMF fiber and an elastic silicon layer producing an 

accuracy of 2 mm over a full scale of 3.5 m (water) under an ambient temperature range 

of 10 °C to 38 °C (Lu & Yang, 2007). In addition, various FPI liquid level sensors have 

been proposed in the literature, such as a double-fiber FP cavity with a diaphragm 

serving as a measurement component (Tong et al., 2012), a dual-optical-fiber-sensor 

system consisting of a FP pressure sensor and an FBG-level sensor (Lai et al., 2012), an 

extrinsic FP optical fiber interferometer with an all-fused-silica structure and CO2 laser 

heating fusion bonding technology with a high sensitivity of 5.3 nm/kPa (36.6 nm/psi) 

(Wang & Li, 2014). 
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Refractive Index Sensing 

Refractive index (RI) measurement has gained increasing interest among 

industrialists due to its important role in substance detection for chemistry and 

biomedicine applications. As presented in Section 1, a FP RI tip sensor with an RI 

sensitivity of −11.27 ± 0.34/RIU was achieved by using the FFT technique (Frazao et 

al., 2009). A simple FPI reported in Chen et al. (2010) can be used for RI measurement 

of several kinds of glasses and the accuracy of this device is found to be approximately 

10−3. In another work, an in-line FPI sensor for RI sensing was formed by inscribing a 

micro-channel perpendicularly across the core axis to enable liquid flow and light-liquid 

interaction in the micro-channel. The sensor demonstrated a sensitivity of ~994 nm/RIU 

and the extremely low-temperature cross sensitivity of ~4.8 × 10−6 RIU/°C makes it a 

reliable sensor in a varying-temperature environment. Besides micro-channels, 

microstructured fiber can be used in FPI fabrication due to its micro-sized holes that 

enable fluid to flow in and out of the FP cavity. An RI sensitivity of 1,051 nm/RIU is 

reported at the wavelength of 1,550 nm (Tian et al., 2013). FPI has been used for 

monitoring the RI of glasses as well in Xiao et al. (2005) with a resolution greater than 

0.00001 nm while monitoring changes in RI. A temperature-insensitive FPI RI sensor is 

reported in Zhao et al., (2010) and it is particularly suitable for circumstances where the 

variation of ambient temperature is large. It offers a high average RI resolution of 5 × 

10−6 nm in the range of 1.314 to 1.365 RIU. Another in-line FPI RI tip sensor was 

reported with a sensitivity of ~4.59/RIU for RI sensing (Raoa et al., 2008). FPI sensors 

were used for RI measurement in Jiang et al. (2013), Lee et al. (2013) as well. To date, 

many FPI-based RI sensors have been successfully commercialized. For example, one 

of the products of FISO Technologies, Inc. Quebec, Canada, is a liquid-filled FP optical 

cavity sensor (FISO Tech., 2014). 
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2.7 Chronology of FP Interferometers 

Studying the chronology of FPI sensors is essentially important to understand the 

sequential development of fabrication techniques and their implementation for sensing 

applications, which have been discussed in detail in the earlier sections. Achieving an 

adequate sequential investigative structure of the literature is simply an element in 

presenting the research chronology. Therefore, a specific collection of diverse forms of 

research is required in chronological order.  

All the possible literature considered for this study has been categorized into two 

types based on their fabrication techniques: FPI sensor fabrication with splicing and 

without splicing methods. The sensing applications listed here have been chosen from 

referred articles. To present a chronological study, we set an approximate starting point 

at 1981, which has been considered based on a few of the oldest related articles. Thus, 

we divided the whole period into four time-slots since 1981 to the current period to 

present the fabrication development and implementation of sensing applications for FPI 

sensors. Research articles, reviews, proceedings, books, technical papers, patents, 

dissertations are selected for this review study according to measurands, fabrication 

techniques, and principles applied. Articles not directly related to these areas are not 

included in the statistics of this section. The statistics presented below are obtained from 

all the papers included in the references. 

In Figure 2.13, an interesting trend was investigated in terms of the percentage of the 

various FPI sensor fabrication techniques used over the time ranges of 1981 to 1990, 

1991 to 2000, 2001 to 2010, and 2011 to 2014. The percentages are calculated over the 

total number of papers falling within each time range. The statistics indicate that a 

larger number of FPI fabrication techniques (approximately 64%) in 2011–2014 

involved splicing. Nevertheless, the use of the splicing method was quite low in 1991–
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2000. However, it has gained popularity and has currently become widely employed in 

FPI fabrication. The reason behind this fact is that the fusion splicing technology is well 

developed and the splicers have become more affordable. In terms of performance, the 

sensors fabricated based on splicing methods are more stable and compact. Higher 

throughput power can be attained because of the reduced fiber cavity losses. 

 
Figure 2.13: Percentages of the FPI fabrication studies in two categories are 

presented through some considered time ranges. 

The percentages of sensing applications studied based on the similar strategy applied 

in the previous chart through the given time spans can be seen in Figure 2.14. Based on 

the sensing application, the researchers found it difficult to draw any conclusion 

because almost all the applications have been under consideration throughout the 

mentioned periods, except for a few sensing applications. Many studies on temperature 

sensing using FPI sensors followed by vibration, acoustic, strain, and magnetic sensing 

have been performed over all the time ranges, whereas few studies on other sensing 

applications have been reported because of their shortcomings such as walk-off loss, 

crosstalk, phase mismatch, and fragility problems in the case of the tapered fiber ends 

used for FPIs.  

Strain sensing has also been an area of interest for many researchers until 2000, then 

a decline of interest occurred afterward; whereas pressure sensing by FPI has been 
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introduced since 1991. The most exciting statistic coming out of this chronology and 

review study is that a noteworthy rise in the exploration of the measurands is shown 

with increasing time. In recent years, an increasing number investigations were 

conducted for temperature, RI, vibration, magnetic, pressure, humidity, acoustic, 

ultrasonic, strain, velocity, and liquid level sensing using FPI sensors. These 

measurands have been measured with FPI sensors for many years in civil engineering 

and transportation, gas and oil industries, energy industries, aerospace, biology and 

chemical research, and other industries, etc. 

 
Figure 2.14: Percentage of sensing applications studied through some given time 
ranges. T = Temperature, Vi = Vibration, A = Acoustic, U = Ultrasound, Vo = 

Voltage, M = Magnetic, P = Pressure, S = Strain, FV = Flow velocity, H = 
Humidity, G = Gas, Ll = Liquid level, RI = Refractive index. 

On the basis of patents and studies performed by many researchers, fiber-optic-based 

FP interferometric sensors have several appealing applications in the industrial sector. 

To show its significance, some of the industrial applications are mentioned here for 

better understanding. As reported by Gao et al. (2007), the real-time fiber-optic sensors 

are used widely in structural health monitoring of large civil structures such as dams, 

bridges, buildings, and composite material structures because of their good sensitivity 

and other unique features. These sensors can be mounted on the surface of the structure 

or embedded into construction materials and structures for continuous monitoring of 
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various physical conditions, i.e., damage, strain, stress, crack formation, pore pressure, 

and temperature. The first cable-stayed bridge with a maximum span of 312 m carrying 

both railway and highway traffic constructed from 1997 to 2000, the Wuhu Yangtze 

River bridge (WYRB) situated in China, is an example of such an application where 

some spot-weldable FP fiber-optic strain sensors were installed on the bridge-deck 

sections as part of WYRB real-time health monitoring system in December 2003. The 

sensors were more stable and worked efficiently to fulfil the monitoring requirements. 

Basing on such efficiency, the researchers found that a similar monitoring system 

including FPI sensors was installed on the Zhengzhou Yellow Railway Bridge for strain 

monitoring as reported by Gao et al. (2007). Other examples of fiber-optic EFPI sensors 

are the ones embedded into the Liaohe Bridge, Liaoning, China, at the time of its 

construction for measuring its dynamic strain. The results obtained from the monitoring 

system showed the good stability and dynamic response of the sensors as reported by 

Zhang et al. (2008). Underground fault measurements have been performed using an 

EFPI displacement sensor in geomechanics (Zhnag et al., 2013). In addition, a partial 

discharge in transformers was detected as well by using a sulfur hexafluoride-filled FPI 

(Dong et al., 2008). 

Kersey et al. (2007; 2005) affiliated with CiDRA Corporation and developed and 

patented an FPI sensing element which can sense pressure over the range of 0 MPa to 

103 MPa with a resolution of 2.06 kPa and within the suitable temperature range of 25 

°C to 175 °C. The borehole pressure/temperature series pressure sensor developed by 

Sabeus Corporation can operate up to 200 °C with a measurable pressure resolution of 

0.69 kPa. Some oil-gas companies, e.g., Weatherford, Sabeus, and SENSORNET, offer 

similar products, including FPI pressure sensors which have been used for downhole 

monitoring as reported by Yu et al. (2011). Another EFPI pressure sensor used in 

downhole monitoring was reported as well (Aref et al., 2007). The other FP cavity 
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pressure sensor was constructed with the pressure sensitivity of −1.8 rad bar−1 and a 

typical range of 0 kPa to 600 kPa in a turbine test application, using micromachining 

technique at the isentropic light piston facility at QinetiQ, (Pyestock, UK) (Gander et 

al., 2003).FPI sensors have been reported to offer promising prospects in nuclear power 

plant technology because of their unique signal processing techniques and their 

resistance to power loss (Sexton et al., 1998). One important application of such FPI 

sensor is temperature monitoring in harsh nuclear plant environments, using a sensor 

developed by Fiso Technologies in Canada (Liu et al., 2002). Similarly, Sentec 

Corporation has fabricated FPI temperature sensors under a NASA contract (NAS3-

27202) and ground as well as flight tests were performed successfully on an OV-1OD 

airplane (Tuma et al., 1997). 

Recently, FPI sensors have been utilized in some interesting applications in biology, 

the environment, and even in medical sciences. Notably, one of the applications is a 

biosensor that is capable of producing concentration-dependent signals from antibodies 

or antigens employing an FPI sensor as an immunosensor. It can eliminate fluorescence 

labelling or chemiluminescence which requires additional budget and labour for 

detecting biological interactions. Such sensors have potential for monitoring 

environmental pollution, in food industries, and monitoring human diseases as well 

(Chen et al., 2013). Another layer-by-layer modified label-free FPI biosensor was 

fabricated to detect protein in real-time possessing a potential for immunosensing 

applications (Chen et al., 2012). One more exciting application is the use of a low-

coherence FPI in constructing a surgical tool integrated with a force sensor, which can 

be used during micro-surgery (e.g., vitreoretinal surgery) (Liu et al., 2012). In addition, 

an intrinsic FPI sensor fabricated with a nanoporous zeolite thin film was used to detect 

dissolved organics in water (Liu et al., 2006). 
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Some of the key findings of the current review are summarized chronologically in 

Table 2.1. This will assist target audiences (e.g., researchers, commercial industries, 

users, readers) to draw a quick picture of the chronological flow of the advancement of 

FPI fiber-optics. With fabrication techniques categorized into with or without splicing, 

another feature applicable for further division such as, with or without air gap, as 

illustrated based on entity relationships in Figure 2.15, has been found. 

For better illustration, some of the reported techniques are given in Table 2.2, which 

summarizes all the common advantages reported in the literature based on the given 

time slots. This table presents the significant features of FPI sensors that make them 

suitable for various applications. This table will help understand how the FPI was 

explored chronologically up to the present and prove the potential in several significant 

applications. 
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Table 2.1: A brief presentation of the fabrication methods studied above with sensing applications based on the given time slots. 

Time 

Slots 
[Ref.] /Year Fabrication techniques 

With/without 

Splicing 

With/without Air 

Gap 
Sensing applications 

1981–

1990 

(Wosinski et 

al., 1994) (1982) 

FPI is formed by two dielectric-coated high-reflectance end faces 

SMF 
Without splicing With air gap 

Temperature, 

vibration, acoustic wave, 

voltage, magnetic field 

(Lee et 

al.,1989) (1985) 

An SMF is stretched through a tube so that vortex shedding can 

induce an oscillating strain 
Without splicing Without air gap Flow velocity 

(Farahi et al., 

1988) (1988) 
Coherence multiplexing remote fiber-optic FP sensing technique Without splicing With air gap Temperature 

(Lee & 

Taylor, 1988) 

(1988) 

FPI using dielectric mirrors by standard fusion splicing technique With splicing With air gap 
Temperature  

and wavelength 

(Valis et al., 

1990) (1990) 
Semi-reflective fusion splice technique With splicing With air gap Strain 

1991–

2000 

(Farahi. 1991) 

(1991) 
A miniature fiber FP interferometric modulation technique With splicing With air gap Temperature 

(Lee et al., 

1994) (1994) 
Micromachining technique Without splicing Without air gap Pressure 

(Sorin & 

Baney, 1995) 

(1995) 

Low-coherence technique for multiplexed measurements Without splicing With air gap Temperature and strain 

(Han & 

Neikirk, 1996) 

(1996) 

Micromachined FP interference-based microcavity fabrication Without splicing Without air gap Pressure 

(Beard et al., 

1996) (1996) 

FPI ultrasound sensing  

with a thin polymer film 
Without splicing 

With air gap but  

water-filled cavity 
Ultrasound 

(Kim et al., 

1997) (1997) 

FPI with Si3N/SiO2/Si3N4 diaphragm fabrication using 

micromachining technology 
With splicing With air gap Pressure 

(Arregui et 

al., 1999) (1999) 
Ionic self-assembly monolayer (ISAM) technique Without splicing Without air gap Humidity 

(Perennes et 

al., 1999) (1999) 
FPI cavity with low-finesse illuminated by a multimode optical fiber With splicing With air gap Not studied 
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(Arregui et 

al., 2000) (2000) 
Nanometer-scale FP interferometer by using the ISAM method Without splicing Without air gap Humidity 

2001–

2010 

(Jiang & 

Gerhard, 2001) 

(2001) 

A thin transparent elastic polymer film used as a low-finesse  

FP interferometer 
Without splicing Without air gap Strain 

(Rees et al., 

2001) (2001) 
Langmuir-Blodgett (LB) technique Without splicing Without air gap Not studied 

(Oh et al., 

2004) (2004) 

A magnetostrictive gauge and SMF are inserted in a hollow-core 

borosilicate tube and an airgap between these is acting as a cavity 
Without splicing With air gap Magnetic field 

(Liu et al., 

2006) (2006) 
By polishing a thin layer of zeolite film on the end face of SMF Without splicing Without air gap 

Dissolved organic 

matter (DOM) in water 

(Machavaram 

et al., 2007) 

(2007) 

Two SMF is etched by acid and fusion spliced to form intrinsic FP 

cavity 
With splicing With air gap Strain 

(Choi et al., 

2008) (2008) 
A miniature FP interferometric fiber-optic sensor With splicing With air gap High temperature 

(Villatoro et 

al., 2009) (2009) 
Microscopic air bubble FPI by simple splicing technique With splicing With air gap Strain 

(Coviello et 

al., 2009) (2009) 
Two-mode interferometric sensor by fusion spliced technique With splicing With air gap Temperature 

2001–

2010 

(Rao et al., 

2010) (2009) 
MEFPIs sensor by chemical etching technique With splicing With air gap 

Strain and 

Temperature 

(Zhao et al., 

2010) (2010) 

FPI consisting of a segment of SMF tip coated with an SU-8 polymer 

thin film based on modulated Fresnel reflection 
Without splicing Without air gap Refractive index 

2011–

2014 

(Wu et al., 

2011) (2011) 
Spliced a short length PCF with a standard SMF With splicing Without air gap 

Pressure and high 

temperature 

(Kou et al., 

2010) (2012) 
Focused ion beam (FIB) machining technique Without splicing Without air gap High temperature 

(Chen et al., 

2012) (2012) 
Chitosan-based FP interferometry With splicing With air gap Humidity 

(Liao et al., 

2012) (2012) 
Femtosecond laser micromachining and fusion splicing With splicing With air gap Refractive index 

(Zhang et al., 

2013) (2013) 

Thinned and roughened FPI’s external surface of diaphragm by fs 

laser 
With splicing With air gap 

High temperature 
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(Peng et al., 

2013) (2013) 
Hybrid interferometric with micro-cavity FPI and Mach-Sender With splicing With air gap Strain 

(Dai et al., 

2013) (2013) 
Tunable micro-cavity FPI by using polymer MEMS technology Without splicing With air gap Pressure 

(Wang et al., 

2013) (2013) 
Spliced SMF with a silica tube With splicing With air gap Pressure 

(Lv et al., 

2014) (2014) 
FPI cavity is filled with water-based magnetic fluid EMG507 Without splicing Without air gap Magnetic field 

(Du et al., 

2014) (2014) 

Miniature FPI formed by bundle-core PCF and SMF fiber by 

splicing 
With splicing Without air gap High temperature 

(Silva et al., 

2014) (2014) 
A small segment of silica rod spliced between two SMF With splicing With air gap Pressure 

(Wang et al., 

2014) (2014) 
Fusion bonding with a fused-silica diaphragm by CO2 laser Without splicing With air gap Liquid level 
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Figure 2.15: Illustration of FPI sensor categories on the basis of their 
fabrication. 

Table 2.2: Advantages of FPI explored in the literature are presented over given 
time range. 

Time 

Slots 

Ref. 

No. 
Advantages Reported in Literature Disadvantages Reported in Literature 

1981–

1990 

(Yosh

ino et al., 

1982) 

(1982) 

FPI can have high finesse; Very long distance 

FPI can be achieved, thus so a high spectral 

resolution; Walk-off loss problem has been 

addressed by the fabricated FPI, that involves less 

accuracy for the tilt angle of reflection surface than 

the usual form of FPI; such sensor is compatible for 

a scanning FPI because the optical path length in 

fiber can be readily modulated by appropriate 

external perturbations, for example, temperature and 

mechanical forces. 

The walk-off loss of light power is a 

severe difficulty of FPI fabrication technique 

that causes by the presence of tilt of the 

reflection surfaces. It merely decreases the 

effectiveness and reflectance of the 

conventional FPI. An increase in 

interferometer length is the proportion of 

walk-off loss increase, so construction of 

long-distance FPI is hardly possible. 

(Fara

hi et al., 

1988) 

(1988) 

Crosstalk drawback is conquered. Requires no 

separate fiber reference arm. 

Crosstalk is another serious drawback of 

FPI fiber-optic sensor with coherence 

multiplexing. A coherent signal is generated 

in the image plane due to highly scattering 

objects and shows similarity with that of 

sample depth within the length of coherence 

refers to “crosstalk”. This problem affects 

the lengths for several sensors and limits the 

number of sensors used. 

1991–

2000 

(Chan

a et al., 

1992) 

(1992) 

FPI sensors have High spatial resolution (~20 

μm2), High-temperature resolution (sub mK), 

Intrinsic calibration, High measurement bandwidth 

(>100 kHz), Multiplexed arrays possible, Immunity 

to electro-magnetic interference. 
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Table 2.2: Cont. 
(Lee 

et al., 

1994) 

(1994) 

LED is used due to gain advantages from the 

proposed fabrication technique. 

The limitations of utilizing LED is that 

it has much larger spectral bandwidth and its 

length of coherence is the much shorter than 

that of a laser. 

   

(Ezbir

i & Tatam, 

1996) 

(1996) 

The phase measurement inaccuracy problem has 

been overcome by a passive signal processing 

technique. 

Almost all the signal processing 

techniques suffer from phase measurement 

inaccuracy problem due to the multiple 

reflections at the two reflective surfaces of 

FPI. 

Time 

Slots 
Ref. No. Advantages Reported in Literature 

Disadvantages Reported in 

Literature 

1991–

2000 

(Beard & 

Mills, 1996) 

(1996) 

Using a slim polymer film as one of the 

reflective surfaces of FPI has many advantages 

such as short path length, low sensitivity to 

pressure and thermal differences. As a result, 

phase-bias-control and complicated polarization 

systems are not essential. Using a cavity that filled 

with water other than air has merits too such as, (i) 

giving a best possible fringe visibility of unity the 

coefficients of Fresnel reflection on both sides of 

the film will be the same,  

and (ii) a possibility of degrading the sensor’s 

consistency of frequency response. 

Phase-bias-control and polarization 

systems are essential for FPI fabrication 

techniques which make the entire system 

more complicated. 

2001–

2010 

(Jedrzeje

wska-

Szczerska et 

al., 2009) 

(2009) 

Reasonably easy fabrication, high resolution, 

possibly inexpensive, and low sluggishness on 

temperature differences. 

 

 

(Villatoro 

et al., 2009) 

(2009) 

A miniature monolithic FPI with a cavity of 

microbubble exhibits low-temperature sensitivity  

(less than 1 pm/°C) which indicates that measuring 

an extremely low temperature can be possible by a 

microcavity based FPI sensor. 

 

2011–

2014 

(Jedrzeje

wska-

Szczerska et 

al., 2011) 

(2011) 

Easy fabrication even a small size of sensor 

heads as well as low thermal indolence, and 

support  

dielectric construction. 

 

(Rong et 

al., 2012) 

(2012) 

FPI can be constructed as ultra-compact in 

size,  

cost effective, and easy to fabricate. 
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Table 2.2: Cont. 

(Kou et 

al., 2010) 

(2012) 

It can be exceptionally tiny size, high 

sensitivity, all-fiber connection, and particularly 

exclusive structure presents huge potentials for 

fast-response high-temperature sensing mostly in 

miniature and harsh area with high temperature 

gradient. Fragility problem has not been addressed. 

The fragility of tapper fiber tip is a 

serious shortcoming in the implementation 

of such sensors to sensing applications. 

The sensor can be broken easily due to 

simple handling or to vibrations that are 

frequently met in actual industrial 

applications. 

(Chen et 

al., 2012) 

(2012) 

Using chitosan as reflective surfaces of FPI 

proposes excellent diaphragm forming capability, 

high-quality mechanical stiffness as well as 

enhanced steadiness with respect to the differences 

in comparative humidity. 

 

(Liao et 

al., 2012) 

(2012) 

A fiber in-line FPI fabrication by femtosecond 

laser micromachining is consistent in the 

measurement of exceptionally low-temperature 

cross sensitivity. 

 

Other than the limitations presented in Table 2.2, some usual drawbacks also have 

been found which require further investigation to achieve handy solutions. For example, 

OSAs are used widely to detect the wavelength shift, but they are relatively slow. To 

fully take the advantage of FPI fiber-optic sensors’ potential, a detector array-based 

spectrum analyser can be used. Given that the implementation possibilities of such 

sensors are endangered in some practical applications due to, for example, fragility, 

some useful techniques are required to encapsulate the sensor head to protect it and 

prevent dust particles or fluids from condensing in the cavity, as well as improving its 

working stability without reducing the performance. According to our knowledge and 

based on the literature, no work has been performed so far on this aspect. Again, the 

stability in terms of performance, effectiveness, and extended operation has not been 

investigated as well as the involved components and environmental effects, and these 

parameters have not been considered to conquer the risk factors of FPI fiber-optic 

sensors’ implementation in practical applications. 
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2.8 Summary 

A literature review of fiber-optic FPI sensors’ fabrication methods, working 

principles, and sensing applications such as detecting temperature, pressure, ultrasonic, 

acoustic, as well as strain signals has been rigorously considered to compose an 

informative chapter keeping their pros and cons in mind. Two major categories of FPI 

optical fiber sensors are discussed, those based on the fabrication method (with splicing 

and without splicing) and those further interrelated with reference to the air gap present 

inside the FPI cavity devices. Furthermore, the analytical theory for all types of FPI 

fabricated sensors with their sensing applications to interferometry has been presented.  

On the basis of the investigated study, FPI sensors have enormous practical 

applications and thus further exploration is needed to make these devices more efficient 

and beneficial as well as economical. In our perspective, the special optical waveguides, 

like photonic crystal fibers, have a chance to enable many new sensing mechanisms and 

configurations. Improved micro-fabrication technologies are appealing to continue the 

research for the enhancement of sensor performance, functionality, and reliability with 

operating ability in harsh environments. In addition, the advanced optical signal 

processing and network technology will enable high-density fiber-optic sensor 

networks. Unquestionably, FPI sensors will play a key role in future solutions for a 

widespread diversity of appliances. 

Encompassing all of the fabrication technologies, principles, and applications in a 

limited-length thesis chapter is challenging. Nevertheless, we have included most of the 

research articles, reviews, proceedings, books, technical papers, patents, and 

dissertations that match the scope of this thesis. The chronological statistics presented in 

the earlier section provide an approximation of the whole picture. 
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CHAPTER 3: THEORIES OF FIBER BRAGG GRATING AND FP 

RESONATOR 

 
3.1 Introduction 

The fundamental theories and principles of fiber Bragg grating and FP resonator are 

explained in this chapter with a specific end goal to decipher the opto-elastic properties 

of FBG-based FPR that incorporates theories of light propagation in optical fibers, 

fundamentals of FBGs, mode coupling, and FP resonator.  

3.2 Theory of light propagation in optical fiber 

To study opto-elastic properties in short cavity FBG-based FPR manufactured in 

SMF and PCF cavity FBG-based FPR, including LP01–LP11 cross mode coupling in CG 

fabricated in TMF, considering the hypothesis of electromagnetic wave propagation in 

various optical fibers is important. A brief overview of the derivation of wave equation 

(i.e., Maxwell’s equations), the derivation of propagation modes in optical fibers, LP 

modes, and cut off, and dispersion of light propagation, will be introduced in this 

section. 

Silica-based glass fiber is a suitable transmission medium with recorded losses of 

less than 0.2 dB km−1 by utilizing monochromatic and coherent light, laser, as the signal 

sources. For this, utilizing glass optical fiber to serve as transmission media has resulted 

in a high-potential option in optical communication frameworks. 

3.2.1 Maxwell’s Equations 

Every electromagnetic effect is ruled by the four Maxwell equations. The differential 

form of these equations, should there be an occurrence of a dielectric medium without 

having currents or free charges in the whole domain, would be as follows (Agrawal, 

2007): 
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where H and E are correspondingly the magnetic and vectorial electric fields, B and D 

the magnetic induction and electric displacement fields. Every one of these fields is a 

function of both time and space. Every case of interest for this research includes 

isotropic materials, and assuming propagation in the linear regime is often a decent 

estimate. For example, for a nonmagnetic isotropic medium of an optical fiber, the flux 

densities B and D, are identified by H and E through the constitutive equations: 

D E P           .B H  (3.5) 

where   is the electric permittivity, μ is the magnetic permeability, and P is the induced 

electric polarization. As the dielectric materials are important to us, μ can be assumed to 

be a constant, equivalent to its free-space value. The electric permittivity,  , for the 

most part, is a function of frequency   . The imaginary part of   records material-

related losses (absorption). However, in case of low-loss dielectrics, for example, silica 

in the near-infrared part of the spectrum,   can be presumed to be real. 

By applying the operator curl (rotor) on Equation 3.1, and utilizing Equation 3.2 and 

Equation 3.5 into the outcome, the accompanying wave condition for the electric field 

can be achieved: 

2 2

02 2 2

1 E PE
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where the affected electric polarization P is identified with the electric field E(r, t) (a 

long way from medium resonances), given by the nonlinear Equation by Agrawal 

(2007). 

The electric field E(r, t) can be represented as far as gradually changing envelope is 

estimated as: 

0
1( , ) [ ( , )exp( ) . .]
2

E r t x E r t i t c c    (3.7) 

where E(r, t) is a gradually changing complex envelope, x  is the polarization unit 

vector, c.c. stands for complex conjugate, and 0  is an angular optical frequency. 

The linearity of Maxwell’s equations allows the utilization of Fourier investigation. 

By utilizing Fourier analysis, the wave condition Equation 3.6 communicated in the 

frequency domain is as follows (Agrawal, 2007): 

2 2
0( ) 0E k E     (3.8) 

where the free-space wavenumber is characterized as: 

0
2k

c
 


   (3.9) 

and the frequency dependent dielectric constant is: 

(1)( ) 1 ( ) NL        (3.10) 

where NL  is the nonlinear contribution to the dielectric constant (regarded as a constant 

amid the pulse propagation) and is characterized by: 

(3) 23 | ( , ) |
4NL xxxx E r t   (3.11) 
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(1) ( )  is the Fourier transform of (1) ( )t . Its real and imaginary parts can be identified 

with the refractive index ( )n   and the attenuation coefficient ( )  using the equation 

below: 

2

2
i cn 




 
  
 

 (3.12) 

From Equation 3.10, Equation 3.12 and the Equation to ascertain nonlinear refraction 

from the intensity reliance of refractive index displayed in Agrawal (2007)’s study, the 

accompanying conditions are attained: 

(1)1( ) 1 Re ( )
2

n         (3.13) 

(1)( ) ( )Im
nc


        (3.14) 

where Re and Im are real and imaginary parts, respectively. Given that the imaginary 

part of ( )  is not as important compared to the real part (because of the low losses in 

fibers), then ( )  can be supplanted by 2 ( )n  . 2 ( )n   is frequently autonomous of the 

spatial directions in both the core and cladding of step-index fiber, so that Equation 3.8 

arrives at: 

2 2 2
0( ) 0E n k E    (3.15) 

( , ) ( , )exp( )E r E r t i t dt 



   (3.16) 

In quest for arrangements of the optical field, utilizing the technique for partition of 

variables is beneficial, so that the envelope E(r, t) is in a structure as follows: 

0( , ) ( , ) ( , )exp( )E r t F x y A z t i z  (3.17) 

where F(x, y) is transverse mode distribution, A(z, t) is a gradually fluctuating function 

of z and 0 0( )   is the wavenumber at the carrier frequency. Substitution of Equation 
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3.17 into the wave equation prompts two conditions for F(x, y) and A(z, t) (Agrawal, 

2007). The wavenumber   is controlled by tackling the eigenvalue equation for the 

modes F(x, y), while the temporal characteristics of the optical pulse are acquired by 

utilizing the results of A(z, t). For step-index fiber, F(x, y) is acquired as a solution of 

the differential equation for Bessel functions (note that in the current practice, the 

fundamental fiber mode is regularly approximated using a Gaussian distribution of the 

structure 2 2 2( , ) exp[ ( ) / ]F x y x y    , where   is the width parameter (Agrawal, 

2007)). 

The propagation constant,   is by and large a complex number, where the imaginary 

part represents the losses of the mode as it propagates along the fiber. On account of a 

traditional optical fiber, the wave condition with suitable boundary conditions can be 

identified scientifically (Zolla et al., 2005). 

3.2.2 Propagation modes in optical fibers 

Numerous studies have been performed on the mode propagation properties in 

optical fibers (Snitzer, 1961). Maxwell’s equations present the propagation of 

electromagnetic radiation. For example, light; as a result of which, rich information on 

the energy confinement, propagation, and dispersion of every mode can be achieved 

(Gloge, 1971). A voyaging wave is a part of the summed up result for E, which is the 

electric field from Maxwell’s Equations, as (Snitzer, 1961); 

( )i t zE Ee     (3.18) 

The propagation constant,  , is given by 0 effk n  , where 0
0

2k 


 , the angular 

velocity is  , the effective index of refraction of the mode is effn  and the wavelength of 

the light is 0 . The light guiding properties of fiber can be well understood by the fiber 

Univ
ers

ity
 of

 M
ala

ya



73 

geometry. The core region of the optical fiber allows the light that coupled into the core 

to be confined and propagate indefinitely. The zig-zag light beam in the core region 

describes the light propagating inside the core as outlined in Figure 3.1.  

 

Figure 3.1: Illustration of light in beam graph experiencing inside reflection 
while the incident angle to the cladding/core surface is more noteworthy than the 

critical angle ϕc (Cheung, 2004). 

Beams at the core–cladding interface experience numerous reflections. Incident 

beams undergo total internal reflection at bigger angles than the basic angle, ϕc upon the 

core–cladding interface. The loss is considered least if the light propagates in such way 

that no absorption transpires in a perfect fiber. By utilizing the Fresnel reflection 

condition relationship at boundaries, a limit has been set on the coupling angle, ϕA. 

Through this angle, the cladding refractive index and mode set a limit to assure the 

mode propagation constant β is as follows; 

1 0 2 0n k n k   (3.19) 

where the horizontal component β = sin ϕ, voyages down the fiber, β is the propagation 

constant, the index of refractions of the cladding and core are n2 and n1, respectively. 

Phase information is carried by light radiation, which is a direction of travel and a 

wave-like phenomenon. After the phase shift occurred on reflection at the boundary 

surfaces, productive interference that occurs will advance angles’ discrete arrangement, 

by which propagating constants, β ascends in a discrete arrangement. The numerical 
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aperture (NA) controls the extent of the fiber’s ability to accept light into its bound 

modes. Jeunhomme (1990) derived the NA as follows: 

2 2
1 2 1 2NA n n n n    (3.20) 

 
To understand the behaviour of light in a perturbed situation, for example, using 

FBGs, which is essential to learning the modal properties. 

 
3.2.3 LP modes and cut off 

Including each of the six non-zero field components in the purported hybrid EHlm 

and HEml modes causes the careful arrangement of wave condition for a step index fiber 

to be exceptionally complicated (Snitzer, 1961). A generalization to the arrangement 

can be communicated by utilizing the estimate for the purported ‘Weak Guidance’ 

(Gloge, 1971) where the fractional refractive index contrast is expected to be little. 

1 2

1 1

( ) 1n n n
n n





    (3.21) 

Utilizing the normalized frequency, V, given by Gloge (1971), the following 

equation is obtained; 

2 2 2( ) ( )V ah ak   (3.22) 

where 2 2 2 2
1 0h n k   and 2 2 2 2

2 0k n k  .  

The lowermost order is the LP mode, i.e. the LP01, has no low-frequency cutoff in 

the weakly guiding estimate. This mode is observed to be indistinguishable to the 

precise HE11 mode. The LP11 mode, which is the onset of the following LP modes has a 

cutoff at V = 2.401. The fibers that support a single mode or just a couple of modes over 

a specific range of wavelength are essential for a few applications. The standardized 
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frequency, V would be less than < 2.405, for single-mode operation. The standardized 

frequency, V in equation (3.22), can be composed as: 

2 2
1 2

2 aV n n


   (3.23) 

where the free space wavelength is λ and the core radius is a. The fiber diameter 

influences the quantity of modes, i.e. the quantity of modes diminishes if the fiber 

diameter is diminished, or if the fiber is operated at an extended wavelength. Single-

mode fibers in the infrared and visible part of the spectrum typically require a core 

diameter of a few microns. 

 
3.2.4 Dispersion of light in propagation 

Propagation of light satisfying Maxwell’s equations can be carefully considered as a 

superposition of numerous plane-wave solutions. In a Fourier representation, the 

electric field, E, can be considered to comprise frequency bandwidth, Δω, centre 

frequency, ω0 (Jeunhomme, 1990); 

( ) ( )exp( )E t i t d


      (3.24) 

where ω, is the plane wave and the amplitude of its component is ξ(ω). As a result of 

voyaging a distance, z, the diverse components of the wave will have their phases 

changed by the quantity, β(ω)z; where, β can be extended utilizing the Taylor series 

around the central β0; 

2

0 2

1( ) ...
2

d d
d d
 

    
 

     (3.25) 

where β0 is the propagation constant at ω0. Substituting equation 3.25 into equation 

(3.24), 
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2

0 2

1( , ) ( )exp ( ( ...) )
2

d dE z t i t z d
d d



 
      

 
      (3.26) 

which can be deciphered as the propagation of a plane wave adjusted by an envelope 

function whose phase velocity is given by (β/ω)-1 and group velocity is given by 

(dβ/dω)-1. The impact of dispersion (the relationship amongst ω and β) will bring about 

distinctive components, ω, to reach various times. The delay per unit length is given by 

(Gloge, 1971); 

1 d d
c dk d

 



   (3.27) 

where, the speed of light is c. 

3.3 Fundamentals of Fiber Bragg Gratings 

The basic fiber Bragg grating includes a short segment of single-mode optical fiber 

in which the core refractive index is modulated periodically. As delineated in Figure 

3.2, this structure acts as a highly-selective wavelength reflection filter with the 

wavelength of the peak reflectivity, λB, controlled by the phase matching condition as 

follows: 

2B effn   (3.28) 

 

Figure 3.2: Schematic illustration of structure and spectral response of fiber 
Bragg grating 
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where neff is the effective refractive index of the guided mode in the fiber, and Λ is the 

period of the refractive index modulation with the following type: 

( ) [1 cos(2 / )]con z n n z      (3.29) 

where nco is the unexposed core refractive index and δn is the amplitude of the photo-

induced index excursion. This periodical index-modulated structure enables the light to 

be paired from the forward-propagating core mode into the backward-propagating core 

mode, producing a reflection response. The refractive index modulation of the FBG is 

accomplished through the exposure of the core to a powerful UV interference fringe 

pattern produced either by free-space two-beam holographic strategy or by diffractive 

phase mask technique. 

3.3.1 Phase matching and Bragg condition 

Fiber gratings permit the exchange and transfer of power between modes of an 

optical fiber. This is accomplished by perturbing the phase of one mode such that it 

matches the phase of the other, which is called the “phase matching condition”. Fiber 

gratings are generally printed on bare fibers where the acrylate coating is removed. This 

implies that the optical fiber acts as a three-layer structure with various effective 

refractive indexes in the core, n1, and the cladding, n2, with the last external cladding 

being air, n3 = 1. For a single mode fiber with these parameters, the core-guided mode 

has a propagation constant, βco, given by Equation (3.30): 

2 1
2 2 2

co con n n  


  
    (3.30) 

Furthermore, the cladding modes guided by the cladding-air structure have propagation 

constants that fall in the range below: 

Univ
ers

ity
 of

 M
ala

ya



78 

3 2
2 2

cln n 


 
   (3.31) 

Last, radiation modes that can have propagation constants in the following limit exist: 

3
20 rad n




   (3.32) 

With the introduction of the effective index’s periodic variety along the fiber length, the 

first order phase matching between the fundamental and backward propagation fiber 

modes (fundamental of cladding modes) happens when (Erdogan, 1997): 

1 2
2

 


   (3.33) 

For example, coupling into the backward propagating fundamental mode, where β2 = 

˗β1, the resonance condition yields the following equation: 

1





  (3.34) 

In expressions (3.33) and (3.34), Ʌ is the period of the effective index modulation, 

whereas β1 and β2, which are the propagation constants of the fundamental mode and 

the mode the reflected light is coupled into, respectively. Gratings that couple to 

backward propagation modes are known as reflection or Bragg gratings. 

Characteristically, these devices depend on a coupling between the forward and 

backward fundamental modes. 
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Figure 3.3: Schematic representation of the modes existing in uncoated single 
mode fibers and the matching condition for the core mode reflection (Cheung, 

2004). 

The phase-matched condition is given by equation (3.33) where, 
1

1

2 effn



  

and
2

2

2 effn



 , 1

effn and 2
effn  are the mode indices of the forward and backward 

propagating modes. Hence, equation (3.33) can be composed as: 

1 2
eff effn n


 


 (3.35) 

Considering the preservation of energy advances the coupling of modes with the 

same optical frequency, ω. For indistinguishable forward and counter-propagating 

modes, equation (3.35) produces the Bragg condition that can be expressed by equation 

(3.28) where the Bragg wavelength is reflected prevalently. 

 
 
3.3.2 FBG parameters 

The coupled-mode equations for the forward and backward propagating modes, 

when connected to a uniform period grating, can be resolved utilizing suitable boundary 

conditions. Taking Figure 3.4 as an example, the grating has a length of Lg, and the 

boundary conditions expect a forward propagating mode with F(0) = 1 and that the 

backward propagating mode toward the end of the grating, will be zero, B(Lg) = 0 as 

there are no perturbing beyond the end of the grating. 

β2 = 

˗β1 

2


  

3
2 n


 2

2 n


 1

2 n



 

β

1 β 
Cladding Radiation 
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Figure 3.4: schematic of the grating with the boundary conditions in order of 
appearance (Kashyap, 1999). 

For uniform grating, dφ/dz = 0, and at the phase-matched condition, Δβ = 0, it is 

possible to demonstrate that a closed-structure solution exists for the reflectivity, R(0), 

which is given by Kashyap (1999) in Equation 3.36 below: 

 
 

2 2

2 2 2

sinh

cosh
ac g

ac g

K L
R

K L



 



 (3.36) 

where acK   and 2 2
ack    

The reflectivity in equation (3.36) has a decay nature and drops off exponentially 

along the perturbation region as the power is exchanged from the forward to the 

backward propagating mode. The maximum reflectivity, Rmax is then acquired from 

equation (3.36) when δ = 0, i.e. at the phase-matching condition in equation (3.28), 

yielding equation 3.37 below: 

max tanh( )ac gR k L  (3.37) 

The initial two zeros of equation (3.36) may be utilized to estimate the full Bragg 

grating bandwidth given by Equation 3.38 below: 

2
2 2( )

2 ac g
eff

k L
n L


 


   (3.38) 

The condition for weak grating corresponds to ac gk L  , in which the bandwidth is 

an inverse function of the grating length, denoted by the following equation: 
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2

2 eff gn L





  (3.39) 

whereas for a robust grating, ac gk L  , the bandwidth is given the following 

equation: 

2

2
ac

eff

k
n


   (3.40) 

where the bandwidth relies on the coupling constant kac. 

 
3.3.3 Chirped FBG and the grating phase shift 

A variety of grating periods along the length of the FBG is termed chirp. Chirp can 

likewise be accomplished by a variety of mode refractive indexes. These distinctive 

types of chirps can be denoted by an additional phase function, φ(z), in the perturbed 

polarization produced by the refractive index variation given by Kashyap (1999); 

 ((2 / ) ( ))
02

2
i N z z

grating
nP n n e cc E  

   
   

 
 (3.41) 

where n  is the refractive index change occurring over a single period of the grating, v 

is the visibility of the fringes, and the exponent term alongside the complex conjugate, 

cc, portrays the real periodic modulation in the complex documentation. A subjective 

spatially differing phase of ( )z has been incorporated. is the perturbation period, 

while N is an integer  N     that indicates harmonic order. The period-

averaged change in the refractive index must be checked because it changes the 

effective index effn  of a mode. 

The chirp changes the effective detuning parameters. Therefore, Δβ in the equation 

of detuning would be: 

1 ( )
2dc

d zk
dz


 
 

   
 

 (3.42) 
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where Δβ = βu+ βv˗2πN/Ʌ, is the detuning, whereas βu and βv are elements of 

wavelength. Period chirp is made by an adjustment in the phase of refractive index 

modulations, closely resembling a phase-modulated carrier. The index perturbation can 

be composed as a sinusoidal function: 

 cos ( )Kz z , (3.43) 

which has a constant spatial frequency, given by 
2K 


  with an extra position-

dependent phase variation φ(z) to signify the variation in periodicity. The chirp could 

be seen as a perturbation with differing spatial frequency (Koelnik, 1979): 

 cos ( )K K z  (3.44) 

The relationship between the period, Λ, and the spatial frequency can be composed 

as: 

2

2dK d



   (3.45) 

The rate of phase variation with separation along the grating, z, can be determined as 

follows: 

d K
dz


  (3.46) 

2

2d d
dz
 




   (3.47) 

From the Bragg condition from equation (3.28), equation (3.47) is derived as 

(Erdogan, 1997) 

2

4d n d z
dz dz
  


   (3.48) 

where d
dz
  is the chirp rate of the FBG, that is characterized by a disparity of the 

periodicity, difference of the mode refractive index along the grating length, a mix of 

the two or just an extra position-dependent phase along the grating. 
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3.4 Mode Coupling Theory (CMT) for Grating 

The coupled-mode theory is a helpful tool for quantitative investigation of the 

spectral response of FBGs. Considering a dielectric medium with a dielectric tensor 

perturbation  ; the optical waves propagate in a limitless number of modes. As 

indicated by the coupled-mode theory (Alemohammad, 2010), the minute disparity of 

amplitude Am of the mth mode signified by dAm, due to the coupling with the lth mode in 

the region amongst z and z + dz is as follows: 

( )( ) ( ) m lm i z
m l ml

lm

dA z i A z K e  




    (3.49) 

where Kml is the coupling coefficient between the lth and the mth modes, demonstrated 

by: 

* ( , ) ( , , ) ( , )
4ml m l

S

K E x y x y z E x y dxdy
   (3.50) 

Equation (3.49) is an arrangement of coupled differential equations portraying the 

coupling between a vast number of modes in the light propagation. 

In view of the heading of the propagating mode, the coupling can be co-directional; 

where the modes propagate in the same direction, or contra-directional and where the 

modes propagate in inverse directions. 

3.4.1 Coupling Coefficient for Single Mode grating 

In FBGs, the mode coupling takes place between two contra-directional core modes, 

as shown in Figure 3.5 (Erdogan, 1997). Univ
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Figure 3.5: Forward and backward modes in FBG (Erdogan, 1997). 

Thus, the coupled-mode equation (3.49) can be streamlined to the following 

equations: 

1 2( )1
11 1 12 2

( ) ( ) ( ) i zdA z iK A z iK A z e
dz

     (3.51) 

2 1( )2
21 1 22 2

( ) ( ) ( )i zdA z iK A z e iK A z
dz

    (3.52) 

where A1(z) and A2(z) are the amplitudes of the forward and backward propagating 

modes, respectively. Since FBG is a periodic modulation of the index of refraction, the 

perturbation in the dielectric tensor ( ) is denoted as: 

2
0( ) ( )z n z    (3.53) 

By expecting little variation in the refraction index, 

02 n n    (3.54) 

where n  is depicted by Equation 3.55 

2( ) ( ) 1 cos ( )n z n z v z z
  



  
    

  
 (3.55) 

In a uniform grating, ( )n z is constant and can be supplanted by n  . n  can also 

be represented as:  

2 2( ) ( )
( ) 1

2
i z z i z zvn z n e e

 
 

  
   

     
   

  
    

    

 (3.56) 

By substituting Equation (3.56) into Equation (3.53), Kml is modified as: 
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2 2( ) ( )
*0 1 ( , ) ( , )

2 2
i z z i z z

ml m l
S

vk e e n nE x y E x y dxdy
 

 
 


   

     
   

  
    

    
  (3.57) 

where m, l =1,2 

For two contra-directional modes with propagation constants, 1 and 2 , in FBG are 

represented by: 

1 2

1 2

0

( , ) ( , )E x y E x y

   


 (3.58) 

Equation (3.57) is utilized to get K11, K12, K21, and K22. By substituting them into 

Equation (3.51), 

*01
1 1 1

2 2( ) ( )
*0

1 1 1

2 *0
2 1 1

22 ( )
0

2

( ) ( ) ( , ) ( , )
2

( ) ( , ) ( , )
4

( ) ( , ) ( , )
2

( )
4

S

i z z i z z

S

zi

S

i z z z

n ndA z i A z E x y E x y dxdy
dz

n ni A z e e E x y E x y dxdy

n ni A z e E x y E x y dxdy

n ni A z e e

 
 

 




 



 

 

 

 

   
     

   

 
  

 

 

 
  

 
 



 







22 ( )
*
1 1( , ) ( , )

i z z z

S

E x y E x y dxdy


 


 
  

 
 
 
 
 



 (3.59) 

From the orthogonality of the propagating modes (Yariv & Yeh, 2003), the 

following equation is derived: 

*
1 1

2( , ) ( , )
S

E x y E x y dxdy 


  (3.60) 

where μ is magnetic permeability of the dielectric material and is presumed to be a 

tensor. By substituting Equation (3.60) into Equation (3.59), 
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2 2( ) ( )
1

1 1 1

2 22 ( ) 2 ( )

2 2 2

( ) ( ) ( ) ( )

( ) ( ) ( )

i z z i z z

dc AC AC

i z z z i z z z
i zi

dc AC AC

dA z iK A z iK A z e iK A z e
dz

iK A z e iK A z e iK A z e

 
 

 

 
   

  

   
     

   

   
      

   

   

  

 (3.61) 

where 

2
0 2

dc
eff

n n nK n
n

   


 
   

furthermore, 

2AC dc
vK K  

In apodised gratings, n  is not constant along the fiber and can change 

(Alemohammad, 2010). Subsequently, the coupling coefficients, Kdc and KAC, are not 

consistent along the grating. 

For uniform gratings, ( ( ) 0)z  , it is clear that 2 / 0    and 0  . Along this 

line, phase-matching condition takes place as per Equation (3.33), portraying resonance 

in the propagating mode coupling (Yariv & Yeh, 2003). Furthermore, the Bragg 

condition in FBG is acquired specifically from Equation (3.33).  

 
3.4.2 Coupling Coefficient for Few Mode grating 

The derivation of CME has been extensively presented and discussed in many prior 

literatures (Ergogan, 1997; Okamoto, 2006; Huang, 1994). To be explained simply, the 

presentation of CME in this work follows the model reported in Ergogan (1997) closely. 

For CG inscribed in TMF, the two lowest spatial modes LP01 and LP11 in the TMF are 

being considered in the analysis illustrated in Figure 3.6. 
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Figure 3.6: Illustrative diagram of CG with two spatial modes in TMF  

The coupled mode equations can be expressed as follows:  

1
01 1 01 1 2

ˆ
c

dA j A jk B jk B
dz

     (3.62a) 

2
11 2 1 11 2

ˆ
c

dA j A jk B jk B
dz

     (3.62b) 

* *1
01 1 01 1 2

ˆ
c

dB j B jk A jk A
dz

    (3.62c) 

* *1
01 1 01 1 2

ˆ
c

dB j B jk A jk A
dz

    (3.62d) 

where A1(z) and A2(z) denote the forward propagating field amplitudes of LP01 mode of 

LP11 mode whereas B1(z) and B2(z) denote the backward propagating field amplitudes of 

LP01 mode of LP11 mode, respectively. z is the position along the grating structure. The 

detailed relations of coupling coefficients under different mode coupling conditions are 

as follows:  

The coupling coefficients of the two modes are given by (Ergogan, 1997; Wu et al., 

2012) as 

DC coupling coefficient: 

*( ) ( , ) ( , ) ( , )
2 core

Nz N x y E x y E x y dxdy
  


   (3.63a) 

AC coupling coefficient: 
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( ) ( )
2

k z z
 


  (3.63b) 

where N is the refractive index of the fiber core, ω is an angular frequency of light, v is 

the fringe visibility, ΔN is UV-perturbed refractive index profile, Eμ and Eν are the 

normalized electric field of associated spatial modes. Equations (3.63a) and (3.63b) can 

be simplified and expressed in the following form for different mode-coupling 

conditions. 

A. LP01↔01 Self mode-coupling: 

AC coupling coefficient:  

*

01 01 01 /k k N     (3.64a) 

DC coupling coefficient: 

01 01 01̂     (3.64b) 

where  

01 01 2 /N     (3.64c) 

and detuning  

01 01 / ( )z      (3.64d) 

B. LP11↔11 Self mode-coupling: 

AC coupling coefficient: 

*

11 11 11 /k k N     (3.65a) 

DC coupling coefficient: 

11 11 11̂     (3.65b) 
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where  

11 11 2 /N     (3.65c) 

and  

11 11 / ( )z      (3.65d) 

C. LP01↔11 cross mode-coupling: 

AC coupling coefficient: 

* /c c ck k N    (3.66) 

ηv denotes the overlap factor of the mode-coupling, v = 01, 11 (self-mode) or c (cross 

mode). ΔN denotes the induced index change in the core and λ is the wavelength. The 

mode propagation constant can be expressed using Equation (3.28). 

Λ(z) represents the grating period of the chirped grating in the function of z. For a 

grating with linear chirp rate, the grating period can be expressed as:  

( ) (0)z rz    (3.67) 

where r is the chirped rate. 

Assuming that the grating length is sufficiently short, the mode coupling between 

core modes and cladding modes is small and therefore the cladding modes are ignored 

in this study. 

The differential equations from Equations (3.62a)–(3.62d) can be written in matrix 

form, as follows: 
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01 011 1

11 112 2
* *

01 011 1
* *

11 112 2

ˆ 0
ˆ0

ˆ 0
ˆ0

c

c

c

c

j jk jkA A
j jk jkA Ad

jk jk jB Bdz
jk jk jB B









      
      

     
    

    
    

 (3.68) 

The equation can be numerically solved using the fourth order Runge-Kutta (RK4) 

method (Sun et al., 2009). 

The total input power is denoted by Equation 3.69 

2

1 2(0) (0)iP A A   (3.69) 

Assuming that Pi = 1, the reflectance is denoted by Equation 3.70 

2

1 2(0) (0)R B B   (3.70) 

and the transmittance is denoted by 

2

1 2( ) ( )g gT A L A L   (3.71) 

Depending on the mode of excitations, different boundary conditions are defined as 

follows:  

LP01 mode excitation: A1(0) = 1, A2(0) = 0, B1(Lg) = 0, B2(Lg) = 0 

LP11 mode excitation: A1(0) = 0, A2(0) = 1, B1(Lg) = 0, B2(Lg) = 0 

where Lg represents the grating length. 

3.5 Theory of Proposed FBG based FPR 

In this thesis, a short cavity FBG based FPR, PCF cavity FBG based FPR, and 

chirped grating FP interferences have been investigated. The following subsections 

demonstrate the theories of the proposed FP resonators. 
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3.5.1.1 Uniform Period Short-cavity Fiber Bragg Grating Fabry–Perot  

The least difficult kind of fiber FBG is one where FP comprises two uniform FBGs 

isolated by a cavity printed in an optical fiber with the FBGs possessing the same 

wavelength. Figure (3.7) illustrated the FBG FP. 

 

Figure 3.7: uniform FBG grating FP 

The Bragg wavelength is given by Equation (3.28) and the usual FBG bandwidth is 

given by Equation (3.33) contingent upon the quality of coupling between the 

regressive and forward waves. At zero detuning, the peak reflectivity of the FP filter, 

RFP, with FBGs of undisguisable reflectivity, R, is specified by Legoubin et al. (1995). 

3.5.1.2 PCF-cavity FBG Fabry-Perot 

A mechanical cleaver equally partitioned a 2 cm long uniform FBG into two and 

then spliced with a ~1.5 mm long PCF using FSM-45PM, Fujikura splicer to construct 

an FBG-PCF-FBG structure. It is apparent that the two partitioned FBGs that originate 

from the same uniform grating share the same centre wavelength and the PCF segment 

forms a cavity between two grating reflectors. As a result, a narrow dip formed within 

the reflection curve of the FBG, known as resonance wavelength. 

The cavity length is selected in such a way that the wavelength spacing between the 

adjacent resonance wavelength Δλ is approximately the same as the reflection 

bandwidth to facilitate single resonance wavelength accommodation within the FBG 
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reflection curve for easy identification. The wavelength spacing given by (Taylor, 

2002): 

2Δλ λ 2/ P FPCF Cn L  (3.72) 

where PCFn  is the effective index, PCFL  is the cavity length, and λ is the operating 

wavelength. For PCFL  = 1.5 mm, the estimated Δλ is 0.54 nm. However, it is also 

possible to achieve greater Δλ by reducing the segment length of PCF. The phase 

difference induced by PCF is given by  

4 p PCFn L



  (3.73) 

At resonance wavelength, the phase difference is multiple of 2π. Hence, 

2
λ p P F

R
Cn L

p
  (3.74) 

where p is an integer.  

 When the PCF segment is subjected to the external perturbations, λR is shifted by  

,
ΔΔ ΔΔλ λ λR R

PCF
p z PCF

PCF

Ln n
n L n


   

      
  

 (3.75) 

where Δn and PCFL  are the changes in n and PCFL , respectively. εz is the axial strain in 

PCF, which is equal to PCFL  ⁄ PCFL . Similarly, the Bragg wavelength shift can be 

formulated as  

,

Δ ΔΔΛΔ
Λ

eff eff
B B z FBG B

eff eff

n n
n n

   
   

         
   

 (3.76) 

where Δneff and ΔΛ are the changes in neff and Λ of FBG, respectively. 
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3.5.1.3 Chirped Fiber Bragg Grating Fabry-Perot  

The chirped FBG FP offers a larger bandwidth, whereas uniform FBG FP gives a 

larger dynamic range. Chirped grating manufactured in this study in two-mode optical 

fiber (TMF) and cross-mode interference was observed. The characterization test was 

executed on the CG with an extended fiber length of 50 cm to both ends of TMF to 

change the fiber’s optical path lengths. Both spatial modes in CG were simultaneously 

excited by LP11 mode profile. The reflection spectrum demonstrates the interference 

between two beams from both LP01 and LP11.  

 

Figure 3.8: Simplified illustrative diagram of the Fabry Perot resonance in the 
CG-TMF formed by two grating reflectors with linearly varying Bragg 

wavelengths of λ01↔01(z) and λ11↔11(z) respectively 

Figure 3.8 demonstrates the local Bragg wavelengths of various mode couplings 

along the CG. Contingent upon the types of mode coupling, the corresponding local 

Bragg wavelengths are as follows: 

LP01↔01 mode–coupling: λ01↔01(z) = 2n01Λ(z) (3.77) 

LP11↔11 mode–coupling: λ11↔11(z) = 2n11Λ(z) (3.78) 

Since Λ(z) was linearly differing along CG, both λ01↔01 and λ11↔11 were in the same 

chirping direction along CG, accepting that n01– n11 was consistent with the scope of the 

reflection range. It was conceivable to accomplish λ01↔01(z) = λ11↔11(z + L) at two 
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distinct positions along CG, which are indicated as A and B in Figure 3.8 and isolated 

by a spacing of L. The incurred interference patterns in the output spectra were the 

consequences of the FP resonance between these two local grating elements. 

The spacing between point A and point B, LAB can be determined as stated below:  

The local Bragg wavelength λ01↔01 at point A coincides with the local Bragg 

wavelength λ11↔11 at point B as follows: 

λ01↔01(z) = λ11↔11 (z + LAB)  (3.79) 

where 0 < z < Lg. 

Let Λ(z) = Λ0+rz, the grating pitch linearly increases at the rate of r along z. Λ0 is the 

shortest pitch in CG. Equation (3.79) can be rewritten as, 

      01 11 10 0 11 02 2( ) ABn rz n r z Ln n         (3.80) 

η01Δn and η11Δn represent the UV-induced DC index changes for effective indices of 

LP01 and LP11 modes in the fiber. Incorporation of these index changes is essential for 

the precise computation of the interference pattern’s wavelength spacing. 

Rearranging Equation. 3.80 derives the following equation: 

0 01 01

11 11

1AB

n nL z
r n n
  

 

  
    

  
 (3.81) 

Since 0z
r


 , Equation. 3.81 can be simplified as: 

0 01 01

11 11

1AB

n nL
r n n
  

 

 
  

 
 (3.82) 

The wavelength spacing of a typical FP resonator is, 

Univ
ers

ity
 of

 M
ala

ya



95 

2

2 vn L


   (3.83) 

The oscillating wavelength between the two grating elements at point A and point B 

is exchanging among LP01 and LP11 modes due to the presence of cross-mode coupling 

element in CG. Equation (3.83) is rewritten as: 

   

2

01 01 11 11 ABn n n n L



   


    

 (3.84) 

   01 01 11 11 ABn n n n L         is the resultant optical path length of a single round 

trip within the FP resonator. 

Substituting Equation. (3.82) into Equation. (3.84), we have, 

   

2

01 01

0 01 11 01 11 01 11 01 11

1n nr
n n n n n n

 


      

  
            

 (3.85) 

Since η01Δn +η11Δn << n01 + n11 and n01 ≈ n11, we can assume that 

 
01 01

01 11 01 11

1
2

n n
n n n

 

  




  
and Equation. (3.85) can be simplified as; 

 

2

0 01 11 01 11

1
2
r

n n n



   

 
      

 (3.86) 

For CG inscribed in two-mode graded index fiber with n01-n11= 2.934×10-3 and Δn = 

5×10-4, the ascertained wavelength spacing is 0.37 nm, which is consistent with the 

measurement, ~0.36 nm (see Figure 4.9). For two-mode step index fiber with n01–n11= 

1.4715×10-3
 and Δn = 6.5 ×10-4, due to smaller mode index difference between LP01 and 

LP11, the ascertained wavelength spacing is 0.719 nm and it is consistent with the 

measurement, ~0.72 nm (see Figure 4.10).  
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However, there is no simple way to depict the resonance mechanism explicitly 

within the CG on TMF. The cross-mode coupling coefficient is the empowering 

element of the mode exchange amongst LP01 and LP11 modes, allowing FP resonance and 

interference in the CG. Numerical modelling can provide a more precise estimation of 

CG’s spectral characteristics in TMF. 

3.6 Opto-elasticity and the Characteristics of FBGs 

Throughout the advances of innovative fiber optic devices, issues commonly arise 

that require the investigation of the essential properties of glass. At present, researchers 

are studying the advancement and investigation of fiber optic devices that measure 

different properties contained in a mechanical framework. Similarly, with any sensing 

device, the execution and properties of fiber optic device (a mechanical and material 

framework itself) must be completely understood before utilizing any innovation. The 

accompanying information assists in understanding the FBG fiber-optic device 

framework by analysing the essential coherent light transmission property of glass. The 

optical conduct of light in glass under stress clearly influences the execution of FBGs 

and FBG-based FP resonators. 

Generally, fiber optic devices work by relating some physical perturbation with the 

light being transmitted inside the optical fiber itself. Certain exterior occurrences can 

affect light transmission inside an optical fiber because electromagnetic and heat fields 

can influence current in a wire. Although the exact circumstances and end result 

relationship between exterior perturbations and light signal are the motivation of some 

in-depth research work, ultimately, it is important to examine the properties of glass 

fiber, initially. This investigation delves into the phenomenon of opto-elasticity. 

Opto-elasticity is a sensible and noteworthy idea regarding the investigation of fiber 

optic devices and transmission in glass, in general. It strongly portrays the interaction of 
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light with the glass matter and depicts the propagation of electromagnetic radiation in 

glass subjected to stresses. Concerning FBG-based FPR devices, it is intriguing to study 

the impact of strains and stresses anywhere on the optical fiber and the FPR devices’ 

signal. For some fiber optic devices (for example, Bragg gratings), the impact of opto-

elasticity can be as critical as optical anisotropy in the fiber core, which can specifically 

influence the execution of the framework. 

Glass, in different structures, is one of the common materials used in daily life. Glass 

is thought to have been made around 2500 B.C. The principal tests showing “double 

refraction of glass” (the way refractive index could be anisotropic inside glass) under 

stress were conveyed by Brewster (1816).  

In these investigations, it was demonstrated that glass under pressure behaved as a 

uniaxial negative crystal, and as a uniaxial positive crystal under tension, with the 

optical axis adjusting to the direction of stress or loading. Wertheim (1854) initially 

measured the optical-stress coefficient of glasses and different materials, and 

established the idea of opto-elasticity framework in 1864. In these tests, the optical 

impact of pure compression and pure tension were considered. The aforementioned 

examinations and investigations revealed the disclosure of opto-elasticity as an 

influence present in glass under stress. The principal quantitative determination of a 

piece of glass’s outright optical-stress coefficients was completed in the late 1800s 

(Kerr, 1888). In 1925, these examinations were rehashed (up to 10 MPa stress), and the 

law associating birefringence and stress was observed to be linear and same for tension 

and compression. This conduct is mostly seen in all glasses of different syntheses. A 

point-by-point examination of the pioneers’ endeavours in opto-elasticity can be found 

in the work of Coker and Filon (1957). 
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3.6.1 Effect of Glass Composition on Opto-elasticity 

The eminent scientist, Pockels, directed the primary study on how glass composition 

influences its opto-elastic coefficient. The stress-optic law as expressed by Maxwell in 

1852 characterizes the opto-elastic coefficient that measures the distinction in stress and 

in refractive index (Maxwell, 1853). For a given material, in the broadest case, an index 

ellipsoid as illustrated in Figure 3.13 signifies the optical properties at any point. The 

major indices of refraction and principal stresses correspond to direction. If n1, n2, and 

n3 denote the major refractive indices, n0 represents the unstressed material’s index of 

refraction, and σ1, σ2, σ3 are the major stresses. Then, per Maxwell, the accompanying 

relations can be made: 

1 0 1 1 2 2 3( )n n C C       (3.87) 

2 0 1 2 2 3 1( )n n C C       (3.88) 

3 0 1 3 2 1 2( )n n C C       (3.89) 

where C1 and C2 are constants relying upon material properties. By consolidating these 

equations, the accompanying relations relate to variation in stress, with variations in 

index of refraction as follows: 

1 2 1 2( )n n C      (3.90) 

1 3 1 3( )n n C      (3.91) 

2 3 2 3( )n n C      (3.92) 

where C = C1 – C2 and C is the stress-optic or opto-elastic constant. 

Pockel demonstrated the impact of a glass material’s structure on the opto-elastic 

constant in test outcomes as depicted in Figure 3.9. These outcomes demonstrate how 

opto-elastic constant changes with the lead oxide content in flint glass, alongside the 

consequences of comparable tests by Waxler (Waxler, 1953) and Filon (Waxler, 1907). 
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The curve in this figure demonstrates that C vanishes when the rate of lead oxide is 

roughly 75% and be negative at values higher than 75%. This implies that the law 

expressed by Brewster, wherein the glass acts as a negative crystal, no longer applies. 

 

Figure 3.9: Index of refraction ellipsoid 

Filon investigated opto-elastic behaviour of borosilicate glasses and found that C 

increased with B2O3 inclusion, and diminished by K2O. This effect, on the other hand, 

was slightly different than when lead oxide was changed. 

In 1927, an investigation had demonstrated the opto-elastic constant of silica to be 

3.45 TPa-1. In 1945, Balmforth and Holland reported consequences of investigations in 

which CaO was gradually replacing Na2O on a molar basis with a parent glass whose 

general recipe was 6SiO2(2-x)Na2OxCaO (Balmforth & Holland, 1945). This substitution 

brought about a little yet noteworthy rise in the opto-elastic constant as found in Figure 

3.11. Schweiker similarly studied the impact of SiO2 on the opto-elastic constant of 

different glasses (Aben & Guillemet, 1993). The literature is brimming with such 

illustrations. The key component is the recognition of changing opto-elastic constant C 

with glass structure. The variation in modulus by the changing chemical arrangement 

and physical structure of glass, as well as its concentration is normally classified as the 

mechanisms of polarizability. 
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Figure 3.10: Variation of opto-elastic constant with lead oxide content (Waxler, 
1907) 

 

 
Figure 3.11: Variation of photoelastic constant with CaO concentration 

(Balmforth & Holland, 1945) 

3.7 Summary 

Speculations of FBGs and FPRs were explained in this chapter. The modelling and 

analysis of this thesis depends on opto-elastic properties of FBG-based FPR that cause 

variation in refraction index in this optical device exposed to acousto–ultrasonic, 

temperature, and pressure changes. The acquisition of FBGs considered the essential 

speculations of light propagation and dispersion and the general type of mode-coupling 

hypothesis. The FPR speculations are exhibited in view of uniform and chirped grating-

based FPR. Moreover, the opto-elastic impact on glass composite alongside the general 
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hypothesis of opto-elasticity and its constant wavelength of transmitted light were also 

exhibited. 
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CHAPTER 4: MODE INTERFERENCE IN CHIRPED FBG 

 
4.1 Introduction 

We have demonstrated LP01-LP11 cross mode interference in a single chirped grating 

(CG) inscribed in a two-mode fiber (TMF). With the aid of a binary phase plate, LP01 

mode and LP11 mode can be selectively excited in the CG. By offsetting the position of 

the phase plate from the centre of the input beam, we can simultaneously excite both 

spatial modes at different LP01:LP11 intensity ratio in the TMF. The excited modes lead 

to the formation of different interference patterns in the output spectra. The measured 

output spectra are found to be in good agreement with the simulation based on coupled 

mode theory (CMT). 

Coupled mode theory (CMT) is an important apparatus in describing the wave 

properties of various gratings imprinted on waveguides and optical fibers. The coupled 

mode equations (CME) can be derived from the perturbation theory (Yariv, 1973) and 

various approaches based on numerical or analytical methods were proposed to simulate 

and analyse the spectra and characteristics of the gratings. Comparative analysis of 

several employed formulations of CMT in order to simulate fiber Bragg grating with 

respect the grating period, phase and amplitude discontinuities is presented in (McCall, 

2000). In particular, Erdogan et al (Erdogan, 1997) presented a comprehensive study on 

CME and the simulation of the grating spectra mainly focus on single mode fiber 

(SMF). CME for uniform gratings with constant parameter along the z-axis is simple 

and they can be analytically solved.  

However, close form solution is not possible for most non-uniform gratings with 

varying parameters along the fiber. The problem can be addressed by using the Transfer 

Matrix Method (TMM), which is a commonly used numerical method for solving the 
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CME of non-uniform grating such as phase-shifted grating, chirped grating (CG), 

apodised grating, superstructured grating and etc. Apart from the studies in fiber 

gratings, CME has also been studied for analysis of mode propagation in uniform and 

slightly non-uniform cylindrical optical-fiber (Snyder, 1972), birefringence in spun 4-

lobe stress region fibers (Qian & Wang, 2007) and etc. 

CME for few-mode FBG is more sophisticated due to the additional spatial variables 

and terms describing the cross mode-coupling between two different spatial modes in 

the system (Raghuwanshi & Panda, 2014). Generally, spatial modes in an FMF are 

orthogonal and they do not couple or interfere with each other except under the 

condition of inhomogeneous refractive index profile over the cross-section of the fiber. 

For example, optical fiber in curvature may experiences asymmetrical index profile 

fiber core index due to the bending stress (Marcuse, 1976), index perturbation in fiber 

by mechanical stress relaxation using CO2 laser irradiation (Davis et al., 1998; Kim et 

al., 2000; Rao et al., 2003; Grubsky & Feinberg, 2006; Lee et al., 2008) and 

asymmetrical index change in the fiber core induced by UV laser. UV-induced 

asymmetrical index change is generally found in FBG written by UV-side illumination 

(Renner, 2001), in which the side of the fiber core that is nearer to the incoming laser 

beam receives higher laser intensity and yields greater index change than the far side of 

the fiber due to the high absorption / attenuation of UV laser in the fiber glass. As the 

result of inhomogeneous core index profile, the mode profiles deform and the 

orthogonality between the spatial modes degrades. Subsequently, this leads to the 

production of non-zero cross-coupling coefficients, enabling the exchange of energy 

among the spatial modes (Wu et al., 2012). For a uniform grating on FMF, multiple 

resonant wavelengths are observed in the spectrum. Each of them can be associated 

with the self mode-coupling of a spatial mode or cross mode-coupling between two 

different spatial modes in the fiber. With the aid of binary phase plates, the associated 
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spatial modes to each resonant wavelength can be identified. In particular, the cross-

coupled wavelengths offer an attractive feature of bidirectional conversion between the 

associated modes (Ali et al., 2015). In the excitation of higher order modes in FMFs, 

there are several available techniques such as core offset technique, binary phase mask, 

prism mode selector (Giles et al., 2012) and etc. Among them, core offset technique is 

the simplest approach for the excitation of multiple higher order modes but it lacks the 

flexibility in terms of mode selectivity. A binary phase plate is a robust and precise 

approach for selective mode excitation in FMFs. Despite the high insertion loss and 

bulky opto-mechanical setup, phase plates are still the preferred choice for mode 

conversion and selective mode excitation in various Space-division multiplexing (SDM) 

applications (Igarashi et al., 2014a; 2014b; Randel et al., 2011). 

In this work, we have fabricated and investigated the characteristics of CG on TMF. 

In this grating structure, the lowest two spatial modes, namely LP01 and LP11 contribute 

to two sets of grating elements, where each can be mathematically described as the 

product of local grating period and the corresponding mode propagation constant. With 

the assistance of a binary phase plate, each of the two lowest spatial modes, namely 

LP01 and LP11 are selectively excited and the corresponding output spectra are recorded. 

Due to the existence of cross-mode coupling element in the CG, a strong interaction and 

exchange of energy between LP01 mode and LP11 mode are possible within the CG. The 

experimental data are compared with the analytical result obtained from a simulation 

based on CME. 

4.2 Fabrication of Chirped FBG in TMF 

In the inscription of chirped grating (CG) on two-mode fibers (TMF) manufactured 

by OFS. In this work, two types of two-mode fibers were used, namely the two-mode 

step index fiber and the two-mode graded index fiber. The diameter of two-mode step 

Univ
ers

ity
 of

 M
ala

ya



105 

index is 125.2 μm with an LP01 mode field diameter of 15.5 μm and LP11 mode field 

diameter of 13.6 μm. The diameter of two-mode graded index fiber is 125.1 μm with an 

LP01 mode field diameter of 11.0μm and LP11 mode field diameter of 11 μm. The fibers 

were hydrogenated in a high-pressure hydrogen chamber at 1800 psi for two weeks at a 

room temperature of 25°C for photosensitization. Subsequently, a chirped grating was 

inscribed in the hydrogenated TMF using an ArF excimer laser (193nm) based on fixed 

beam / phasemask lithography technique. In the UV inscription process, laser pulse 

energy of ~5 mJ (single pulse fluence of 400 mJ/cm2) at 1 Hz repetition rate was used to 

produce the CG and the entire inscription process takes 3-5 minutes. The phase mask 

has a shortest grating period of 1060nm with a chirp rate of 10nm/cm. Due to the 

linearly varying grating period along the grating region, the reflectivity over the 

wideband spectrum of the CG was generally lower than that of a grating with uniform 

period and narrow reflection curve. From our observation, the hydrogenated fibers 

freshly withdrawn from the hydrogen chamber had excellent photosensitive for the 

inscription process but the process slows down significantly one hour later due to the 

out-diffusion of hydrogen. Therefore, it is important to initiate the inscription process 

and complete the writing within the period of 1 hour after the withdrawal to minimize 

the loss of hydrogen content in the fiber. Production of CGs on TMF with high 

reflectivity is essentially important to acquiring reliable result from the characterization 

test later. After the inscription process, the written gratings were annealed in an oven at 

80 °C for ~10 hours to dehydrogenate and stabilize the gratings. 

4.3 Characterization of Mode Interference Characteristics in Chirped FBG 

4.3.1 Experimental Setup 

Figure 4.1 shows the experimental setup for the characterization of the CG written 

on a 1.5 m long TMF. The phase plate is vertically held by a plate holder that is 

mounted on a linear translation stage. The laser is launched from a TLS via an SMF. A 
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short focal objective lens with a focal length of 4.5 mm is used to expand and collimate 

the LP01 beam from the SMF to the phase plate. Another objective lens with the same 

focal length is positioned after a non-polarizing beamsplitter to converge and couple the 

beam into the CG-TMF. Between the two lenses, the phase plate is used to convert the 

beam from LP01 mode to LP11 mode. A fraction of the converted beam is tapped using 

the beam splitter and used as a reference for comparison against the transmitted beam 

from the CG-TMF.  In addition, the beamsplitter is also used to tap the reflected beam 

from the CG and redirecting to the OSA for spectral analysis. The beam 

characterization is performed with the TLS at a wavelength that is out of, but not too far 

away from the reflection curve of any of the spatial mode to prevent the excitation of an 

undesired spatial mode in the TMF by the cross-coupling in the chirped grating. The 

CG on the TMF is located at a position ~1 m away from the fiber input. The purpose of 

the long buffer fiber length before the CG is to eliminate the possible excited higher 

order modes other than the LP01 and LP11 modes in the fiber. The characterization test 

was performed in a temperature controlled environment (at a room temperature of 

25°C) because the grating period and refractive index of CG are sensitive to ambient 

temperature variation.  

 

Figure 4.1: Experimental setup for characterization of beam and spectra of CG-
TMF. 
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4.3.2 Phase Plates 

A phase plate consisted of phase pattern with protruded areas that introduce a phase 

jump of π to light passing through the pattern. Depending on the spatial mode profile, a 

specific phase pattern is required to produce the desired mode profile. The pattern for 

LP01-LP11 mode conversion is shown in Figure 4.2(a). The shaded area in Figure 4.2(a) 

is the protruded area. Meanwhile, the cross-sectional view of the phase plate is shown in 

Figure 4.2(b). The edge of the protruded area might not be vertical and there is a width 

of the edge, which is denoted as s in the figure. Igarashi et al. have shown that phase 

plate with slope width less than 0.1 µm can produce converted beam with better 

symmetry when compared to that with a width of around 200 µm (Igarashi et al., 

2014a). 

 

Figure 4.2: (a) Phase pattern for LP01-LP11 mode conversion. (b) A cross-
sectional view of an LP11 phase plate with a protruded area that will provide a 

phase jump of π to light passing through that area, where d = phase pattern 
thickness and s = slope width of the edge (Lee et al., 2016). 

The phase pattern thickness, d, is tailored to match the wavelength of the incident 

light. In order to convert the incident beam from LP01 mode to LP11 mode, the phase 

plate needs to be aligned in such a way that the edge of the protruded and non-protruded 

area falls at the centre of the LP01 mode profile. At the appropriate wavelength and 

thickness, the part of the incident light that passes through the protruded area will 

experience a phase shift of π relative to the other part that passes through the non-

protruded area. The coupling of the converted beam to the FMF will lead to the 

excitation of LP11 mode. For a phase shift of π, the phase pattern thickness is related to 

the design wavelength and phase plate refractive index by the following equation: 
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)1(2 


n
d   (4.1) 

where n = refractive index of the phase plate, d = phase pattern thickness and λ = design 

wavelength. The design wavelength is a critical parameter governing the performance 

of the phase plate. A deviation from the design wavelength could potentially lead to the 

excitation of undesired spatial modes in the fiber and low LP01-LP11 conversion 

efficiency. 

The fabrication of phase plate involves two-steps process on fused silica with a 

thickness of 2 mm. It started with photolithography and followed by inductively-

coupled plasma (ICP) dry etching to create the protruded phase pattern on the fused 

silica plate.  

 

Figure 4.3: Fabrication of phase plate by photolithography and ICP dry etching 

In the photolithography process, a fused silica plate was first coated with a layer of 

chromium having a thickness of about 100 nm by using direct current (DC) sputtering 
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method. Then, a layer of positive photoresist (PR) was deposited on top of the 

chromium using a spin-coating method. This is followed by soft baking of the PR. After 

that, the PR covered by a photomask was exposed to ultraviolet (UV) light to produce 

the required pattern on the PR. The PR was then developed to remove the part exposed 

to UV while the unexposed PR remained on the chromium. This completed the transfer 

of the pattern from the photomask onto the PR. Then, the coated fused silica plate was 

immersed into chromium etchant to remove the part of chromium that is not protected 

by the PR. After the chromium etching, all PR on the chromium would be stripped. At 

this stage, the pattern has been transferred from the photomask onto the chromium. This 

marks the end of the photolithography process and the fused silica plate coated with 

chromium pattern would be loaded into the vacuum chamber for ICP etching. The 

reactive ions of the ICP etched the part of fused silica plate that is unprotected by the 

chromium layer. By controlling the etching rate and etching period, the required etch 

depth was obtained. The area on the fused silica plate covered by the chromium pattern 

would not be etched and this led to the formation of a protruded pattern similar to that 

of the photomask. After the dry etching process, the fused silica plate was removed 

from the vacuum chamber and the chromium pattern on the plate was stripped. This 

completed the fabrication of the phase plate where a protruded phase pattern was 

formed on the fused silica plate. The thickness of the protruded pattern would be same 

as the etch depth after the chromium pattern on the fused silica plate was stripped. 

4.3.3 Beam Splitter 

As pointed out in the aforementioned section 4.3.1, a beam splitter is utilized as a 

part of the trial that has a beam split apportion of 50:50. Beam splitters are semi-

reflecting mirrors that split an optical beam into two sections propagating in various 

directions. Keeping in mind the end goal to comprehend the conduct of some optical 
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frameworks using beam splitters, it is basically vital to know the phase relation amongst 

reflected and transmitted fields. 

Let τ = τoexp(iφτ) and ρ = ρoexp(iφρ) be, correspondingly, the transmission and 

reflection coefficients for the electric field. The real value taken by these coefficients 

relies on numerous parameters, for example, the beam-splitter structure, the wavelength 

of the incident beam, and the incidence angle. 

The schematic graph in Figure. 4.4 demonstrates a beam-splitter is symmetrically 

enlightened on both sides by two indistinguishable light beams that have the same 

incidence angle, phase, polarization, and intensity Io. Accepting that I1 and I2 are the 

intensities of the two output beams and the framework is lossless, it ought normal, for 

symmetry reason, that I1 = I2 = Io. Since the field E1 at output 1 is the total of two 

contributions, one originating from reflection and the other from transmission, E1 = ρEo 

+τEo, the intensity at output 1 is given by I1 = |ρ + τ |2 Io. The condition I1 = Io is fulfilled 

if: 

 
2 * * *2Re 1.            (4.2) 

 

Figure 4.4: Two indistinguishable light beams impinging on the two sides of a 
beam splitter 

Since ττ* + ρρ* = 1, the term Re(τρ*) = τoρocos(φτ − φρ) must be nil, in this way: 
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2 


    (4.3) 

Equation (4.3) is a general connection, effective for any lossless beam-splitter. The 

main impediment is that the beam-splitter ought to be symmetrical.  

4.3.4 Modelling of LP01 and LP11 modes of Two-mode Step Index Fiber 

LP01 and LP11 modes’ intensity profiles supported by two-mode step index fiber have 

been plotted using MATLAB are shown in Figures 4.5 and 4.6, respectively. 3-

dimensional plotting were used to illustrate the LP01 and LP11 modes. The core and 

cladding refractive indices of 1.4483 and 1.4433 (index contrast of 5×10-3) are assumed 

in the modelling. In addition, the core and cladding radii are 9.25 and 125 µm, 

respectively. The intensity of LP01 mode is concentrated at the centre of the mode and it 

has a Gaussian shape beam profile. On the other hand, the LP11 mode has a high 

intensity at the interface of core and cladding. The intensity profiles of LP01 and LP11 

modes have been plotted in Figures 4.5 and 4.6 where z denotes the fiber axis. 

Furthermore, this research focuses on the LP01 and LP11 cross mode interference instead 

of the mode polarizations. 

 

Figure 4.5: (a) LP01 mode and (b) line intensity profile of LP01 
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Figure 4.6: (a) LP11 mode and (b) line intensity profile of LP11 

4.3.5 Modelling the spectral characteristics of CG in TMF 

The reflection and transmission spectra of a CG on a single mode fiber depend on the 

length, period, coupling coefficients, chirped rate of the grating and mode effective 

index of the fiber. A flat top and broadband spectrum can be acquired from the CG 

under the condition of single spatial mode excitation. Figures 4.7(a) and 4.7(b) show the 

reflection/ transmission spectra of the CG-TMF under selective mode excitation of LP01 

and LP11 respectively. Despite the difference in mode excitations, both spectra share 

almost similar curve characteristics except that the LP11 mode has a shorter reflection 

wavelength due to the lower mode effective index and lower band rejection. The band 

rejection and reflectivity can be associated with the overlap factor between the modes 

and index modulation in the core. The LP01 mode has a Gaussian-like beam profile in 

which most of the mode intensity is concentrated at the centre of the core whereas the 

LP11 mode has an extended profile where the mode intensity is mostly distributed 

within the vicinity of the core-cladding boundary but less at the core centre. Therefore, 

LP11 self mode-coupling has lower overlap factor η11 and coupling coefficient k11 as 

compared to that of LP01, k01. The experimental results are found to be in good 

agreement with the numerical result. The best-fit curves are attained based on the values 

as, n01-n11= 2.934×10-3, Δn = 5×10-4, η01 = 1.00, η11 = 0.9η01, ηc = 0.2η01. These 
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parameters are defined in section 3.4.2. The estimated AC coupling coefficients are k01 

= 1021, k11 = 919 and kc = 204 using equation (3.64a) presented in section 3.4.2.  

 

 

Figure 4.7: Reflection and transmission spectra of the CG written on two-mode 
graded index fiber. The dotted grey curves denote the simulated result (n01-n11= 

2.934×10-3, Δn = 5×10-4, η01 = 1.00, η11 = 0.9η01, ηc = 0.2η01,  r = 5 nm/cm, Λ0=530.52 
nm, Lg = 6.9 mm, (a) Intensity ratio PLP01:PLP11 = 1 : 0, (b) Intensity ratio 

PLP01:PLP11 = 0 : 1 ). 

4.3.6 Spectral response of the CG in TMF under different mode excitations 

In the experiment, the phase plate is gently translated in such a way that the division 

line (refer red dotted line in Figure 4.8(a)) between 0 and π regions of the phase plate is 

placed at different positions from (i) to (v) as illustrated in Figure 4.8(a). Defined by the 

division line, both partitions of the laser beam are subjected to a phase difference of π at 

the operating wavelength of 1550nm. At position (i), the 0-π division line is located 

outside of the laser beam region hence the LP01 input beam is launched directly into the 

TMF without experiencing mode conversion. Consequently, an LP01 transmitted beam 

profile is acquired from the output of the TMF as shown in Figure 4.8(b). As the binary 

phase plate is sliding perpendicularly across the input laser beam, the input beam is 

divided into two unequal regions both subject to different phase retardation with a phase 

difference of π (See reference mode profiles (ii)-(v)). The transmission beam is 
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evolving from LP01 mode to LP11 mode as shown in the transmission mode profiles (ii)-

(v). The variation in the transmitted beam profile can be interpreted as the diminishing 

LP01 component and growing LP11 component in the fiber as the 0-π division line is 

being offset from position (i) to (v). At position (v), the input laser beam is equally 

partitioned into two by the 0-π division line (See reference in Figure 4.8(b)(v)) and a 

pure LP11 mode is formed at the output of the TMF (See transmission in Figure 4.8(b)).  

 

Figure 4.8: (a) The figure illustrates the positions of the 0-π division line (red 
dotted line) of the phase plate with respect to the input LP01 beam profile. The blue 

arrows mark different positions of the 0-π division line (b) Input mode profiles 
(Reference) and their corresponding transmitted mode profiles. (c) The 
corresponding reflection spectrum (experiment) to the mode excitation. 

 

Figure 4.9: Reflection spectrum of CG inscribed on two-mode graded index 
fiber. (n01 - n11= 2.934×10-3, η01 = 1.00, η11 = 0.9η01, ηc = 0.2η01, Lg = 6.9 mm, 

Λ0=530.52 nm, Δn = 5×10-4, PLP01 : PLP11 = 0.5 : 0.5, measured spectral spacing = 
0.36 nm).  
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Figure 4.10: Reflection spectrum of a CG inscribed on a two-mode step index 
fiber. (n01-n11= 1.4715×10-3. η01 = 1.00, η11 = 0.9η01, ηc = 0.2η01, Lg = 8.9 mm, 

Λ0=530.52 nm, Δn = 6.5 ×10-4, PLP01:PLP11 = 0.5 : 0.5, measured spectral spacing = 
0.72 nm) 

In the characterization of the CG output spectrum, the TLS is replaced with an 

EDFA with a broad spectrum range of 1500 nm to 1600 nm. The stacked graph shows 

the corresponding reflection spectra from CG on two-mode graded index fiber. In the 

analysis, the reflection curve of the CG is blue-shifted from 1535 – 1545 nm to 1532 -

1542 nm when the phase plate is translated from position (i) to (v). 

This indicates a pure LP11 mode excitation in the TMF and it is in agreement with 

the beam profiles observed in the experiment presented in Figure 4.8(b). Unlike the 

single mode excitation presented in the previous section, both spatial modes in the CG-

TMF are simultaneously excited by the degenerated LP11 mode profile in this case. 

Notably, the reflection spectrum in Figure 4.8(c)(iii) shows the interference between 

two beams from both the LP01 and LP11 modes. The interference pattern only appears in 

the overlap region between reflection curves of LP01 and LP11 modes. The observed 

highest extinction ratio of 17dB in the reflection spectrum indicates good interference 

visibility induced by LP01 and LP11 modes with almost equivalent intensities in the 

fiber. This extinction ratio is denoted by the difference between the maximum and 

minimum optical power levels of the reflection spectrum. Figures 4.9 and 4.10 show the 

comparison between simulation result and the experimental data (taken from Figure 

4.8(c)(iii)). The same best-fit parameters for the simulation in Figure 4.7 (except the 

Univ
ers

ity
 of

 M
ala

ya



116 

intensity ratio, PLP01 : PLP11= 0.5 : 0.5) are adopted for the simulation in Figure 4.9. 

Again, we observed good agreement between the simulation result and experimental 

result for both the transmission spectrum and reflection spectrum.  

Figure 4.11 shows the calculated transmission spectra and reflection spectra of CG-

TMF excited at PLP01 : PLP11 = 0.5 : 0.5 but with different cross-coupling overlap 

factors, ηc (kc). At ηc = 0.0, the transmission curve can be interpreted as the 

superimposition of two rejection bands of LP01 and LP11 modes in which their overlap 

region (~1536 – ~1542 nm) has higher rejection. However, there is no interaction 

between the LP01 and LP11 modes due to the absence of cross-mode coupling element in 

the CG. Starting from ηc = 0.1 to ηc = 0.3, it can be observed that the amplitude of the 

fringes begins to grow with increasing ηc in the overlap region due to the increasing 

interaction and interference between the two spatial modes. However, the impact of 

cross-mode coupling is insignificant in the reflection spectra. 

 

Figure 4.11: Calculated transmission and reflection spectra of CG-TMF with 
different ηc (assume η01 = 1, PLP01 : PLP11 = 0.5 : 0.5). 

However, there is no easy way that can explicitly describe the mechanism of the 

resonance. Numerical modelling can provide a more precise estimation of the spectral 

characteristics of the CG in TMF. We repeated the characterization test on the CG-TMF 
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with an extended fiber length of 50 cm to both ends of the TMF to change the optical 

path lengths of the fiber. Nonetheless, the exact same output spectra were acquired. This 

eliminates the possibility of other effects such as intermodal interference between LP01 

and LP11 modes in the TMF or the resonance between the CG and the fiber end 

surfaces.  

4.4 Summary 

We have demonstrated the fabrication of CG in TMF. We characterized the spectra 

of the CG under LP01 and LP11 mode excitations using a binary phase plate. It is 

observed that at the excitations of pure LP01 mode or LP11 mode, flat-top reflection 

curves in the spectrum are attained. In comparison, the reflection curve under LP11 

mode excitation is located at the shorter wavelength region from that of LP01 mode due 

to the lower LP11 effective mode index. By offsetting the position of the binary phase 

plate from the centre of the input beam, deformed modes are produced to excite both 

LP01 and LP11 modes in the CG at different PLP01 : PLP11 mode intensity ratios. Under 

the condition of equivalent intensity ratio, PLP01 = PLP11 = 0.5, an interference pattern 

with an extinction ratio as high as 17 dB is produced. The measurements are in good 

agreement with the simulation calculated using CMT. The simulation result also 

indicates that the cross-mode coupling contributes to interaction and interference 

between the two spatial modes within the CG. To our best knowledge, this is probably 

the first report on experimental and theoretical investigation of non-uniform grating 

structure in few-mode fiber. This finding is an important step in the design and 

development of more complex grating structures on few-mode fibers. The discovery in 

this investigation has opened up a new perspective in intermodal interference in few-

mode fiber devices and its potential applications in optical filters, multi-wavelength 

lasers, and fiber sensors. 
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CHAPTER 5: APPLICATIONS OF FABRY-PEROT RESONATOR 

 
5.1 Introduction 

This chapter reports on the demonstration and characterization of a short cavity fiber 

Fabry-Perot resonator (FPR) for the detection of ultrasonic waves propagating through a 

solid medium over a frequency range of 1 kHz to 10 MHz. The proposed sensing device 

offers outstanding features in terms of simple fabrication technique, frequency response 

and high sensitivity over a wide frequency range. The response of the surface-mounted 

FPR sensor showed good agreement with that of a commercially available piezoelectric 

transducer during ultrasonic excitation. 

In this chapter, we propose a PCF-cavity FBG Fabry-Perot resonator for 

simultaneous sensing of temperature and pressure. The proposed device is constructed 

by splicing a 1.5 mm long PCF segment between two identical saturated FBGs written 

in SMF-28 forming an FBG-PCF-FBG configuration. As a result, a resonance dip is 

created within the Bragg reflection curve. Taking advantage of the difference in 

pressure sensitivities between the two types of fiber, discriminative measurement of 

pressure and temperature can be achieved from the shifts of the resonance wavelength 

and band-edge wavelength. In addition, the same temperature sensitivity of PCF and 

SMF-28 provides the convenience of eliminating the temperature variable and 

achieving temperature insensitive pressure measurement. 

Ultrasonic detection is a well-known, safe and non-destructive investigation 

technique in numerous elementary processes, services, manufacturing industries and 

also in applications concerning structural metals and aerospace composites (Betz et al., 

2003; Wild & Hinckley, 2008). The design of an appropriate ultrasound detection 

system for any application would generally require flat frequency response over the 
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sensing frequency range; high sensitivity; robustness and ease of deployment. It is 

widely appreciated that the production and instrumentation costs involved in ultrasound 

sensors are high compared to other common sensor systems for strain and temperature 

(Betz et al., 2003). Acoustic emission sensing over few tens of kHz to several MHz 

serves as a means of damage detection in materials where fiber-based sensors are used 

extensively for a wide variety of applications due to their small size, remote monitoring 

capability and immunity to electromagnetic interference (Wild & Hinckley, 2008; 

Menadier et al., 1967). Hence, in many structural health monitoring (SHM) studies ( 

Menadier et al., 1967; Liu & Han, 2012) based on ultrasound detection, fiber optic 

sensors (e.g. tapered FBGs; biconical coupler- based fiber sensor; diaphragm-based; and 

cantilever-based fiber sensors) (Yu & Giurgiutiu, 2008; Tsuda, 2006) are increasingly 

replacing conventional piezoelectric transducers (PZTs). The main drawback for PZT is 

that it is an electromechanical device whose performance is directly influenced by 

unwanted surrounding electromagnetic noise in the high-frequency region. This 

shortcoming can be overcome by employing optical fiber sensors such as fiber Bragg 

gratings (FBGs), Mach-Zehnder interferometer and Fabry-Perot sensors (Tsuda, 2006). 

Also due to lightweight, compactness, and easy integration, the FBGs are a preferable 

choice for acousto–ultrasonic emission detection in smart structures. An FBG, firstly 

invented by Hill et al. (1978) is very simple in-fiber structure defined as a periodic 

perturbation of the refractive index (RI) along the core of the fiber.  

As compared to other ultrasound fiber sensors, fiber Bragg gratings (Hill et al., 1978) 

can be produced consistently in large numbers. The two main parameters that describe 

the performance of an FBG ultrasound sensor are its sensitivity and bandwidth. To 

improve these parameters, various techniques have been utilized for making different 

types of FBG sensors for detecting ultrasonic waves (Wu & Okabe, 2012; Zhou et al., 

2011). Qu et al. (Wu & Okabe, 2012) studied the phase-shifted fiber Bragg grating (PS-
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FBG) sensor with balanced photo-detector (BPD) which exhibits the high sensitivity 

and broad bandwidth with the capability to reduce laser intensity noise. The proposed 

FPR design aims to improve the sensitivity to ultrasound via the generation of a 

resonance which is much narrower than a conventional Bragg resonance.  

Zhou et al. (2011) reported a modified FBG structure produced by micromachining a 

channel using a femtosecond laser.  In their study, the micro-channel was used for 

enabling dynamic interaction between the liquid under test and light in the fiber where 

high sensitivity and large dynamic range of refractive index detection have been 

demonstrated. In the current work, a short cavity FPR is produced on an FBG to 

improve the sensitivity of the device. This is achieved by erasing a short length of the 

grating at its centre. This chapter describes the short cavity FPR sensor fabrication 

methodology and characterization of response to surface-mounted version to ultrasound 

as compared to a standard PZT transducer. 

In recent years, fiber optic sensor technology has become the leading area of interest 

to many researchers and industries for several sensing applications due to their potential 

advantages, such as light weight, low cost, and immunity to electromagnetic 

interference (EMI). One of the earliest fiber based pressure sensors was proposed by Xu 

et al. (1993). In their sensor, the strain-optic property of FBG was exploited in the 

detection of hydrostatic pressure. Since then, numerous improved models have been 

proposed for pressure detection based on FBGs inscribed in specialty fibers (Yamate et 

al., 2000; Kreger et al., 2002; Chmielewska et al., 2003; Jin et al., 2013). The use of 

PCF in pressure sensing is particularly interesting and attractive. Taking advantages of 

the air-hole and small cross-sectional area of silica region, PCFs show greater pressure 

sensitivity than most SMFs which are solid fibers. In addition, it is possible to 

selectively fill specific air holes in the PCF to achieve desired optical properties such as 
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enhance sensitivity asymmetric coupling (Wu et al., 2009) and birefringence (Eggleton 

et al., 2001). Wang et al. proposed the method for selectively filling of PCF using focus 

ion beam milled microchannel (Wang et al., 2011). Furthermore, recent studies have 

demonstrated high pressure and temperature measurement using PCF along with 

standard SMF through the construction of a fiber-optic Fabry–Perot interferometer (Wu 

et al., 2011). The proposed structure has a temperature sensitivity of 13.5 pm/°C and 

pressure sensitivity of −5.77 pm/MPa. A considerable amount of effort has been put 

into the development of different techniques to distinguish the mechanical and thermal 

effects (Yang et al., 2015; Kanellopoulos et al., 1995; James et al., 1996; Taylor, 2002; 

Wu et al., 2010). However, it is necessary to investigate a cost-effective single system 

with ease of characterization and fabrication to fulfil this aspect. Hollow-core fiber 

based Fabry-Perot interferometers present rather interesting results (Jin et al., 2013). 

Due to the small light-glass interaction, the pressure sensitivity is mainly contributed by 

the pressure-induced change in fiber cavity length. Yamate et al. (2000) measured 

hydrostatic pressure by monitoring Bragg grating peak splitting caused by transverse 

strain differences in the core of a side-hole fiber which presents enhanced pressure 

sensitivity and reduced thermal dependence in comparison with FBG inscribed in solid 

fiber. 

In this chapter, we also investigate a PCF-cavity FBG Fabry-Perot resonator for 

pressure sensing (Ali et al., 2015). The device is assembled from two segments of 

uniform FBG inscribed in SMF and a short length PCF based on the configuration of 

FBG-PCF-FBG. In other words, the short PCF cavity in FBG-PCF-FBG structure 

induces the phase discontinuity between the two FBGs and it presents a similar output 

spectrum with that of phase-shifted FBG (Liu & Han, 2012). The phase is dependent on 

the PCF structure and indicates much higher pressure sensitivity compared to the FBG 

even though both exhibit similar temperature sensitivities. Based on this observation, 
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the proposed device can be used for simultaneous measurement of temperature and 

pressure including temperature independent pressure measurement. Potential 

applications of the proposed device include in-situ monitoring of temperature and 

pressure especially in oil and gas industries as well as down-hole applications in 

chemical industries. 

5.2 Fabrication of Short-cavity Fabry-Perot Resonator (FPR) 

For fabricating short cavity FPR, a uniform grating (FBG) is inscribed in a 

photosensitive fiber (GF1 Nufern) by using a KrF excimer laser emitting at 248 nm in 

conjunction with a phase mask. The produces a Bragg reflection at ~1556. 52 nm with a 

reflectivity of 40 dB. Photosensitive fibers are used in this work to evade the 

requirement for the supplementary processing stages, for example, loading hydrogen or 

deuterium. Besides, splice losses should be minimized by ensuring good mode 

matching between two of these fibers in the splicing. In addition, it helps to prevent 

high reflection at the splicing point. It is important to ensure that the photosensitivity of 

the fiber used for FBG writing so that a desired reflectivity can be achieved (Gillooly, 

2011). The irradiation of UV light through the phase mask forms a periodic interference 

pattern. By placing the core of a photosensitive fiber within the field of interference, a 

periodic refractive index change can be imprinted in the fiber core. Such in-fiber Bragg 

gratings fabrication technique is easy to use and robust. The grating inscription rig is 

compact, insensitive to ambient disturbance and efficient in fabrication regardless of the 

coherence properties of the laser sources (Hill et al., 1993).  

The normalized reflection and transmission spectrum achieved after the fabrication 

process is shown in Figure 5.1. Subsequently, the centre of this 20 mm long uniform 

grating is exposed to the focused excimer beam over a length of ~10 µm to erase the 

index modulation. This procedure splits the grating structure into two short gratings 
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separated by a length (~10 µm) which constitutes a short cavity length Fabry-Perot 

resonator. As a result, a phase-shift is introduced by the cavity length and a narrow 

notch is formed in the transmission spectrum, herewith known as resonance wavelength 

(Refer Figure 5.1). Complementary to the transmission curve, a narrow reflection peak 

is formed at the resonance wavelength. The cavity length of FPR can be controlled by 

varying the length of exposure at specific UV-fluence at the centre of the FBG. The 

narrow-band transmission peak has a full width at half maximum (FWHM) value of 

0.0304 nm as shown in Figure 5.1, which shows a similar characteristic of π-phase-shift 

FBG. This structure can be considered as an in-fiber Fabry-Perot (FP) cavity between 

two FBG mirrors (Liu & Han, 2012). If the reflectivity of the FPR is very high, then this 

increases the Q-factor of the FP short cavity. The short cavity length FPR-induced 

spectral notch is significantly narrower than the width of uniform grating reflection. 

This reflection curve can be used to facilitate ultrasonic detection in a similar manner to 

normal FBGs by setting the laser wavelength to the steep linear region of the reflection 

curve and thereby enabling the detection of a change in reflectivity due to the ultrasonic 

wave-induced spectral shift. Hence this narrow band reflection could aid in sensitivity 

enhancement.  

 

Figure 5.1: Transmission and reflection spectrum of the short cavity Fabry-
Perot resonator (FPR). 
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5.3 Fabrication of PCF-cavity FBG Fabry-Perot Resonator 

A 20 mm long uniform grating is written in a hydrogenated SMF-28 by using KrF 

excimer laser and a phase mask. The inscription process is carried out until a saturated 

grating with a transmission dip of ~ -45 dB and a bandwidth of ~0.672 nm are formed. 

Then, the written FBG is thermally annealed in an oven at 80 °C for 10 hours to out-

diffuse the residue hydrogen from the fiber. After that, the FBG is equally partitioned 

into two by using a mechanical cleaver and then spliced with a ~1.5 mm long PCF 

using FSM-45PM, Fujikura splicer to construct an FBG-PCF-FBG structure as 

illustrated in Figure 5.2(a). It is apparent that the two partitioned FBGs that originate 

from the same uniform grating share the same centre wavelength and the PCF segment 

forms a cavity between the two grating reflectors. As a result, a narrow dip is formed 

within the reflection curve of the FBG, herein known as resonance wavelength as 

shown in Figure 5.2(b). The Grapefruit PCF (FiberHome) used in this device is a 6-

holes microstructure fiber with a pore size of 27.5 ± 3.0 μm, a Ge-doped core with a 

diameter of 3.0 ± 1.0 μm and effective index, neff of 1.479 (Refer micrograph in Figure 

5.2(a)). Considering the mode field mismatch between PCF (MFD ≈ 6 μm, NA ≈ 0.254) 

and SMF-28 (MFD ≈ 10.4 μm, NA ≈ 0.14), offset splicing method (Xiao et al., 2007) is 

performed to achieve low splice loss in the fabrication of FBG-PCF-FBG structure. In 

our observation, the dip wavelength can be varied by re-arcing the PCF-FBG splicing 

point at low arc current. This is due to the erasure of a small portion of the grating 

within the vicinity of the PCF-FBG splicing point by the fusion arc.  This induces a 

small change in the cavity length between the two FBGs and results to the variation of 

dip wavelength. Re-arcing is repeated several times until the dip is shifted to the desired 

position. The measured insertion loss of the produced structure is ~1.5 dB. The 

measured band-edge wavelengths (λB1, λB2) and resonance wavelength (λR) of the 
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reflection spectrum at atmospheric pressure and room temperature (To = 22.9 °C) are 

1546.554, 1547.226, and 1546.931 nm, respectively.  

 

 

Figure 5.2: (a) Cross-sectional image of PCF and (b) reflection spectrum of the 
proposed device. 

 
The variable εz in Equations. (4) and (5) can be interpreted as the sum of axial and 

radial strains in PCF or FBG induced by the external pressure (Wu et al., 2010). 

Generally, there are two constituents to the pressure sensitivity: pressure-induced 

changes in the effective index and the axial cavity length of the fiber. The change in the 

effective index can be explained by strain-optic effect contributed by the radial 

component and axial component of the hydrostatic pressure. Intriguingly, both 

components have opposite contribution to the effective index of the fiber, in which the 

radial component induces negative index change, whereas the axial component induces 

positive index change. Depending on the fiber structure, it is noted that the axial 

component is the dominating effect than the radial component and it is greater in PCF 

Univ
ers

ity
 of

 M
ala

ya



126 

than solid fiber. In the context of spectral change, the radial strain contributes to the 

positive change whereas the axial strain contributes to negative change in ΔλR and ΔλB 

and it is greater than that of radial strain. The sum of both strains results in blue shift in 

the spectrum. It is worth noting that the sensitivities are not dependent on PCF-cavity 

length. 

For PCF, the pressure-induced axial stress in the core is given by 

 /z T SA A p p     , where η is the ratio of the total cross-sectional area of the 

fiber, TA  to the cross-sectional area of silica region, SA  in the PCF. For the FBG 

written in solid SMF, the axial stress is z p   . This indicates the strain sensitivity in 

PCF is η times greater than SMF. On the other hand, λR and λB share similar 

temperature sensitivity. This is partly due to the same thermal expansion coefficients of 

PCF and FBGs. 

5.4 Experimental setup for Acousto-optic and Pressure Sensing 

Optical setup of acousto-optic sensing 

The experimental setup for developing ultrasound detection is shown in Figure 5.3. 

The FBG structures on both sides of the short cavity share similar Bragg wavelength at 

~1556.052 nm separated by about 0.001 nm. The FPR which has a narrow-band 

transmission peak at ~1556.052 nm with a reflectivity and bandwidth of 25.48 dB and 

0.6 nm, respectively, is placed on an Aluminum (Al) plate and connected to a 

wavelength division multiplexing (WDM) coupler. This is a commonly used 

configuration to enable higher output laser emission through the FBG which has low 

reflectivity. The role of the WDM coupler besides coupling tunable laser source to the 

FPR is to collect throughput laser from the FPR to the photodetector where the optical 

signal is converted into electrical signal and subsequently analysed and recorded using a 
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digital oscilloscope. In this experiment, an InGaAs switchable amplified photodetector 

(PDA20CS) which offers a maximum bandwidth 10MHz at 0 dB gain is used. An 

optical isolator is used between the tunable laser source (TLS) and the WDM coupler to 

prevent unwanted reflected power to the TLS. The TLS should be tuned to a point in the 

spectra where the linear approximation holds true while the input wavelength is retained 

constant throughout the measurement process. However, in proposed study, the laser is 

set to the wavelength corresponding to the FWHM of the reflection curve in order to 

accomplish the maximum amplitude at the frequency of acoustic excitation and 

adequate dynamic range. So the TLS wavelength was tuned to 1556.134 nm and power 

were set as 2dBm. Both the transducer and the FPR are bonded onto a 12″×12″×0.008″ 

aluminum plate using UV-curable resin and spaced 40 mm apart. The small thickness of 

the plate is to ensure that only the lowest order acoustic waves are excited for the 

frequency range used in this work. The plate serves as the ultrasonic wave transmission 

medium for all experiments and is therefore placed on noise isolation feet. A function 

generator was used to drive the ultrasound generating PZT–A whereas the aluminum 

plate serves as the medium of transmission to the FRP sensor. As the cavity length of 

the sensor is small, it is reasonable to assume that the ultrasonic waves influence both 

FBGs equally as they perturb the sensing length. Optical resonance of FPR reveals 

through the maximum sensitivity in the normalized reflection obtained via smoothed 

numerical derivative in Figure 5.4 (Kim et al., 2013). The absolute gradient curve 

shows a high sensitivity of 70.25 nm-1 in FPR (see Figure 5.4(b)) whilst that of same 

FBG before inscribing the phase shift is 25.72 nm-1 (see Figure 5.4(a)). The gradient of 

the curve is calculated by, (change in y-coordinate) / (change in x-coordinate). A PZT–

B has been used as a sensing element as a comparison to the FPR. In addition, it should 

be noted that temperature variation during measurements is within 1°C as the 
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experiment was carried out in a temperature-controlled room and hence the temperature 

influence is considered insignificant.  

 
 
 
 
 
 
 
 

 

 

 

 

 

 
Figure 5.3: Experiment setup for the ultrasonic test. 

 

 
(a) 

FG:   Function Generator 
TLS:  Tunable Laser Source 
ISO:  Isolator 
DO:  Digital Oscilloscope 
PD:   Photo-detector 
FPR: Fabry-Perot resonator 
PZT: Piezoelectric Transducer 
Al:    Aluminium 
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(b) 

Figure 5.4: Reflectivity of (a) FBG and (b) FPR, reveal optical resonant that 
provide the maximum signal. 

Optical setup of pressure sensing 

Figure 5.5 shows the experimental setup. The EDFA generates a broadband source 

centred at 1535 nm for illuminating the sensor in the pressure tube. The reflection from 

the sensor is redirected by the circulator to the OSA for analysis and record. The optical 

connection between the sensor inside the tube and the optical instruments outside is 

established via a feedthrough at one end of the tube and is sealed using epoxy to ensure 

no leakage of gas. Index matching gel is applied to the fiber end of the sensor to 

eliminate the undesired Fresnel reflection that may interfere with the reflection from the 

proposed device. The heat to the pressurized tube is generated from a heating tape 

wrapping on the tube from the outside in which the temperature is controlled in the 

range from room temperature to ~87 °C under a close-loop system with an uncertainty 

in temperature of ± 0.5 °C. In addition, a thermocouple is positioned in proximity with 

the sensor inside the pressurized steel tube to measure the temperature as a reference. 

The pressure inside the tube can be regulated in the range of 0 - 2600 psi by using gas 

flow regulator. At each step point of temperature or pressure, 20 mins of settling time 

are applied to ensure the temperature of the entire sensor is stabilized and homogenous.  
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Figure 5.5: Experimental setup for characterization of the proposed pressure 
sensor. 

5.5 Acousto-optic sensitivity of Short-cavity FP Resonator 

Initially, the acoustic source was made to produce sinusoidal waveform over a 

frequency range of 0.001-10 MHz. Figures 5.6(a) and 5.6(c) show the temporal and 

spectral responses of the FPR fiber sensor and PZT–B respectively. The separation 

distance between the acoustic source and the centre of the FPR is approximately 40 

mm. To compare the temporal and spectral waveforms measured by the FPR fiber optic 

sensor, a PZT–B sensor is placed on the Al-plate at an equal separation as that between 

the source and the FPR sensor. The acoustic waveform obtained in such a way is shown 

in Figure 5.3. The frequency spectra were generated by carrying out Fourier transforms 

on time domain signals. The ultrasonic waves are detected by both sensors; however, 

the FPR sensor exhibits more noise than the PZT–B sensor as in the temporal response. 

The spectral response of FPR is shown over a frequency range of 1 kHz – 10 MHz in 

Figure 5.6(a) and a single spectrum to present an enlarged response in Figure 5.6(b). 

The higher frequency limit is determined by the bandwidth of the photodetector; the 

wavelength of acoustic waves and the orientation of the proposed sensor with respect to 

the acoustic waves (Wu et al., 1994). 

Furthermore, a continuous pulse signal is driven to PZT–A by a function generator to 

produce the ultrasonic wave while the input voltage is 5V with a 50 Hz pulse repetition 

rate. Figure 5.7 shows the temporal and spectral responses of the FPR sensor and PZT–
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B. The time domain signals of both the sensors show an excellent phase correlation and 

correspond to the same onset time of about 119.87 ms. In addition, both signals have 

shown a similar high spectral response in a frequency range of 110 kHz to 160 kHz. On 

the contrary, noise in the signal can be reduced by using moving average filter. 

         
    (a)      (b) 

  

(c) 

Figure 5.6: (a) Frequency response of the PZT–B and FPR sensors while 
impinging a constant sinusoidal acoustic ultrasonic wave in a frequency range as 

0.001-10 MHz (b) Demonstration of single frequency response of each sensor at 6.0 
MHz frequency (c) Time domain signal obtained from FPR and PZT–B in case of 

~ 6.0 MHz input ultrasonic signal. 

 

From the experiment results, it was demonstrated that the proposed sensor design is 

highly sensitive and it can perform as good as PZT–B in the high-frequency region. The 

dynamic range for the acoustic amplitude is limited due to the narrow peak of the FPR. 

Nevertheless, this would not be a problem as the transient strain in the application of 

ultrasonic detection is generally small, according to (Wu & Okabe, 2012). 
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Figure 5.7: Single pulse temporal and spectral responses attained by the FPR 
and PZT–B, respectively, while the similar spectral responses are shown in the 

frequency range of 110 kHz to 160 kHz. 

 

 

Figure 5.8: Single pulse temporal and spectral responses attained by the FPR 
and PZT–B, respectively, while the similar spectral responses are shown in the 

frequency range of 10 kHz to 20 kHz. 
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Lastly, a similar pulse signal is generated (as mentioned in the early section) to study 

the frequency response of FPR by replacing the PZT–A. This transducer is used for 

generating ultrasonic waves in a lower range of frequencies. Here, the PZT–A sensor is 

placed at the same position and the acoustic wave is generated while the input voltage is 

10V with a 50 Hz pulse repetition rate. Figure 5.8 presents a good accordance in the 

temporal and spectral responses of the both FPR and PZT–B, and larger signal 

amplitude is achieved by the FPR than the standard PZT–B. Besides, both sensors show 

the same starting time. The higher frequency components of the acoustic signal are 

shown in the frequency range of 10 kHz to 20 kHz, though the range is very small due 

to same reason mentioned above. However, the spectral response of the FPR is higher 

than that of PZT–B at low frequencies. A minor delay of PZT in the temporal response 

of Figure 5.8 is observed due to the poor sensitivity of PZT in the lower frequency 

range (few hundreds of Hz) which has been reported in the literature (Bornand et al., 

2005). Also, it can be seen that the frequency components of PZT are very close to the 

background noise level in the spectral response of Figure 5.8 which leads to the poor 

sensitivity and delay. 

5.6 Pressure sensitivity of PCF-cavity FBG Fabry-Perot Resonator 

The thermal response of the proposed sensor is presented in Figure 5.9 (a). It is 

observed that the reflection spectrum is shifted to the red with increasing temperature, 

in which λB1, λB2, and λR respond at the same sensitivity of ~12.1 pm/°C in the range of 

22 - 87 °C as illustrated in Figure 5.9 (b). The spectral shift with the increment in 

pressure at room temperature is shown in Figure 5.10 (a). The output spectrum is blue-

shifted in response to increasing pressure as shown in Figure 5.10.  The blue shift in 

resonance wavelength is greater than those in band-edge wavelengths (refer to Figure 

5.10 (b)). The pressure sensitivities for both λB1 and λB2 are identical and measured to 
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be ~2.4 pm/MPa whereas the sensitivity for λR is ~10.1 pm/MPa which is 4.2 times 

higher than the former two wavelengths.  

 

 

Figure 5.9: (a) Reflection spectra of the proposed sensor at different 
temperatures, (b) the relationship between wavelength shift and temperature 

change. 

Based on the calibration results presented in Figure 5.9 and Figure 5.10, 

simultaneous equations can be formulated in matrix form as follows: 

B 11 12

21 22

 Δλ s s Δ
 Δλ s s ΔR

T
P

     
     

    
 (5.1) 

where Δ denotes the change in the corresponding parameter,  Univ
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Figure 5.10: (a) Reflection spectra of the proposed sensor at different pressures, 
(b) the relationship between wavelength shift and applied pressure. 

since both λB1 and λB2 share the same sensitivities of pressure and sensitivity, they 

exhibit the same wavelength shift ΔλB to the changes of temperature and pressure. ΔλB 

can be acquired from either one of them, s11 and s21 are the temperature sensitivities of 

ΔλB and ΔλR respectively whereas s12, and s22 are the pressure sensitivities of ΔλB and 

ΔλR respectively. With reference to the data in Figure 5.9 and Figure 5.10, the measured 

sensitivities are  

11 12

21 22

s s 12.1 2.4
s s 12.1 10.1

   
   

  
 (5.2) 

Based on the inverted characteristic matrix below, simultaneous measurement of ΔT 

and ΔP can be achieved. 

1  ΔλΔ 12.1 2.4
 ΔλΔ 12.1 10.1

B

R

T
P


     

     
     

 (5.3) 
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Considering the same temperature sensitivity of λB and λR, the measurement of 

pressure change can be conveniently attained by performing a simple subtraction 

between the linear equations of ΔλB and ΔλR: 

 ΔP Δ Δ ( 7.7/ )R B     (5.4) 

where -7.7 pm/MPa is the difference between the pressure sensitivities of ΔλB and ΔλR. 

Discriminative measurement can be achieved with a simple calculation with the 

matrix equation. In the scenario where temperature cancellation is required, the 

measurement of pressure can be easily acquired by performing a simple subtraction 

using Equation (5.4). 

Unlike most Fabry-Perot resonators or other similar optical structures with periodic 

output spectra, the proposed device has a single reflection curve with a resonance 

wavelength that offers multi-parametric responses to the changes of temperature and 

pressure. The signal processing is easy and it does not have the problem of confusion 

when the wavelength shift is greater than a period of the spectrum. It is reasonable to 

believe that the temperature range of the device can be further extended until the 

maximum sustainable temperature of the FBGs. However, the dynamic range for 

pressure sensing is limited by the bandwidth of the reflection curve (λB2 - λB1) 

nonetheless it can be further enhanced by using shorter grating length for both FBG 

segments and the PCF cavity length should be adjusted accordingly (reduced) to ensure 

the existence of a single resonance wavelength within the larger reflection curve. 

5.7 Von Mises Stress 

Von Mises stress is broadly utilized by designers to check whether their scheme will 

withstand a certain load condition. In engineering genuine designing issue with an 

intricate loading condition, ordinary stress hypothesis doesn’t work. The material fails 
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when the extreme typical stress value prompted in the material is more than the yield 

point value. The most favoured failure hypothesis utilized in the industry is ‘Von Mises 

stress’ based. We will apply Von Mises stress in the simulation of the following section 

to compute whether the extreme estimation of Von Mises Stress prompted in PCF/SMF 

is not exactly the yield point estimation of PCF and SMF fiber or not. 

5.8 Opto-elastic Response to Acousto-optic of Short-cavity FP Resonator 

In this segment, we examine the inner stresses in FBG produced in hydrogenated 

SMF fiber furthermore investigate the FBG based FPR device and their effects on its 

physical properties. 

Ultrasonic longitudinal waves, whose direction of vibration is parallel to the 

direction of propagation, differently affect both refractive index and grating period 

change from ultrasonic pressure waves. Expect the direction of propagation and 

vibration are both in the z direction, which is alongside the fiber axis. The stress along z 

direction can be modelled by 

co 2sz
s

P z t 


 
   

 
 (5.5) 

where P is the pressure delivered by the ultrasonic wave. The stress vector can be 

composed as 

0
0
P



 
 


 
  

 (5.6) 

For an ultrasonic longitudinal wave which has no shear mechanisms, the strain 

vector of optical fiber affected by the pressure wave can be composed as underneath in 

view of the equation of strain-stress relativity; 
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1
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 (5.7) 

The adjustments in fiber length and fiber grating period are identified with εzz by 

(Rao, 1997) 

1
zz

L P
L E


 

   


 (5.8) 

We realize that the interaction of materials and ultrasonic waves as well causes the 

change of refractive index of the material, which is called strain-optic impact or elasto-

optic impact. As per the elasto-optic impact discussed in section 2.4, the change in 

optical index matrix brought about by an enforced strain is specified by (Wild & 

Hinekley, 2008) 

6

2
1

1
ij j

ji

P
n




 
  
 

  (5.9) 

where pij is the strain-optic tensor. The strain vector for a homogeneous and isotropic 

fiber brought about by the longitudinal wave is 
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 (5.10) 

By solving the Equation (5.9) and Equation (5.10), and the adjustment in the index 

matrix is acquired as 
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 11 122
,

1 (1 )
x y

Pvp v p
n E

 
    
 

 (5.11) 

The refractive index identified with the change in optical index matrix is (Wild & 

Hinekley, 2008) 

 

3
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 (5.12) 

We can anticipate the spectral shift concerning the ultrasonic-impelled pressure by 

substituting the Equation (5.8) and Equation (5.12) in the equation of wavelength shift 

by pressure change; 

 
2

12 12
1 (1 )

2B B
n v p vp P

E E
 

 
       

 
 (5.13) 

Figures 5.11 and 5.12 underneath demonstrate the stress profile in axial and radial 

components of an FBG manufactured in SMF fiber and FBG based FPR, 

correspondingly.  
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Figure 5.11: Axial component of FBG (modulated grating period and grating 
index) by a sinusoidal wave. Parameters utilized for this modelling are: p11 = 0.121; 

p12 = 0.27; v = 5760m/s; E = 70GPa. 

 

Figure 5.12: Radial component (modulated grating period and grating index) of 
FBG based FPR by a sinusoidal wave. Parameters utilized for this modelling are: 

p11 = 0.121; p12 = 0.27; v = 5760m/s; E = 70GPa. 
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We have simulated the spectral shift produced by the ultrasonic wave prompted 

pressure utilizing the accompanying values and the resultant wavelength shift of FBG 

based FPR has appeared in Figure 5.13. 

Symbol Physical Quantity Value Unit 
E Young’s modulus of optical fiber 70 GPa 
V Poisson’s ratio 0.12 - 
p11 1,1 element in strain-optic tensor 0.121 - 
p12 1,2 element in strain-optic tensor 0.270 - 
S Ultrasound velocity in fused silica 4000 m/s 
P Differential pressure amplitude of 

ultrasonic wave 
1 MPa 

λB Bragg wavelength 1550 Nm 
 

 

Figure 5.13: The computed wavelength shift brought on by longitudinal wave 

(black line – Bragg wavelength, red line – modulated Bragg wavelength) 

5.9 Opto-elastic Response of PCF-cavity FBG Fabry-Perot Resonator to 

Pressure 

PCF-cavity FBG Fabry-Perot has extraordinary potential for use in sensing 

applications as it has a decent temperature and pressure sensitivity. Opto-elasticity 

reactions of PCF and SMF fiber by the pressure-induced change in refractive index of 

the fiber are worth studying considering keeping in mind the end goal to understand the 

effectiveness of the proposed PCF-cavity FBG Fabry-Perot device. In this study, the 
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refractive index of the PCF-cavity FBG Fabry-Perot changes by the pressure-induced 

change as appeared in Figure. 5.14. This figure demonstrates the schematic outline of 

the PCF-cavity FBG Fabry-Perot under the influence of gas pressure. One end of the 

fiber is exposed to the gas tube in a manner that it encounters both radial and axial 

pressures. The radial and axial pressures lead to a negative and positive index change. 

The axial component is the commanding impact than the radial component in PCF than 

solid fiber. Be that as it may, the aggregate of both the radial and axial pressures 

contributes to a blue shift in the wavelength of PCF-cavity FBG Fabry-Perot device.  

 

Figure 5.14: Axial and radial components contributed to refractive index 
changes 

To achieve stress profile of PCF, COMSOL software is utilized to compute neff and 

Δneff of a grapefruit PCF under a state of pressure enforced stress.  We simulated the 

stress optic impact of the PCF and SMF fibers utilizing a structural mechanics module 

of the COMSOL software. The parameters utilized as a part of this progression are as 

taking after: Poisson’s ratio, nuSiO2=0.42; Young’s modulus, ESiO2=7.8×1010Pa; 

operating temperature, T1=293.15K; reference temperature, T0=373.15K; 

In the following stride, as indicated by opto-elastic impact, we utilize the stress 

conveyance to acquire the refractive index profile as the accompanying formula: 

0 2 1( )x x y zN N B B       (5.14) 
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0 2 1( )y y x zN N B B       (5.15) 

0 2 1( )z z x yN N B B       (5.16) 

where x , y , z  are the stress components, and the first stress optical coefficient, 

B1=(4.2×10˗12) Pa-1; second stress optical coefficient, B2=(6.5×10˗13) Pa-1. 

Our simulation incorporates just these two independent parameters, B1 and B2. At that 

point, the stress-optical connection simplifies to 

2 1 1

1 2 1

1 1 2

x x

y y

z z

N B B B
N B B B
N B B B







     
     
  
     
          

 (5.17) 

where 11xN n , 22yN n , 33zN n , 11x  , 22y  , 33z  . This can be meant to 

equation (5.14-5.17). The shear stress comparing to 11 , 22 , 33 are ignored in the 

simulation. Additionally, it is to be noticed that, the adapted strain guesstimate holds in 

a circumstance where the structure is free in the x and y axes but the z strain is 

presumed to be zero. Figure 5.15 shows Von Mises stress profile for thermal and gas 

pressure, correspondingly for both the PCF and SMF case. It’s to be noted that the 

effective stress is gradually fluctuating on the x-axis which implies that the critical 

impact on the stress-induced index changes mostly contributed by the stress varieties in 

the y-axis. Von Mises stress profile has been displayed to see the material’s yield point.  
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(a) 

 
(b) 

Figure 5.15: Von Mises stress profile affected by thermal and pressure stress for 
(a) 6-holes grapefruit PCF microstructured fiber, (b) SMF solid fiber. 
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By plotting these Von Mises stress profile it has been demonstrated that the values 

utilized as stress optical coefficients are appropriate. The subsequent birefringent 

refractive index is figured utilizing expression variables, Nx-Ny. Figure 5.16 

demonstrates the radial pressure induced refractive index changes. The maximum 

refractive index changes are seen to have occurred close to the core of grapefruit PCF 

microstructured fiber than solid fiber. This radial pressure induced a change in 

refractive index alongside axial refractive index change contributes a blue shift in the 

dip wavelength within the bandwidth reflection curve of the proposed PCF-cavity FBG 

Fabry-Perot device. The dip is the aftereffect of short PCF segment spliced between two 

saturated FBG inscribed in SMF. 

 
(a) 
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(b) 

 
(c) 

Figure 5.16: Simulation profile of radial pressure induced refractive index 
change for (a) 6-holes grapefruit PCF microstructured fiber, (b) zoom view of (a), 

(c) SMF solid fiber, when radial pressure is, P=17.9MPa. 
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5.10 Thermo-optic Response of PCF-cavity FBG Fabry-Perot Resonator to 

Temperature 

FBGs have been broadly utilized as a part of fiber sensor applications owing to its 

compactness in structures, straightforwardness in manufactures and wavelength coding 

in measurements. In any case, in temperature and pressure sensor applications, it is hard 

to discriminate between the temperature and the pressure impacts from the spectral 

response, as FBG is sensitive to both. Hence, it merits examining the thermo-optic 

impact in FBG based sensors which will add to the understanding and designing of 

effective FBG. The temperature reliance of the refractive index is characterized by the 

thermo-optic coefficient, which depends on the change of refractive index emerging 

from a tiny change of the temperature as shown in Figure 5.9. This figure shows the 

thermo-optic response of the proposed PCF-cavity FBG based Fabry-Perot resonator 

where a red shift of the reflection spectrum has been observed with increasing 

temperature. 

By the coupled-mode hypothesis, the centre wavelength of reflected light from FBG 

can be depicted by the Bragg equation (3.28) where effn ,   and B  are the effective 

index, period and centre wavelength of FBG correspondingly, and are connected with 

temperature and strain. Strain impacts B  because of grating’s period change and 

elastic-optic effect, and temperature impacts B  because of thermal expansion and 

thermo-optic impact, so the temperature or strain measurement can be acknowledged by 

recognizing the centre wavelength or reflection spectrum (Jhang & Yongqian, 2009). 

effB

B eff

n
n
 

 
   (5.18) 

Given that no strain is adapted, yet the temperature changes T , then Bragg grating’s 

period change because of thermal expansion can be composed as 
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T       (5.19) 

The effective refractive index change effn  because of thermo-optic impact can be 

communicated as 

eff effn n T     (5.20) 

where   is the thermal expansion coefficient,   is the thermo-optic coefficient. 

Substituting equations (5.19) and (5.20) into (5.18), the centre wavelength of FBG 

change because of temperature can be composed as 

 B
T

B

T K T
   


      (5.21) 

in which TK    is the temperature sensitivity of FBG. 

Thermal expansion and thermo-optic coefficient would vary when consistency 

germanium and the temperature sensitivity differs. At the point when the temperature 

does not change significantly or exactness is low, we consider the temperature 

sensitivity to be a constant. Indeed, thermal expansion and thermo-optic coefficients 

fluctuate with temperature change. At the point when the required exactness is high or 

the temperature change is extensive, these coefficients have a nonlinear impact on 

temperature sensitivity. 

To ascertain the change of Bragg grating period because of temperature change, it is 

important to know the thermal expansion coefficient of fiber material. Solid length 

changes when the temperature changes. Accepting that solid length raises dL when 

temperature raises dT, then thermal expansion coefficient can be communicated as 

0

1 dL
L dT

   (5.22) 
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where 0L  is the solid length at 0°C. The trial has demonstrated that   is not constant. 

In light of the table of expansion coefficient of vitreous silica in the temperature range 

from (0-100)°C displayed by Jing Zhang (Zhang & Yongqian, 2009) the thermal 

expansion coefficient α of the proposed PCF-cavity FBG Fabry-Perot resonator differ 

within the range of  (0.40×10-6°C) - (0.47×10-6°C) for 22-87°C temperature. It is 

observed in our experiment that PCF cavity and FBGs exhibits the comparable 

wavelength shift because of the same thermal expansion coefficient of comparative 

material structures. 

5.11 Summary 

The sensitivity of the proposed short cavity FBG based FPR inscribed in SMF is 

three times higher than an uniform FBG based on the obtained curve gradient presented 

in Figure 5.4. This design of the sensor is simple and the fabrication is easy. This sensor 

has the promising device for acoustic and ultrasonic sensing applications particularly in 

lower to the higher frequency range of 1 kHz -10 MHz. Experimental results show that 

the performance of short cavity FPR is comparable to that of a commercial PZT and can 

be used in applications where the use of PZT is not viable. The conventional ultrasonic 

sensors can be replaced by the proposed sensor because of its high sensitivity, narrow 

bandwidth, as well as all its advantages explained in the early section of this chapter. 

However, it is presumed that the broad frequency response and high sensitivity can be 

further improved by adopting suitable modifications to the sensor design and 

instrumentation. The reduction of hydroxyl (OH) content and stress alteration in the 

fiber during UV erasure process may contribute to the uncertainty. 

A PCF-cavity FBG Fabry-Perot resonator based on FBG-PCF-FBG configuration 

has been fabricated and investigated for simultaneous measurement of pressure and 

temperature. The characterized pressure sensitivities for band-edge wavelengths and 
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resonance wavelength are found to be -2.4 pm/MPa and -10.1 pm/MPa in the range of 0 

- 18 MPa whereas the temperature sensitivities for all three wavelengths are the same, 

12.1 pm/°C in the range of 22 - 87 °C. The investigation result also suggested that the 

device can be used for simultaneous sensing of temperature and pressure. The same 

temperature sensitivity of resonance wavelength and band-edge wavelength provides 

the convenience of simple pressure measurement. The characterized model of the linear 

system of equations has also been presented. The proposed sensing device has potential 

applications in chemical industries for in situ monitoring of temperature and pressure. 
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CHAPTER 6: CONCLUSION AND FUTURE WORKS 

 
6.1 Conclusion 

In this thesis, a short cavity length FP resonator has been produced through a simple 

fabrication technique. Analytical and experimental studies on the stress and opto-elastic 

properties of FBG based FPR have been conducted. The short cavity FBG based FPR 

showed a wide range of frequency response and high sensitivity to acousto–ultrasonic 

excitation. Such device can be utilized in applications where the utilization of 

traditional PZT is not suitable. 

A PCF-cavity FBG FP resonator based on FBG-PCF-FBG design has been 

manufactured and characterized by simultaneous sensitivity to pressure and 

temperature. The configuration of the FBG based FPR device proved to produce a 

synchronous measuring optical device and analysis of its opto-elastic behaviour 

validated the fabrication design of the device and in addition, advanced the 

understanding of its operational principle. The proposed sensing device has potential 

applications in chemical industries for in situ observation of temperature and pressure. 

The LP01–LP11 cross mode interference in chirped grating (CG) is examined by both 

simulation and experimental investigation alongside the attributes of CG in two-mode 

fiber (TMF). We characterized the spectra of the CG under LP01 and LP11 mode 

excitations utilizing a binary phase plate. By balancing the position of the binary phase 

plate from the focal point of the input beam, distorted modes were created to energize 

both LP01 and LP11 modes in the CG at various PLP01:PLP11 mode intensity proportions. 

To the best of our knowledge, this work is the first to report on experimental and 

theoretical examination of non-uniform grating structure in few-mode fibers. The 

discovery in this examination has opened up another viewpoint in intermodal 
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interference in few-mode fiber devices and its potential applications in optical filters, 

multi-wavelength lasers, and sensors. 

These discoveries are noteworthy steps in the advancement and characterization of 

more intricate grating structures on single mode and few-mode fibers. This study will 

add to the understanding and design of complex FBG-based FP resonator structures. 

This work has taken a far-reaching novel approach (i.e. opto-elastic properties) to the 

characterization of FBG based FPR under embedded conditions concentrating on 

acousto–ultrasonic-, temperature-, and pressure-induced stress in both simulation and 

experiment. In particular, relating analytical and numerical examinations to analyse the 

change in material properties inside the fiber core, and the subsequent change in the 

FBG signal. In addition, LP01–LP11 cross mode interference in a solitary chirped grating 

(CG) manufactured in few-mode fiber was studied and shown by both the simulation 

and experiment. Specific contributions were unremarkable but notable changes in the 

index of refraction from the centre to the edge of the optical fiber core, and the 

visualization of property changes throughout the optical fiber framework.  

6.2 Future works 

We have fabricated a few FBG-based FPR optical devices that are exceptionally 

sensitive to pressure, acoustics, and temperature with preferences in simple creation 

process conditions, minute cavity size, and higher simultaneous sensitivity. Future 

studies are necessary to establish the difference between experimental and theoretical 

study for the concluding FBG-based FPR, which probably is in the frame of theoretical 

study and an experimental probe. A few suggestions for future probe are provided.  

The wide frequency response and high sensitivity of short cavity FPR produced in 

SMF stands a chance to be enhanced further by developing suitable modifications in 
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sensor design and instrumentation. The reduction of hydroxyl (OH) content and stress 

modification in the fiber throughout the ultraviolet illumination erasure method, which 

may contribute to the ambiguity. The opto-elastic properties of the proposed device can 

be theoretically investigated by using numerical method. The study of opto-elastic 

properties of the PCF-cavity FBG FP resonator can provide more insight in the design 

of complex FPR structures.  

In future, the simulation of the opto-elastic properties of FBG-based FPR cavities 

can be enhanced with the goal that it will verify and support the theories on the cavity 

responses of FBG-based FPRs to wavelength, acousto–ultrasonic, temperature, and 

pressure. This would include the incorporation of the distinctive FBG length and cavity 

size used to produce the FPRs. Particularly, to anticipate and confirm the cavity 

response to the reported acousto–ultrasonic, temperature, and pressure amplification of 

the individual FBG based FPR. The realization of the opto-elastic model may encourage 

the prediction of the specification of the FBG-based FPR’s cavity prerequisite for 

various sensitivities. As such, the performance of FBG-based FPR’s cavity and the 

result of future experiments may be improved.  

Latest methods including multi-level modulation, mode-division multiplexing, and 

space-division multiplexing have attracted expanding research enthusiasm to 

accomplish vast optical communication limit, because of the constantly increasing 

demand for high-speed optical fiber communications. In contrast with the ordinary 

single-mode fiber, FMF bolsters multiplexing transmission of spatial modes. To our 

knowledge, taking into account the literature, no work has been done on LP01–LP11 

cross-mode interference saw in a solitary CG imprinted in few-mode fiber, to date. 

LP01–LP11 cross-mode interference phenomenon has been witnessed and shown by both 

simulation and experiment in this thesis. However, there may be no simple approach, 

Univ
ers

ity
 of

 M
ala

ya



154 

which can unequivocally portray the cross-mode coupling component in CG resonance. 

Numerical simulation can furnish an additional exact estimation of the spectral 

characteristics of the CG made in TMF. A distinctive numerical model can be used to 

clarify this phenomenon. Another recommendation is to study mode coupling among 

LP01 and other higher-order modes, for example, LP21 and LP02 modes.  
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APPENDIX A 

MATLAB CODES 

This section provides some of the important MATLAB source codes written during 

the course of this research. Most of the codes written are for the plots and graphs in the 

result of numerical solutions of the analytical expressions and experimental data in this 

work. 

Matlab code to show modulated grating period and grating index of FBG by a 

sinusoidal wave: 

clear all 
format long 
clc; 
nef = 1.445;            %effective index    
L = 0.01; 
dn = 1.4E-06/L;         %index modulation 
lg = 1551E-09;          %reflection wavelength 
c = 3e5;                % nm/ps; 
period = lg/(2*nef); 
 
tic 
N_lamb = 201;           % no. of sample for lambda 
lamb = linspace(1550.96E-9,1551.4E-09,N_lamb); % wavelength lambda 
dl = lamb(2)-lamb(1); 
N_disp = 100; 
disp = linspace(-L/2,L/2,N_disp);  % displacement 
mask = ones(1,N_disp); 
mask([40 65]) = 0; 
dz = disp(2)-disp(1); 
FWHM = 0.02; 
 
v = 5760;               % acoustic velocity in silica fiber 
f = 3e6; 
lambda_a = v/f; 
nu = 0.17; 
p11 = 0.121; 
p12 = 0.27; 
E = 70000;              % MPa 
dP = 0.1;               % MPa 
 
M = 128; 
wt = linspace(0,32*pi, M); 
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v = 5760;               % acoustic velocity in silica fiber 
p = 1; 
freq = linspace(0.1e2,6e6,400); 
for f = freq 
    lambda_a = v/f; 
    m = 1; 
    for phase = wt     
        l = 1551.051e-9; 
        F = [1 0; 0 1]; 
        %p2 = (gdc.^2)/(kac.^2);  
        for z = disp 
            deln = nef^3*(1-2*nu)*(2*p12+p11)./(2*E)*dP*sin(2*pi*z/lambda_a+phase); 
% core index is modulated by a sinusoidal wave 
            del_pitch = period*(1-2*nu)./E*dP*sin(2*pi*z/lambda_a+phase);   % grating 
period is modulated by a sinusoidal wave 
            %dn_z = dn*exp(-4*log(2)*z^2./FWHM^2);  %apodised 
            dn_z = dn;                              %uniform 
            del = 2*pi*nef*(1/l)- pi./(period+del_pitch);  
            sig = 2*pi*(dn_z+deln)./l;  
            g = sig + del;          
 
            k = pi*dn_z/l;   
            p1 = sqrt(k^2 - g^2);  
 
            A = cosh(p1*dz); 
            B = i*(g/p1)*sinh(p1*dz); 
            f11 = A - B;  
            f12 = -i*(k/p1)*sinh(p1*dz);  
            f21 = -f12;  
            f22 = A + B;  
            ff  = [f11 f12; f21 f22];  
            F = ff*F;  
 
        end   
        
        r(m) = F(2,1)/F(1,1);                
        R(m) = (abs(r(m)))^2;  
        m=m+1; 
    end 
    R_max(p) = max(R); 
    fout = abs(fftshift(fft(R-mean(R)))); 
    MM(p)=max(fout); 
    p = p + 1 
end 
subplot(211) 
plot(freq, MM) 
ylabel('Sensitivity'); 
xlabel('Frequency Hz'); 
subplot(212) 
plot(freq, R_max) 
data = [freq' MM' R_max']; 
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APPENDIX B 

Matlab code to show modulated grating period and grating index of FBG based 

FPR by a sinusoidal wave: 

clear all 
format long 
clc; 
nef = 1.445;            %effective index    
L = 0.005; 
dn = 1.4E-06/L;         %index modulation 
lg = 1551E-09;          %reflection wavelength 
c = 3e5;                % nm/ps; 
period = lg/(2*nef); 
 
tic 
N_lamb = 201;           % no. of sample for lambda 
lamb = linspace(1550.96E-9,1551.4E-09,N_lamb); % wavelength lambda 
dl = lamb(2)-lamb(1); 
N_disp = 100; 
disp = linspace(-L,L,N_disp);  % displacement 
mask = ones(1,N_disp); 
mask([40 65]) = 0; 
dz = disp(2)-disp(1); 
FWHM = 0.02; 
 
v = 5760;               % acoustic velocity in silica fiber 
f = 3e6; 
lambda_a = v/f; 
nu = 0.17; 
p11 = 0.121; 
p12 = 0.27; 
E = 70000;              % MPa 
dP = 0.1;               % MPa 
 
M = 128; 
wt = linspace(0,32*pi, M); 
v = 5760;               % acoustic velocity in silica fiber 
p = 1; 
freq = linspace(0.1e2,6e6,400); 
for f = freq 
    lambda_a = v/f; 
    m = 1; 
    for phase = wt     
        l = 1551.145e-9; 
        F = [1 0; 0 1]; 
        %p2 = (gdc.^2)/(kac.^2);  
        for z = disp(1:50) 
            deln = nef^3*(1-2*nu)*(2*p12+p11)./(2*E)*dP*sin(2*pi*z/lambda_a+phase); 
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            del_pitch = period*(1-2*nu)./E*dP*sin(2*pi*z/lambda_a+phase); 
            %dn_z = dn*exp(-4*log(2)*z^2./FWHM^2);  %apodised 
            dn_z = dn;                              %uniform 
            del = 2*pi*nef*(1/l)- pi./(period+del_pitch);  
            sig = 2*pi*(dn_z+deln)./l;  
            g = sig + del;          
 
            k = pi*dn_z/l;   
            p1 = sqrt(k^2 - g^2);  
 
            A = cosh(p1*dz); 
            B = i*(g/p1)*sinh(p1*dz); 
            f11 = A - B;  
            f12 = -i*(k/p1)*sinh(p1*dz);  
            f21 = -f12;  
            f22 = A + B;  
            ff  = [f11 f12; f21 f22];  
            F = ff*F;  
 
        end   
        PS = [i 0; 0 -i]; 
        F = PS*F;  
        for z = disp(51:100) 
            deln = nef^3*(1-2*nu)*(2*p12+p11)./(2*E)*dP*sin(2*pi*z/lambda_a+phase); 
            del_pitch = period*(1-2*nu)./E*dP*sin(2*pi*z/lambda_a+phase); 
            %dn_z = dn*exp(-4*log(2)*z^2./FWHM^2);  %apodised 
            dn_z = dn;                              %uniform 
            del = 2*pi*nef*(1/l)- pi./(period+del_pitch);  
            sig = 2*pi*(dn_z+deln)./l;  
            g = sig + del;          
 
            k = pi*dn_z/l;   
            p1 = sqrt(k^2 - g^2);  
            A = cosh(p1*dz); 
            B = i*(g/p1)*sinh(p1*dz); 
            f11 = A - B;  
            f12 = -i*(k/p1)*sinh(p1*dz);  
            f21 = -f12;  
            f22 = A + B;  
            ff  = [f11 f12; f21 f22];  
            F = ff*F;   
 
        end         
        r(m) = F(2,1)/F(1,1);                
        R(m) = (abs(r(m)))^2;  
        m=m+1; 
    end 
    R_max(p) = max(R); 
    fout = abs(fftshift(fft(R-mean(R)))); 
    MM(p)=max(fout); 
    p = p + 1 
end 
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subplot(211) 
plot(freq, MM) 
ylabel('Sensitivity'); 
xlabel('Frequency Hz'); 
subplot(212) 
plot(freq, R_max) 
data = [freq' MM' R_max']; 
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APPENDIX C 

Matlab code to show LP01 and LP11 mode profile: 

clear all 
clc 
R=62.5; 
P=100; 
ra = 9.25;  %um 2S fiber 
l = 1.55;   % wavelength 
C1=7.42e-6;  % photoelastic coefficient 
C2=4.102e-5; 
k = 2*pi/l;   
r = linspace(-ra, ra, 100); 
thet = 0; 
dr = ra/100; 
 
thet2 = 0; 
r2 = linspace(ra,4*ra,300); 
r3 = linspace(-4*ra,-ra,300); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%% 
 
n01 = 1.4474;      %2SF effective index  1.447527732 1.446247196 
n11 = 1.4461; 
ncore = 1.4483926; 
nclad = 1.4433926; 
U01 = k*ra*sqrt(ncore^2-n01^2); 
W01 = k*ra*sqrt(n01^2-nclad^2); 
U11 = k*ra*sqrt(ncore^2-n11^2); 
W11 = k*ra*sqrt(n11^2-nclad^2); 
 
E01 = besselj(0,U01*r/ra)./besselj(0,U01); 
E11 = besselj(1,U11*r/ra)./besselj(1,U11).*cos(thet); 
EE01 = besselk(0,W01*r2/ra)./besselk(0,W01); 
EE11 = besselk(1,W11*r2/ra)./besselk(1,W11).*cos(thet2); 
EEE01 = besselk(0,W01*r2/ra)./besselk(0,W01); 
EEE11 = besselk(1,W11*r2/ra)./besselk(1,W11).*cos(thet2+pi); 
 
e01 = [fliplr(EEE01) E01 EE01]; 
e11 = [fliplr(EEE11) E11 EE11]; 
P01 = e01.^2; 
P11 = e11.^2; 
e01 = e01/sqrt(max(P01)); 
e11 = e11/sqrt(max(P11)); 
P01 = e01.^2; 
P11 = e11.^2; 
 
subplot(311) 
plot([r3 r r2], P01,'-') 
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xlabel('Radius \mum') 
subplot(312) 
plot([r3 r r2], P11,'-') 
xlabel('Radius \mum') 
subplot(313) 
hold on 
col = 'kbrg'; 
l = 1; 
for rho = linspace(0,0.3,4); 
    PU = (rho*e01+(1-rho)*e11).^2 
    plot([r3 r r2], PU, [col(l) '-']) 
    l = l + 1 ; 
end 
hold off 
legend('1.0 : 0.0', '0.9 : 0.1','0.8 : 0.2','0.7 : 0.3'); 
xlabel('Radius \mum  - LP_1_1:LP_0_1 ratio') 
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APPENDIX D 

Matlab code to show line intensity profile of LP01and LP11: 

clear all 
clc 
R=62.5; 
P=100; 
ra = 9.25;  %um 
l = 1.53;   % wavelength 
C1=7.42e-6;  % photoelastic coefficient 
C2=4.102e-5; 
k = 2*pi/l;   
[r, thet] = ndgrid(linspace(0,ra,100),linspace(0,2*pi,40)); 
[x,y] = pol2cart(thet, r); 
r = sqrt(x.^2 + y.^2); 
 
dr = ra/100; 
[r2,thet2] = ndgrid(linspace(ra,4*ra,300),linspace(0,2*pi,40)); 
[x2,y2] = pol2cart(thet2, r2); 
r2 = sqrt(x2.^2 + y2.^2); 
 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%% 
 
n01 = 1.4474;      %2SF effective index  1.447527732 1.446247196 
n11 = 1.4461; 
ncore = 1.4483926; 
nclad = 1.4433926; 
U01 = k*ra*sqrt(ncore^2-n01^2); 
W01 = k*ra*sqrt(n01^2-nclad^2); 
U11 = k*ra*sqrt(ncore^2-n11^2); 
W11 = k*ra*sqrt(n11^2-nclad^2); 
 
E01 = besselj(0,U01*r/ra)./besselj(0,U01); 
E11 = besselj(1,U11*r/ra)./besselj(1,U11).*cos(thet); 
EE01 = besselk(0,W01*r2/ra)./besselk(0,W01); 
EE11 = besselk(1,W11*r2/ra)./besselk(1,W11).*cos(thet2); 
 
e01 = [E01; EE01]; 
e11 = [E11; EE11]; 
P01 = sum(sum(e01.^2)); 
P11 = sum(sum(e11.^2)); 
e01 = e01/sqrt(P01); 
e11 = e11/sqrt(P11); 
 
 
figure(1) 
surf([x; x2], [y; y2], e01.^2) 
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shading interp 
colorbar 
 
figure(2) 
surf([x; x2], [y; y2], e11.^2) 
shading interp 
colorbar 
 
figure(3) 
surf([x; x2], [y; y2], (0.5*e01+e11).^2) 
shading interp 
colorbar 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



194 

APPENDIX E 

Matlab code to show LP01- LP11 cross mode interference in CG produced in TMF 

clear all; 
close all; 
clc; 
n01 = 1.448984;           %effective index 1.448984 1.446145 
n11 = 1.446145;                   
%====================================================== 
dn = 0.13E-03; % .42E-03              %index modulation 
tic 
N_lamb = 1201; % no. of sample for lambda 
L = 0.010; %L = 0.013; 
FWHM = 0.1; 
%====================================================== 
N_z = 800; 
lamb = linspace(1529.5E-9,1561.5E-09,N_lamb); % wavelength lambda 
disp = linspace(0,L,N_z);  %displacement 
alp11 = 0; 
dz = disp(2)-disp(1); 
dnn = dn*exp(-((disp-L/2)./FWHM).^2/2); 
Exp_data = xlsread('Analysis_2G.xlsx',1,'Q3:Q1003'); 
Experiment=Exp_data(:,1); 
 
%%%%%%%%%%%%%%%%%%% FBG 
%%%%%%%%%%%%%%%%%%%%% 
%====================================================== 
period = linspace(530,534.8,N_z)*1e-9; 
%period = linspace(530,533.9,N_z)*1e-9; 
 
m = 1; 
%====================================================== 
a = .95; % 0=LP11/1=LP01 field amplitude 
%====================================================== 
b = sqrt(1-a^2)*exp(-i*(4.0+0.5*pi)); % LP11 field amplitude with phase difference 
for l=lamb; 
    G = [1 0 0 0; 
         0 1 0 0; 
         0 0 1 0; 
         0 0 0 1]; 
    Z = 1; 
    for z = disp   
        z1_2 = z+dz/2; 
        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
LP01%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
       % dn_01 = dn; %uniform 
        dn_01 = dnn(Z); %apodised 
        del_01 = 2*pi*n01*(1/l) - pi./period(Z);  
        sig_01 = 2*pi*dn_01./l;  

Univ
ers

ity
 of

 M
ala

ya



195 

        g_01 = sig_01 + del_01;      
        k_01 = pi*dn_01/l; 
    
 
        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% LP11 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
        dn_11 = 0.9*dnn(Z); %uniform 
        del_11 = 2*pi*n11*(1/l) - pi./period(Z);  
        sig_11 = 2*pi*dn_11./l;  
        g_11 = sig_11 + del_11;      
        k_11 = pi*dn_11/l; 
           
        %%%%%%%%%%%%%%%%%%%% LP01-LP11 cross coupling 
%%%%%%%%%%%%%%%%%%%%%% 
        %====================================================== 
        dn_c = 0.22*dnn(Z); %uniform 
        del_c = (del_11 + del_01)/2; 
        sig_c = 2*pi*dn_c./l; 
        g_c = sig_c + del_c; 
        k_c = pi*dn_c/l; 
 
        c11 = i*k_01*exp(-i*(2*del_01*z1_2))*dz; 
        c12 = i*k_c *exp(-i*(2*del_c *z1_2))*dz; 
        c21 = i*k_c *exp(-i*(2*del_c *z1_2))*dz; 
        c22 = i*k_11*exp(-i*(2*del_11*z1_2))*dz;   
         
        d11 = -i*k_01*exp( i*(2*del_01*z1_2))*dz; 
        d12 = -i*k_c *exp( i*(2*del_c *z1_2))*dz; 
        d21 = -i*k_c *exp( i*(2*del_c *z1_2))*dz; 
        d22 = -i*k_11*exp( i*(2*del_11*z1_2))*dz;           
                 
        C = [1  0  d11  d12;  
             0  1  d21  d22; 
             c11  c12  1  0;  
             c21  c22  0  1];   
 
        G = C*G;  
        Z= Z + 1; 
    end    
 
%     M = [-1 G(1,2) G(1,3) G(1,4); 
%          0  G(2,2) G(2,3) G(2,4); 
%          0  G(3,2) G(3,3) G(3,4); 
%          0  G(4,2) G(4,3) G(4,4)]; 
     M = [-1  0 G(1,3) G(1,4); 
           0 -1 G(2,3) G(2,4); 
           0  0 G(3,3) G(3,4); 
           0  0 G(4,3) G(4,4)];     
      
    A = [G(1,1) G(1,2); 
         G(2,1) G(2,2); 
         G(3,1) G(3,2); 
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         G(4,1) G(4,2)]*[a; b]; 
    M = -M^-1*A;       
    tl01(m) = M(1); 
    tl11(m) = M(2); 
    rl01(m) = M(3); 
    rl11(m) = M(4); 
 
    m=m+1; 
end 
 
RL = 0.5*abs(rl01 + rl11).^2; 
TL = 0.5*abs(tl01 + tl11).^2; 
 
% RL = abs(rl01).^2+abs(rl11).^2; 
% TL = abs(tl01).^2+abs(tl11).^2; 
I = RL+TL; 
toc 
 
lam = linspace(lamb(1), lamb(end),1001); 
figure(1) 
plot(lamb*1e9,10*log10(RL),'k', ... 
    lamb*1e9,10*log10(TL),'b', ... 
lam*1e9,Experiment,'g') 
ylabel('Resultant reflection / transmission(dB)') 
xlabel('Wavelength (nm)'); 
legend('Reflection','Transmission','Experiment'); 
 
figure(2) 
subplot(211) 
plot(lamb*1e9,20*log10(abs(rl01)),'k',... 
    lamb*1e9,20*log10(abs(tl01)),'b') 
ylabel('LP01 - Reflection / Transmission(dB)') 
xlabel('Wavelength (nm)'); 
subplot(212) 
plot(lamb*1e9,20*log10(abs(rl11)),'k',... 
    lamb*1e9,20*log10(abs(tl11)),'b') 
ylabel('LP11 - Reflection / Transmission (dB)') 
xlabel('Wavelength (nm)'); 
legend('Reflection','Transmission'); 
RL = RL'; 
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Abstract: Optical fibers have been involved in the area of sensing applications for more 

than four decades. Moreover, interferometric optical fiber sensors have attracted broad 

interest for their prospective applications in sensing temperature, refractive index, strain 

measurement, pressure, acoustic wave, vibration, magnetic field, and voltage. During this time, 

numerous types of interferometers have been developed such as Fabry-Perot, Michelson, 

Mach-Zehnder, Sagnac Fiber, and Common-path interferometers. Fabry-Perot interferometer 

(FPI) fiber-optic sensors have been extensively investigated for their exceedingly effective, 

simple fabrication as well as low cost aspects. In this study, a wide variety of FPI sensors 

are reviewed in terms of fabrication methods, principle of operation and their sensing 

applications. The chronology of the development of FPI sensors and their implementation 

in various applications are discussed. 

Keywords: interferometer; Fabry-Perot Interferometer (FPI); FPI fabrication techniques; 

FPI sensing applications 

 

1. Introduction 

The construction of photoinduced gratings in glass optical fibers was first introduced by Hill et al. [1] 

in 1978. A Bragg grating structure is produced in the core of a germanosilicate-made optical fiber by 
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Abstract: This study reports on the demonstration and characterisation of a short cavity fibre Fabry-Perot resonator (FPR)

for the detection of ultrasonic waves propagating through a solid medium over a frequency range of 1 kHz–10 MHz. The

proposed sensing device has some outstanding features in terms of simple fabrication technique, frequency response and

high sensitivity over a wide frequency range. The response of the surface-mounted FPR sensor showed good agreement

with that of a commercially available piezoelectric transducer during ultrasonic excitation.

1 Introduction

Ultrasonic detection is a well-known, safe and non-destructive
investigation technique in numerous elementary processes, services,
manufacturing industries and also in applications concerning
structural metals and aerospace composites [1, 2]. The design of an
appropriate ultrasound detection system for any application would
generally require flat frequency response over the sensing frequency
range; high sensitivity; robustness and ease of deployment. It is
widely appreciated that the production and instrumentation costs
involved in ultrasound sensors are high compared to other common
sensor systems for strain and temperature [1]. Acoustic emission
sensing over few tens of kHz to several MHz serves as a means of
damage detection in materials where fibre-based sensors are used
extensively for a wide variety of applications because of their small
size, remote monitoring capability and immunity to electromagnetic
interference [2, 3]. Hence, in many structural health monitoring
studies [3, 4] based on ultrasound detection, fibre optic sensors (e.g.
tapered FBGs; biconical coupler-based fibre sensor;
diaphragm-based; and cantilever-based fibre sensors) [5, 6] are
increasingly replacing conventional piczoelectric transducers (PZTs).
The main drawback for PZT is that it is an electromechanical device
whose performance is directly influence by unwanted surrounding
high frequency radiation which can be overcome by optical fibre
sensors such as fibre Bragg gratings (FBGs) and Fabry-Perot (FP)
sensors [6]. Also because of their light weight, compactness and
easy integration, the FBGs are preferable for acousto-ultrasonic
damage detection in smart structures, and specifically those materials
which have their individual nervous system. A FBG, firstly invented
by Hill et al. [7] is a very simple in-fibre structure defined as
periodic perturbation of the refractive index (RI) along the core of fibre.

As compared to other ultrasound fibre sensors, FBGs [7] can be
produced consistently in large numbers. The two main factors that
characterise the performance of a FBG ultrasound sensor are its
sensitivity and bandwidth. To improve these parameters, various
techniques have been utilised for making different types of FBG
sensors for detecting ultrasonic waves [8, 9]. Wu and Okabe [8]
studied the phase-shifted FBG sensor with balanced photo-detector
which exhibits high sensitivity and broad bandwidth with the
capability to reduce laser intensity noise. The proposed FP
resonator (FPR) design is aimed at improving the sensitivity to
ultrasound via the generation of a resonance that is much narrower
than a conventional Bragg resonance.

Zhou et al. [9] used a modified FBG structure produced by
micromachining a channel using a femtosecond laser. In their
study, the micro-channel was used to enable dynamic interaction
between the liquid under test and light in the fibre where high
sensitivity and large dynamic range of RI detection have been
demonstrated. In the current work, a short cavity FPR is produced
on a FBG to improve the sensitivity of the device. This is
achieved by erasing a short length of grating at its centre. This
paper describes the short cavity FPR sensor fabrication
methodology and characterisation of response of surface-mounted
version to ultrasound as compared to a standard PZT.

2 Analytical approach

In short cavity FPR, the acoustic pressure wave induces phase
change of the light propagating in the sensing region. The phase
of light (f) passing through an optical fibre of L length, is given by

f = bL (1)

Here, a propagation constant β, is given by

b = neff k0 (2)

where neff is the effective RI of the core mode and the wavenumber
k0 is related to wavelength (l) of light as 2π/l.

The pressure wave-induced phase difference due to the change in
grating length and effective modal index can be expressed as [3]

Df = bDL+ LDb (3)

The differential pressure ΔP along the length of the sensing region as
the wave propagates in a direction parallel to the fibre can be
expressed as [4]

DP(z, t) = DP0 cos vt −
2p

l
S

z

( )

(4)

where ΔP0 is the peak pressure, ω is the angular frequency and lS is
the wavelength of the ultrasonic wave; z is the co-ordinate along the
fibre direction; and t is the time.
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LP01–LP11 Cross-Mode Interference in a Chirped

Grating Inscribed in Two-Mode Fiber
Kok-Sing Lim, Member, IEEE, Md. Rajibul Islam, Yen-Sian Lee, Hang-Zhou Yang,

and Harith Ahmad

Abstract— We have demonstrated LP01-LP11 cross-mode
interference in a single chirped grating (CG) inscribed in a
two-mode fiber (TMF). With the aid of a binary phase plate,
LP01 mode and LP11 mode can be selectively excited in the CG.
By offsetting the position of the phase plate from the center of the
input beam, we can simultaneously excite both the spatial modes
at different LP01:LP11 intensity ratios in the TMF. The excited
modes lead to the formation of different interference patterns in
the output spectra. The measured output spectra are found to be
in good agreement with the simulation based on a coupled mode
theory.

Index Terms— Bragg gratings, coupled mode analysis,
few-mode fibers.

I. INTRODUCTION

C
OUPLED mode theory (CMT) is an important apparatus

in describing the wave properties of various gratings

imprinted on waveguides and optical fibers. The coupled

mode equations (CME) can be derived from the perturba-

tion theory [1] and various approaches based on numeri-

cal or analytical methods were proposed to simulate and

analyze the spectra and performance of the gratings. Com-

parison analysis of several employed formulations of CMT

in order to simulate fiber Bragg grating in respect of grating

phase, pitch and amplitude discontinuities is presented in [2].

In particular, Erdogan [3] presented a comprehensive study on

CME and the simulation of the grating spectra mainly focus

on single mode fiber (SMF). CME for uniform gratings with

constant parameter along the z-axis is simple and they can be

analytically solved [4].

However, close form solution is not possible for most

non-uniform gratings with varying parameters along the

fiber. The problem can be addressed by using the Transfer

Matrix Method (TMM), which is a commonly used numerical

method for solving the CME of non-uniform grating such as

phase-shifted grating, chirped grating (CG), apodized grating,

superstructured grating and etc. Apart from the studies in fiber
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May 4, 2016. Date of publication May 6, 2016; date of current version
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H.-Z. Yang is with the School of Physics, Northwest University,
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gratings, CME has also been studied for analysis of mode

propagation in uniform and slightly non-uniform cylindrical

optical-fiber [5], birefringence in spun 4-lobe stress region

fibers [6] and etc.

CME for few mode FBG are more sophisticated due to

the additional spatial variables and terms describing the cross

mode-coupling between two different spatial modes in the

system [7]. Generally, spatial modes in a FMF are orthogonal

and they do not couple or interfere with each other except

under the condition of inhomogeneous refractive index profile

over the cross section of the fiber. For example, optical fiber

in curvature may experiences asymmetrical index profile fiber

core index due to the bending stress [8], index perturbation

in fiber by mechanical stress relaxation using CO2 laser

irradiation [9]–[13] and asymmetrical index change in the fiber

core induced by UV laser. UV-induced asymmetrical index

change is generally found in fiber Bragg grating written by

UV-side illumination [14], in which the side of the fiber core

that is nearer to the incoming laser beam receives higher

laser intensity and yields greater index change than the far

side of the fiber due to the high absorption/attenuation of

UV laser in the fiber glass. As the result of inhomogeneous

core index profile, the mode profiles deform and the orthogo-

nality between the spatial modes degrades. Subsequently, this

leads to the production of non-zero cross-coupling coefficients,

enabling the exchange of energy among the spatial modes [15].

For a uniform grating on FMF, multiple resonant wavelengths

are observed in the spectrum. Each of them can be associated

with the self mode-coupling of a spatial mode or cross mode-

coupling between two different spatial modes in the fiber. With

the aid of binary phase plates, the associated spatial modes

to each resonant wavelength can be identified. In particular,

the cross-coupled wavelengths offer an attractive feature of

bidirectional conversion between the associated modes [16].

In the excitation of higher order modes in FMFs, there are

several available techniques such as core offset technique,

binary phase mask, prism mode selector [17] and etc. Among

them, core offset technique is the simplest approach for the

excitation of multiple higher order modes but it lacks the

flexibility in terms of mode selectivity. Binary phase plate is

a robust and precise approach for selective mode excitation

in FMFs. Despite the high insertion loss and bulky opto-

mechanical setup, phase plates are still the preferred choice

for mode conversion and selective mode excitation in various

Space-division multiplexing (SDM) applications [18]–[20].

In this work, we have fabricated and investigated the

characteristics of CG on TMF. In this grating structure, the

lowest two spatial modes, namely LP01 and LP11 contribute

0018-9197 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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PCF-Cavity FBG Fabry–Perot Resonator for

Simultaneous Measurement of Pressure

and Temperature
Muhammad Mahmood Ali, Graduate Student Member, IEEE, Md. Rajibul Islam, Kok-Sing Lim, Member, IEEE,

Dinusha Serandi Gunawardena, Hang-Zhou Yang, and Harith Ahmad

Abstract— In this paper, we propose a Photonic Crystal
Fiber (PCF)-cavity fiber Bragg grating (FBG) Fabry–Perot res-
onator for simultaneous sensing of temperature and pressure.
The proposed device is constructed by splicing a 1.5-mm long
PCF segment between two identical saturated FBGs written in
SMF-28 forming an FBG-PCF-FBG configuration. As a result,
a resonance dip is created within the Bragg reflection curve.
Taking advantage of the difference in pressure sensitivities
between the two types of fiber, the discriminative measurement
of pressure and temperature can be achieved from the shifts of
the resonance wavelength and band-edge wavelength. In addition,
the same temperature sensitivity of PCF and SMF-28 provides
the convenience of eliminating the temperature variable and
achieving temperature insensitive pressure measurement.

Index Terms— Optical fiber sensors, Fabry-Perot resonator,
photonic crystal fiber cavity, pressure sensor, temperature sensor.

I. INTRODUCTION

I
N RECENT years, fiber optic sensor technology has

become the leading area of interest to many researchers and

industries for several sensing applications due to their potential

advantages, such as light weight, low cost, and immunity

to electromagnetic interference (EMI). An early fiber based

pressure sensor was proposed by Xu et al. [1]. The strain-optic

property of FBG was exploited in the detection of hydrostatic

pressure. Since then, numerous improved models have been

proposed for pressure detection based on FBGs inscribed in

specialty fibers [2]–[6]. The use of PCF in pressure sensing

is particularly interesting and attractive. Taking advantages of

the air-hole and small cross-sectional area of silica region,

PCFs show greater pressure sensitivity than most SMFs which

are solid fibers. In addition, it is possible to selectively fill
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specific air holes in the PCF to achieve desired optical

properties such as enhance sensitivity asymmetric coupling [7]

and birefringence [8]. Wang et al. proposed the method

for selectively filling of PCF using focus ion beam milled

microchannel [9]. Furthermore, recent studies have demon-

strated high pressure and temperature measurement using

PCF along with standard SMF through the construction of

a fiber-optic Fabry–Perot interferometer [10]. The proposed

structure has a temperature sensitivity of 13.5 pm/°C and

pressure sensitivity of −5.77 pm/MPa. A considerable amount

of effort has been put into the development of different

techniques to distinguish the mechanical and thermal

effects [11]–[15]. However, it is necessary to investigate a

cost effective single system with ease of characterization

and fabrication to fulfill this aspect. Hollow-core fiber

based Fabry-Perot interferometers present rather interesting

results [5]. Due to the small light-glass interaction, the

pressure sensitivity is mainly contributed by the pressure-

induced change in fiber cavity length. Yamate et al. [2]

measured hydrostatic pressure by monitoring Bragg grating

peak splitting caused by transverse strain differences in the

core of a side-hole fiber which presents enhanced pressure

sensitivity and reduced thermal dependence in comparison

with FBG inscribed in solid fiber.

In this work, we proposed a PCF-cavity FBG Fabry-Perot

resonator for pressure sensing. The device is assembled from

two segments of uniform FBG inscribed in SMF and a short

length PCF based on the configuration of FBG-PCF-FBG.

In other words, the short PCF cavity in FBG-PCF-FBG

structure induces the phase discontinuity between the

two FBGs and it presents a similar output spectrum with that

of phase shifted FBG [16]. The phase is dependent on the

PCF structure and indicates much higher pressure sensitivity

compared to the FBG even though both exhibit similar

temperature sensitivities. Based on this observation, the

proposed device can be used for simultaneous measurement of

temperature and pressure including temperature independent

pressure measurement. Potential applications of the proposed

device include in-situ monitoring of temperature and pressure

especially in oil and gas industries as well as down-hole

applications in chemical industries.

II. FABRICATION

A 20 mm long uniform grating is written in a hydrogenated

SMF-28 by using KrF excimer laser and a phase mask.
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