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Abstract 

This thesis presents a detailed numerical analysis, fabrication method and experimental 

investigation on 45º tilted fiber gratings (45-TFGs) and excessively tilted fiber gratings (Ex-

TFGs), and their applications in fiber laser and sensing systems. The one of the most significant 

contributions of the work reported in this thesis is that the 45º-TFGs with high polarization 

extinction ratio (PER) have been fabricated in single mode telecom and polarization 

maintaining (PM) fibers with spectral response covering three prominent  optic communication 

and central wavelength ranges at 1060nm, 1310nm and 1550nm. The most achieved PERs for 

the 45-TFGs are up to and greater than 35-50dB, which have reached and even exceeded many 

commercial in-fiber polarizers.  It has been proposed that the 45º-TFGs of high PER can be 

used as ideal in-fiber polarizers for a wide range of fiber systems and applications.  In addition, 

in-depth detailed theoretical models and analysis have been developed and systematic 

experimental evaluation has been conducted producing results in excellent agreement with 

theoretical modeling. 

 Another important outcome of the research work is the proposal and demonstration of all fiber 

Lyot filters (AFLFs) implemented by utilizing two (for a single stage type) and more (for multi-

stage) 45-TFGs in PM fiber cavity structure. The detailed theoretical analysis and modelling of 

such AFLFs have also been carried out giving design guidance for the practical implementation.  

The unique function advantages of 45-TFG based AFLFs have been revealed, showing high 

finesse multi-wavelength transmission of single polarization and wide range of tuneability.  The 

temperature tuning results of AFLFs have shown that the AFLFs have 60 times higher thermal 

sensitivity than the normal FBGs, thus permitting thermal tuning rate of ~8nm/10C. By using 

an intra-cavity AFLF, an all fiber soliton mode locking laser with almost total suppression of 

siliton sidebands, single polarization output and single/multi-wavelength switchable operation 

has been demonstrated.  

The final significant contribution is the theoretical analysis and experimental verification on the 

design, fabrication and sensing application of Ex-TFGs. The Ex-TFG sensitivity model to the 

surrounding medium refractive index (SRI) has been developed for the first time, and the factors 

that affect the thermal and SRI sensitivity in relation to the wavelength range, tilt angle, and the 

size of cladding have been investigated. As a practical SRI sensor, an 81º-TFG UV-inscribed in 

the fiber with small (40μm) cladding radius has shown an SRI sensitivity up to 1180nm/RIU in 

the index of 1.345 range. Finally, to ensure single polarization detection in such an SRI sensor, 

a hybrid configuration by UV-inscribing a 45-TFG and an 81-TFG closely on the same piece 

of fiber has been demonstrated as a more advanced SRI sensing system.   

Key words: tilted fibre grating, Lyot filter, mode locking, multi-wavelength filter, optical fiber 

sensor. 
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1.1 Introduction 

Scientific research is like a relay race. In this race, there is no finishing point, but only a new 

starting point. Every new discovery always leads to a route to the next one, generating new and 

advancing exist technologies benefiting the society and our life. The discovery of low loss 

optical fiber has brought a new round of information revolution, because of its large capability 

of data and high speed transmission. However, it was and still is needed to integrate some bulk 

components into the fiber systems, such as reflection mirror, polarizer, filter and so on. And the 

discovery of photosensitivity of optical fiber in the UV region has made it is possible to 

fabricate some in-fiber optical components by writing grating structures into the fiber core by 

UV laser [1]. After overcoming the limitation of the initial grating inscription method and the 

introduction of practical grating fabrication technique in 1989[2], the fiber grating components 

and applications have been attracting more interests for three decades, and a wide range of  fiber 

grating based components, systems and applications have be developed, such as fiber Bragg 

gratings (FBGs) based reflectors, chirped FBGs based dispersion compensators, long period 

gratings (LPGs) based band rejection filters and tilted fiber gratings based polarization relevant 

elements. Due to their unique advantages of compact in size, robust, chemically inert, 

nonconductive, immunity to electromagnetic interference (EMI) and the capability for 

multiplexing, the optical fibre gratings have been not only used in modern optical fiber 

communications, but also vastly in optical sensing area.  
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The fiber gratings can be categorized as normal gratings (such as FBGs and LPGs) and tilted 

fiber gratings (TFGs).  Because of their very strong coupling between core and cladding modes 

and polarization dependent loss, TFGs have been subjected to increasing interests for theoretical 

and experimental investigation in recent years. By different coupling features, TFGs can be 

further classified as small angle TFGs (structure tilted at  <45°), for which the core mode is 

coupled into backward cladding modes; 45°-TFGs (structure tilted at  = 45), for which the 

core mode is coupled into radiation modes; excessively tilted TFGs (named Ex-TFGs as 

structure tilted at >45°), for which the core mode is coupled into forward cladding modes.  

According to the different mode coupling mechanisms, these three distinguishable tilted grating 

structures can offer different but desirable device functions for many in-fiber systems and 

applications in optic communication, sensing, and fiber laser systems. 

A considerable amount of research works have been conducted  and many papers have been 

published on the small angle TFGs [3]. However, so far, there is not any papers to report a 

systematically research about the high polarization extinction ration of 45°-TFGs and the low 

thermal sensitivity of Ex-TFGs. And the biggest overcome of 45°-TFGs is to fabricate high PER 

45°-TFGs in low cost, low photosensitivity standard single mode fiber.  The main aim of this 

thesis is to give a detailed study and research on fabrication, characterization and applications of 

45°-TFGs and Ex-TFGs by using theoretical analysis and experiment verification.  
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1.2 Structure of thesis 

This thesis consists of six chapters and the chapter details are summarized below:  

Chapter 1 gives a brief introduction and the structure of the thesis. 

Chapter 2 presents the study of the literature review on UV photosensitivity of silica glass fibers,  

the history and development of fibre grating technologies, including the three  fiber grating 

fabrication methods and the grating theory including the coupled mode theory mainly for FBGs 

and LPGs and volume current method specially for TFGs.  

Chapter 3 will give a systematic study on design, fabrication and characterization of 45°-TFGs. 

The chapter will first describe the working principle of a 45°-TFG as an in-fiber polarizer, 

followed by the theoretical analysis and modelling results. Then, the chapter will introduce the 

fabrication methods for producing tilted fiber gratings and discuss the limitation of the phase 

mask scanning technique by calculating the size of effective interference area. Finally, the 

chapter will present the detailed experiment results of UV-inscribed 45°-TFGs in terms of the 

polarization extinction ratio (PER) and polarization distribution.  

Chapter 4 will present the theoretical design and experimental demonstration of all-fiber Lyot 

filters (AFLFs) and their applications in fiber laser systems. The first part of this chapter will 

give a theoretical design and analysis of the AFLF. The second part will present the 

characterization and experiment results on AFLFs, and the temperature tuning feature of AFLFs. 
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Finally, the AFLFs applied in the fiber laser system to achieve all fiber multi-wavelength and 

mode locking operation will be presented in the last part. 

Chapter 5 will present theoretical and experimental investigation of Ex-TFGs and their 

temperature and surrounding medium refractive index (SRI) sensing function in detail.  For the 

first time, this chapter gives a detailed analysis of the dual-peak feature, derivation of the 

general expression of environmental sensitivity, and discussion of the main factors determining 

the thermal and SRI sensitivity of Ex-TFGs. Furthermore, this chapter also presents a systematic 

characterization of the thermal and SRI sensitivity for Ex-TFGs of different tilted angles and 

working in different wavelength ranges, which have further verified the theoretical model and 

simulation results. Finally, this chapter will describe the demonstration of a highly sensitive SRI 

sensor in aqueous solutions by UV-inscribing Ex-TFGs in the fiber with small diameter 

cladding, and the design of a hybrid 45° and 81° TFG based sensor to simplify the measurement 

process and investigate its SRI and temperature sensing property. 

Chapter 6 will present the thesis conclusion and suggestions for future work. 
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Chapter 2.                   

Background review (History, 

photosensitivity, grating fabrication 

methods, grating theory) 
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2.1 History of the development of fiber grating technology 

During the development of science, many important discoveries were associated with some 

“accidental” events, for example, the discovery of X-ray by Roentgen. The discovery of 

photosensitivity of optical fiber is another case, which was reported by K. Hill in 1978[1]. 

According to Hill’s memory[4], the photosensitivity of optical fiber was discovered, when they 

were testing the non-linear effect of a heavily germanium-doped fiber from Bell Northern 

Research by launching the light from an argon–ion laser through directly butt-coupling. 

However, they didn’t get the expected results, but observed an increasing attenuation in the 

fiber. The later experiments confirmed that the increased attenuation was caused by the growing 

of a refractive index grating in the fiber, which was reflecting the forward propagating laser 

beam in the core.  This refractive index grating was formed by the weak standing wave 

generated by 4% Fresnel reflection from the both cleaved ends of the fiber. This refractive index 

grating was named “Hill grating”, which was the first demonstration of a fiber Bragg grating 

(FBG). Later, the photosensitivity phenomenon of the germanium-doped optical fiber in Hill’s 

experiment  was known  generated from a two-photon absorption process[5].  

After this initial discovery of photosensitivity of optical fiber, the fiber grating technique was 

not further developed, because of the unpractical fabrication method which could not be used to 

produce function devices for arbitrary wavelength, as the reflection wavelength of the grating 

depends on the argon ion laser and cannot be changed. Gerry Meltz and Bill Morey reported first 

the side inscription technique (or transverse two-beam holographic method) in 1989 [6], which 



 

24 

 

allowed to inscribe FBGs with arbitrary wavelength simply by changing the interfering angle 

between the two beams. In 1990,  Meltz reported the first tilted fiber grating, which was 

fabricated by rotating the fiber with an angle respect to the interference fringes using the two-

beam holographic method [2]. In 1993, a new inscription method using phase mask was 

reported by Hill and the other two groups in Bell Labs and British Telecom [7-9]. In 1994, the 

first chirped fiber Bragg grating was inscribed by Hill as a dispersion compensator [10], in 1996, 

Vengsarkar et al. reported the first LPG as band rejection filter [11] and in 2000, 45°TFG was 

firstly demonstrated by P. S. Westbrook, which was used to achieve an in-line polarimeter [12]. 

In 2005, Zhou et al.  proposed and demonstrated an in-fiber polarizer with a high polarization 

extinction ratio of 33dB based on 45°TFG [13] and in 2006, he and his colleagues reported the 

fabrication and characterization of Ex-TFG, which have shown high refractive index 

responsivity and low thermal cross sensitivity [14]. In addition, there are many reports on 

modified fiber gratings, such as sampled gratings [15], apodized FBGs [16, 17], Moire gratings 

[18, 19] and phase shift gratings[20-22].  

The fiber gratings as in-fiber devices own many advantages, such as compact in size, robust, 

chemically inert, nonconductive, immunity to electromagnetic interference (EMI) and the 

capability for multiplexing.  To date, fiber gratings have been widely applied in applications of 

optical communication, signal processing, optical sensing, fiber lasers etc.   
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2.2 Photosensitivity of optical fiber 

The photosensitivity of optical fiber refers to the refractive index change of fiber core after 

exposing to the UV light, which is a complex of photochemical, photomechanical and thermo 

chemical mechanisms. It was initially discovered in the germanium-doped silica glass fiber. 

Actually, many other doped silica fibers, such as europium [23] , cerium[24], phosphorus [25] 

and erbium/germanium[26], have also shown different degrees of photosensitivity. However, 

the germanium-doped fiber shows more photosensitive to the UV exposure in comparison with 

others.  In this section, we will mainly review the photosensitivity mechanism in germanium-

doped silica glass fiber.  

2.2.1 Photosensitivity mechanisms 

Nearly all materials have defects. The defects of material are fatal in some applications such as 

high speed rotating turbine, however, in some applications, the defects are useful such as in 

semiconductor materials and in germanium-doped optical fibers. For better understanding of the 

photosensitivity in UV region, it is important to learn the colour center related point defects in 

the germanium-doped silica glass fiber.  

In an optical fiber, there are a significant number of point defects generated during the 

fabrication process of preform and fiber drawing.  As it known, the germanium-doped preform 

is prepared by using modified chemical vapor deposition system, in which the doping 

concentration of germanium could be easily adjusted by changing the ratio of reacting gases 
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such as silicon/germanium tetrachloride and oxygen. However, because of the in-completeable 

chemical reaction, there are a lot of suboxides and defects in the silica host tetrahedral matrix, 

and the later fiber drawing process also induces new defect centers such as drawing induced 

defects (DIDs) [27, 28]. For the germanium, there are two stable oxidation states, +2 and +4 

which are corresponding to GeO and GeO2, respectively. However, due to the instability of 

GeO2 at the high temperature during the fabrication process of perform, the suboxide GeO 

exists mainly in the fiber core as the form of 2-coordiated Ge or the Ge-Si (or Ge-Ge) wrong 

bonds, which are considered as the defects precursors[29].  Figure 2.1 shows different point 

defects in germanium-doped optical fiber. 

Figure 2.1 The schematic to show different point defects in germanium-doped silica glass [29]. 

In Figure 2.1, Ge(1) and Ge(2) are trapped electron centers (or hole centers), which have the 

absorption bands at 281nm and 213nm, respectively [30, 31]. The GODCs are germanium 
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oxygen-deficient centers, which are responsible to the photosensitivity of optical fiber. There 

are three absorption bands associated to GODCs: 240nm, which is a single photon absorption 

process due to singlet to singlet transition; 325nm, which is a weak absorption band associated 

with singlet to triplet transition; 480nm, which is two-photon absorption process[32]. The P-

OHC, NBOHC, and GeE’ are the proxy oxygen hole center, non-bridging oxygen hole center, 

and hole traps center (electron center), and have the absorption bands at 260nm, 600nm and 

195nm, respectively [33]. Table 2.1 lists the associated absorption bands of different point 

defects. These absorption bands caused by the point defects are also responsible for 

transmission loss, nonlinear transmission[34, 35] and fiber fusing effect[36].   

Table 2.1 The list of absorption band associated with different defects [33] [34, 35] [36]. 

Defects Absorption bands Ref. 

Ge(1) 281nm [37, 38] 

Ge(2) 213nm [37, 38] 

P-OHC 260nm [39] 

NBOHC 260nm, 600nm [39] 

GODC 240nm, 325nm and 480nm [34, 37] 

GeE’ 195nm [38] 

DID 630nm [27] 

2.2.2 Photosensitization techniques 

Photoinduced refractive index change is a complex mechanism, and it is not possible to explain 

all experiment phenomena by a single model. So far, several models have been proposed to 
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understand the photosensitivity of optical fiber, such as color center model [40-42], 

compaction/densification model [43], stress relief model [44, 45], electron charge migration 

model [46], permanent electric dipole model [47] and ionic migration model [48]. Among them, 

the first three are commonly regarded responsible for the photosensitivity mechanism in the 

germanium-doper fiber. In the sections below, we will give a brief review of these three models: 

color center, compaction/densification and stress relief.   

2.2.2.1 Color center model 

The color center model is actually defects center model, which was firstly proposed by Hand 

and Russell [47]. In this model, it is thought that the photoinduced localized electronic 

excitations and conversions of defects centers in the germanium-doped fiber are responding to 

the photoinduced refractive index changes. For germanium-doped fiber, there are two dominant 

absorption bands (195nm (6.35eV) and 240nm (5.1eV)), which are associated to point defects 

GeE’ and GODC [49, 50]. The photon induced refractive index change responded to UV light 

near 240nm  induces the conversion between GODC defects and GeE’, which has been 

observed in the experiment [41].  

As we reviewed above, there are two possible candidates of GODC: Ge2+ ions coordinated by 

two oxygen atoms and having two lone pair electrons and the Ge-Ge or Si-Ge wrong bonds (see 

in Figure 2.1 ) [38]. It has been reported there are two different photochemical reaction paths: (1)   

single-photon process, in which the wrong bond based GODC absorbs a photon ( 5.16eV) and 

converts into GeE’, GeO3+ and an electron, which has been confirmed by Hosono et al. (see in 
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Figure 2.2(a)) [38, 51]; (2) two-photon process, in which the 2-coordinated Ge based GODC 

absorbs two photons and generates a Ge electron center (GEC) and a self-trapped hole center 

(STH), and finally the GEC is converted to GeE’ (see in Figure 2.2(b)) [51]. 

Figure 2.2 The two photochemical reaction paths: (a) single photon process and (b) two-photon 

process [51]. 

In the color center model, the changes of refractive index are linked to the changes of absorption 

in UV region. The index change could be evaluated by using Kramers-Kronig relation which is 

expressed as [40]: 
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Where, P is the principal part of the integral, λ’ is the wavelength at which the refractive-index 

change was calculated, and αeff (λ) is the effective change in the absorption coefficient of the 

defects.  

The Kramers–Kronig relations are mathematical relations, which are used to connect the real 

and imaginary parts of any complex function. In a physical system, it is usually used to 

calculate the real part from its imaginary part [52]. For the color center model, the UV 

http://en.wikipedia.org/wiki/Mathematics
http://en.wikipedia.org/wiki/Real_number
http://en.wikipedia.org/wiki/Imaginary_number
http://en.wikipedia.org/wiki/Complex_analysis
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absorption (imaginary part of index) of silica is connected to the refractive index change (real 

part of index) in the infrared and visible spectrum. The Kramers-Kronig relationship can explain 

UV-induced low value of refractive index change very well, which has been supported by 

various experimental measurements [41, 53-56]. However, it can’t be accounted for large index 

change.  

2.2.2.2 Compaction/densification model 

The compaction/densification model assumes that the refractive index change is caused by the 

UV-induced compaction/densification. Fiori and Devine have firstly observed the compaction 

effect of amorphous silica film as it was irradiated by the KrF excimer laser and its thermal 

reversibility. When the silica film was exposed with more than threshold irradiating dose, the 

thickness of film was approximately reduced by 16% and the index change was approaching to 

20% [57, 58]. The experiments in bulk glass have found the compaction effect of silica could be 

enlarged by doped element that can soften silica, such as phosphorus or boron dopant [59]. 

Later, the UV-induced compaction in the germanium-doped silica preform and fiber was also 

observed in the experiments by using atomic force microscope (AFM) [60] and transmission 

electrons microscope (TEM) [61].  

During the growth of Bragg grating in the fiber and perform [60, 62], a strong increase of the 

tension was observed, which is in contradiction to the stress relief model. And it was found the 

index modulation is the combination of compaction and tensile stressing effect of fiber core, in 
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which the increasing of tension reduces the index of fiber core, and the compaction of core will 

increase the refractive index. Limberger et al. firstly quantitatively analyzed the contributions to 

the UV-induced index change due to the photoelastic and compaction effect, which concludes 

that the total Bragg grating index modulation is smaller than the compaction induced index 

modulation by 30%-35%, because of the negative index effect of photoelastic[44]. Then, the 

compaction model has been accounted for relatively large index change in the fiber core. 

2.2.2.3 Stress relief model 

The stress relief model regards  that the refractive index change in the fiber core is from the 

relief of built-in thermo-elastic stress caused by the UV-irradiation [63]. Due to the different 

thermal expansion coefficients of fiber cladding and core region, the residual stress is restored 

during the fiber drawing and cooling process [64]. It is known the tension can reduce the 

refractive index. So, during the UV irradiation process, relaxation induced by the thermal effect 

promotion in the fiber could cause the increase of index. Although the stress relief model may 

explain the large index change in the fiber core, the contradiction results have been observed in 

the experiment, in which the growing of fiber Bragg grating induces very strong tension [44], 

but the stress relief model can’t explain the thermal bleaching phenomenon of grating. 

2.2.3 Photosensitivity enhancement techniques 

The standard single mode fiber has shown very poor photosensitivity, as the single mode fiber 

(SMF-28) has a low (3%) germanium dopant and the UV-induced saturable index change in the 
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fiber is only around 3×10
-5

 [65]. We can calculate the reflection of a 1550nm FBG with 3×10
-5

 

index modulation and 10mm length is only at ~1.5dB (29%). D. S. Starodubov’s paper has 

shown that the photosensitivity of fiber could be improved by increasing concentration of 

germanium dopant [66], however, the higher germanium doping level would cause significant 

transmission loss and reduce mechanical strength. So, it is important to develop photosensitivity 

enhancement techniques to UV-inscribe strong and high quality gratings in silica glass fibers. 

So far, there are three main methods that have been developed to increase the photosensitivity 

of fiber: hydrogen loading, flame brushing and co-doping, which will be discussed in the 

following sections.  

2.2.3.1 Hydrogen loading technique 

To increase UV photosensitivity in standard single model fiber (SM-28) by hydrogenation 

(hydrogen loading) was firstly reported by Lemaire et al., by which the saturated index change 

of the fiber can reach 3.43×10
-3

, almost 100 times higher than non-hydrogenation fiber. The 

hydrogenation process is that the fiber should be soaked in high pressure (ranged from ~20atm 

to over 750 atm) hydrogen gas at temperatures ranging from 20 to 75°C for several days (the 

loading time depends on the temperature and pressure) [67].  The studying from Douay et al. 

has given the evidence that the concentration of GODCs is greatly increased in the fiber core 

after loading hydrogen [68].  

It is assumed that temperature induces the chemical reaction between hydrogen and pre-exist 

sites in the fiber during the hydrogenation process [69, 70]. Awazu’s study has shown the 
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absorption bands of optical fiber at 242nm, 325nm and 2.75μm can be enlarged by the 

hydrogenation [71]. Among them, the absorption bands at 242nm and 325nm are corresponding 

to GODCs. The proposed chemical reaction model is shown in  Figure 2.3 [71].  

Figure 2.3 The proposed model for chemical reaction inside of the hydrogen loaded fiber; T 

represents Ge or Si[71]. 

As it shown in Figure 2.3, the hydrogenation technique greatly increases the concentration of 

GODCs that is related to the photosensitivity of standard single mode fiber. However, the 

hydrogenation may involve hydroxyl contamination, which can cause critical loss in the 

communication windows [69, 70].  So, some researchers have tried to replace hydrogen by 

deuterium, which can move the infrared loss band away from the tele-communication 

transmission window [72].  

2.2.3.2 Flame brushing technique 

The flame brushing is another photosensitization technique for optical fibers, in which the 

designated region of fiber is treated in a flame fuelled with hydrogen and oxygen at the 

temperature of approximate 1700 ºC for around 20mins. This technique has the same 

photosensitizing principle as the hydrogenation technique, in which the hydrogen molecules 

diffuse quickly into the fiber and react with germanosilicate fiber to produce GODC defect 
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centers, enlarging the absorption band at 240nm, thus increasing UV-induced refractive index 

change[73].  

Comparing with hydrogenation technique, the flame brushing technique shows many 

advantages, such as short treatment time, low loss at the desired telecom transmission window, 

permanent enhancement and localization of photosensitivity. However, the high temperature 

can weaken the fiber, which could seriously affect the service time of the optical fiber device.  

2.2.3.3 Co-doping technique   

The discovery of photosensitivity of optical fiber is because of the dopant of germanium, so, the 

photosensitivity might be enhanced by doping or co-doping additional materials. In 1993, 

Williams et al. demonstrated a high photosensitive fiber which was Boron and Germanium (B-

Ge) co-doped in the fiber core. The UV-induced saturated index change in this B-Ge co-doped 

fiber is around 4 times larger than that of the standard single mode fiber. In addition,   the UV 

exposing time to reach the saturated index change was greatly reduced from more than one hour 

for the standard germanosilicate fiber to only around 10mins for B-Ge co-doped fiber [59]. As 

we known, the doping of Boron to silica could reduce refractive index of silica and make it 

softer than before [74]. The studying of UV absorption band spectrum for different co-dopings 

has shown  small concentration of Boron co-doping (< mol 10%) hardly affects the 240nm 

absorption band, and only the boron dopant exceeding >10 mol%  will reduce the absorption 

strength at 240nm [75]. The later research has indicated a higher drawing tension could enhance 

the photosensitivity and an increase of the core stress was also observed during the grating 
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formation in B–Ge co-doped fibers [76], which give the evidence for that the photosensitivity 

enhancing mechanism of B–Ge co-doped fibers could be related to the photoinduced 

compaction model. It is also noted that B-Ge co-doping will also increase Ge-Si wrong bonds 

concentration, because the addition of Boron reduces the density of Ge(n)-centers by providing 

alternative traps, and B2O3 probably mimic oxygen-deficient glass [63].  

Actually, not only the Boron co-doping to germanosilicate fiber can enhance the 

photosensitivity, but other material as co-dopants in the fiber core could also enhance the 

photosensitivity. For example, Tin (Sn) co-doped fiber exhibits the saturated refractive index 

change of 3 times bigger than in normal germanosilicate fiber.  In comparison with B co-doping, 

Sn co-doping does not introduce significant loss at the telecommunication transmission window 

[76, 77].  However, some difficulties are related to the preform fabrication, as the SnO2 is easy 

to burn off during preform collapsing and to be crystallized for high concentration SnO2 doping 

(>1 mol%), thus restricting the practical application of Sn co-doped fiber.  

The Nitrogen (N2) co-doping germanosilicate fiber also exhibited extremely high 

photosensitivity, in which the refractive index change is around 2×10
-3

 for non-hydrogenation 

fiber, and 1×10
-2

 index change for hydrogenated fiber [78]. However, a large amount of 

hydrogen in the N-doped fibers induces very high intrinsic loss at the level of 1000dB/km at the 

communication window, because the N-H bond has very strong absorption band at the 

wavelength of 1506nm [79, 80]. The UV absorption band spectrum of N-doped fiber has shown 
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an enhanced absorption band at 240nm, which means the addition of nitrogen strongly increases 

the GODC defect centers concentration[78].   
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2.3 Fiber grating fabrication techniques 

A fiber grating has a quasi-periodic refractive index modulation structure in the fiber core. 

Because of the UV photosensitivity of optical fiber, the grating could be created by exposing the 

fiber to the intensity periodic variation of UV beam. So far, four types of grating fabrication 

techniques have been developed: standing wave inscription technique [1], two beam 

interferometric technique (holographic method) [6], point-by-point inscription [23] and mask 

scanning technique[7, 8].  In this section, we will give detailed description about these 

inscription methods. 

2.3.1 Standing wave inscription technique 

As discussed before, the first fiber Bragg grating was produced  by Hill et al. in 1978 by a 

standing wave generated in the fiber core [1]. The standing wave was formed by 4% Fresnel 

reflection occurred at the both end faces of fiber when 488nm laser was launched into the fiber 

core. However, in this standing wave method, the grating period was determined by the 

wavelength of incident laser and the germanium doped fiber was only photosensitive to a 

limited UV absorption band, which generated a weak FBG at 488nm, not useful for application 

in telecommunication systems. Figure 2.4 shows the schematic of standing wave inscription 

technique. 
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Figure 2.4 The schematic of standing wave inscription technique reported by Hill et al.[1] 

In the standing wave technique, the period of grating is determined by the wavelength of 

incident laser and effective index of fiber core, which is: 

                                                   

effn2

UV
                                                                                                       (2.2) 

2.3.2 Two-beam holographic inscription technique 

After Hill reported the first fiber Bragg grating, the fiber grating devices were not fully 

developed, because of obscure photosensitivity mechanism, inefficient fabrication technique 

and limited selection of operation wavelength. Meltz et al. reported the transverse two-beam 

holographic inscription technique in 1989, which has revolutionized fiber grating technology. In 

the transverse holographic technique, the fiber is exposed from the side to two coherent UV 

light beams. The two overlapping UV beams interfere producing a periodic interference pattern 

that can modulate the refractive index of the fiber core in a periodic manner forming Bragg 
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grating. Since Meltz reported the first holographic inscription technique, several improved 

configurations have been developed [53, 81, 82].   

 

Figure 2.5 The basic schematic of transverse two-beam holographic technique[65].  

As shown in Figure 2.5, the UV beam via a beam splitter is split into two equal intensity beams 

and reflected by two symmetric mirrors and the distance between the mirrors and the splitter 

could be adjusted. Then the two reflected beams are recombined to generate an interference 

pattern in the overlap area.  The stripped optical fiber is placed in the interference area, and 

subsequently a refractive index modulation is induced in the core of the fiber. Unlike the 

standing wave technique, the period of interference pattern depends not just on the wavelength 

of incident light but also the angle between the two beams. The relation is expressed as: 

                                











2
sin2

UV
G




                                                                            (2.3) 
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As we known, the Bragg resonance wavelength of grating is determined by the period of grating, 

which is: 

                                      
Geffn2                                                                                       (2.4)  

 So, the relation between the Bragg resonance wavelength and inscription laser wavelength and 

the two beams interfering angle could be written as: 

                                      











2
sin

n UVeff




                                                                                    (2.5) 

From Equation 2.5, it is clearly that the Bragg resonance wavelength could be flexibly adjusted 

by changing the angle between the two UV beams, which is the biggest advantage of the 

transverse holographic technique. However, the holographic technique requires the UV laser of 

high degree of coherence and a very stable optical table, because any vibration will cause the 

drift of interference pattern to bleach the grating structure.  

In the two-beam inscription system, the distance from the beam splitter to fiber holder is fixed 

(labeled as L0 in Figure 2.5), but the angle between the two beams is adjusted by changing the 

positions of mirror 1 and 2 (L1). According to the trigonometry of the inscription system, the 

relation of θ/2 and L1 could be given as: 
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Substituting Equation 2.6 into Equation 2.5, we can obtain the final relationship between the 

Bragg wavelength and the distance from the mirror to the beam splitter, as: 
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2.3.3 Phase mask scanning technique 

As an alternative method to two-beam holographic technique, the phase mask technique is more 

efficient and reproducible, which was simultaneously reported by three research groups in 1993: 

Hill’s group, Bell Labs and British Telecom[7-9]. The phase mask is a one-dimensional periodic 

surface relief pattern etched into fused silica substrate that is transparent to UV light. The 

optical fiber is placed very close to the corrugations of the phase mask (see in Figure 2.6). The 

UV beam is diffracted into several orders by the periodic corrugations, when it passes through 

the phase mask. The zero order diffraction of the phase mask is usually suppressed to less than 4% 

of the intensity of the transmitted light by controlling the depth of corrugation and choosing the 

amplitude of the periodic surface-relief pattern with the π phase modulation at the wavelength of 

incident UV beam. The depth of corrugations for minimum zero order diffraction is expressed 

as: 

                                      
  )1(n2

d
UVs

UV







                                                             (2.8) 
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 Where λuv is the wavelength of the UV beam and ns(λuv) is the refractive index of fused silica 

substrate at the wavelength of incident UV beam. 

Table 2.2 Diffraction power level of a uniform phase mask 

Approximately 80% UV laser intensity is divided equally into +1 and -1 orders. Table 2.2 gives 

an example of the diffraction power into 0 and ±1 order measured from a uniform phase mask 

(from Ibsen) with the incident power of 100mW measured after the phase mask. The two ±1 

diffraction beams interfere to generate a periodic pattern which can inscribe a Bragg grating 

inside the optical fiber core, as it shown in Figure 2.6.  

d

ΛPM

ΛG

+1 order -1 order

UV beam

Phase mask

Optical fiber

 

Figure 2.6 Schematic of UV diffraction beams by a phase mask [7-9]. 

Incident power 

Diffraction power for 0 and 1
st
 orders 

-1 order 0 order +1 order 

100mW 38.9mW (38.9%) 0.5mW (0.5 %) 38.9mW (38.9%) 
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Unlike two-beam holographic technique, the period of fiber grating is independent of UV 

inscription wavelength and is only determined by the period of phase mask. In fact, the period 

of a Bragg grating is a half of the period of phase mask: 

                                                      
2

PM
G


                                                                           (2.9) 

Obviously, one phase mask gives one fiber Bragg grating, thus it is much more expensive to 

produce a single grating and is more suitable for mass production with repeatable high quality. 

However, It has been reported that by adding a system to stretch the fiber, the grating 

wavelength can be changed by ~2-3nm with a fixed wavelength phase mask.   

2.3.4 Point-by-point inscription technique 

In the point-by-point technique, each index perturbation of the grating is individually 

photoimprinted in the fiber core by directly modulating the UV beam or using an 

interferometrically controlled translation stage with continuously UV-exposing.  This technique 

was firstly reported by Hill et al. in1990, in which a fiber grating based mode convertor was 

demonstrated [83]. However, the period range of grating fabricated by using point-by-point is 

relatively long from tens micrometers to millimeters. Malo and co-workers have achieved a 

third order FBG at 1536nm by using a modified point-by-point inscription technique, in which a 

focus lens was placed between slit and fiber, and the image of slit was shadowed inside of the 

fiber core [84]. Because of the limitation of the grating period formed by the point-by-point 
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inscription technique, it is difficult to fabricate a first order FBG; the technique is more suitable 

for long period grating inscription by adding another focus lens.  

Figure 2.7 Schematic of point-by-point inscription technique [83]. 

Figure 2.7 shows the schematic of point-by-point inscription. As it shown in the figure, the UV 

beam is focused on the fiber core by two cylindrical lenses placed orthogonally (or using just 

one circular lens), and moving along the fiber as the shutter can be regularly switching on/off.  

Recently, with the development of femtosecond laser, the point-by-point technique is more 

widely applied in femtosecond laser inscription of fiber gratings and microstructures. 
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2.4 Theoretical analysis methods for fiber gratings 

The theory and numerical simulation always help us to understand and explain the phenomena 

observed in the experiment, and optimize the design of device. To date, several approaches have 

been developed for simulating fiber gratings: the coupled mode theory (CMT) [85-87], effective 

index method (EIM) [88], volume current method (VCM) [13, 89, 90] and the beam tracing 

method (BTM)[91]. In this section, we will only review CMT and VCM as we have used them 

to simulate and analyze the fiber gratings reported in this thesis. 

2.4.1 Couple mode theory 

The concept of mode coupling was firstly introduced by Pierce for the application of travelling-

waves tube [82]. The applications of CMT in optical fiber devices were developed at the 

beginning of 1970 [81, 84, 92]. For a compound waveguide, energy exchanging among the 

guided modes or cladding modes could occur because of the present of perturbations. The 

perturbation might be fiber shape deformation (such as bending, loading), two or several 

parallel waveguides, periodical grating structure or a taper. The physical nature of CMT is that 

the compound waveguide is treated as a series of individual waveguides with modes associated 

to each waveguide. UV induced grating structure is a type of periodic perturbation in the optical 

fiber, which could cause the efficient mode and wavelength selective couplings between core, 

cladding and radiation modes. Using the CMT, the quantitative information about the spectral 

response of fiber gratings is provided by the approximate solution of mode coupling equation.  
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2.4.1.1 General expression of couple mode equations 

The CMT is derived from Maxwell’s equation, and the detailed derivation has been presented in 

numerous articles and books [85, 92, 93]. In this section, the derivation of CMT is closely 

following Erdogan’s work [85]. In the CMT, the transverse component of the electric field is 

written as a superposition in an ideal mode approximation, which is:  
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Where, m is mode order of an ideal waveguide; Am(z) and Bm(z) are slowly varying amplitudes 

of the m
th
 mode propagating along the +z and –z directions, respectively; βm is the m

th
 mode 

propagation constant, which is equal to (2π/λ)neff.  In the ideal waveguide condition, there is no 

power exchanging between the modes, because the modes are orthogonal. However, the 

presence of a dielectric perturbation will cause the modes coupling such that the amplitude Am 

and Bm of the m
th
 mode evolve along the z direction. 
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In Equation 2.11 and Equation 2.12, the 
T

qmC  and 
L

qmC  are transverse coupling coefficient and 

longitudinal coupling coefficient, respectively. In general, for fiber modes, the longitudinal 
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coupling coefficient is far less than transverse coupling coefficient, which could be neglected. 

For UV induced fiber grating, the transverse coupling coefficient is defined as: 

            y)dxdy (x,),(),,(
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Where, δnco is the core index perturbation, which is described as: 
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Where con is the “dc” index change spatially averaged over a grating period, s is the fringe 

visibility of the index change, Λ is the nominal period, and φ(z) describes grating chirp. 

Substituting Equation 2.14  into Equation 2.13, then: 
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Here, we define two new coefficients qm (self- or dc coupling coefficient) and )z(qm  (cross- 

or ac coupling coefficient):  
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Then, the general coupling coefficient can be rewritten as: 
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                                                      (2.18) 

2.4.1.2 Fiber Bragg grating 

A FBG has quasi-periodic index modulation pattern along fiber axis with a period in sub 

micrometer range. For a FBG in a single mode fiber, only the energy exchanging between 

forward and backward propagating core modes is the dominant interaction. So, for a FBG, 

Equation 2.11 and Equation 2.12  could be simplified at around Bragg wavelength to the 

following equations:  

                        )z(Si)z(Ri
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zi dezBzS ;   is the general self-coupling 

coefficient, which is defined as [85]: 
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The detuning d  is a z independent parameter, which is defined as: 
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Here, the cross-coupling coefficient is given as: 

                                   *
effns




                                                                            (2.23) 

For a uniform FBG, it has a uniform perturbation along the z-axis, so the UV-induced index 

change
effn is a constant and 

dz

d
is 0 (note, 

dz

d
 describes the chirp of grating). Then, the self- 

and cross-coupling coefficients are constants, which will simplify the Equation 2.19 and 

Equation 2.20 into first order ordinary differential equations. The final solution could be 

obtained when these equations were given the boundary condition.  

2.4.1.3 Long period grating 

Comparing with FBG of sub-micron period, a LPG with period of tens and hundreds microns 

could induce the mode coupling between co-propagating core and cladding modes, thus the 

LPG is also referred as transmission grating. So, the forward propagating core mode with 

amplitude R’(z) is coupled into a co-propagating cladding mode with amplitude of S’(z).  Then, 

after applying synchronous approximation,  Equation 2.11 and Equation 2.12   could be 

rewritten as in [85]:  
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The amplitudes R’(z) and S’(z) are defined as: 
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In Equation 2.26 and Equation 2.27  , ζ 11 and ζ 22 are the self-coupling coefficients which have 

been defined in Equation 2.16; κ= κ21=κ
*
=κ12 is the cross-coupling coefficient from Equation 

2.17. ζ is the general self-coefficient, which is defined in [85]: 
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The detuning  d  is defined as: 
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Like an FBG, for a uniform LPG, the self- and cross-coefficient are constants. So, Equation 

2.24 and Equation 2.25 are finally simplified as the first order ordinary differential equations 

with the constant coefficients, and the analytical solutions could be obtained when the initial 

conditions are specified. 

2.4.1.4 Tilted fiber grating 

The TFGs have slanted index modulation pattern with respect to the fiber axis (see in Figure 

2.8). For non-tilted fiber gratings, the light coupling is only allowed between the fiber modes 

with identical azimuthal order m (usually m=1), and it is polarization independent if they are 
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inscribed in circular fibers. However, the TFGs could achieve the mode coupling between 

dissimilar azimuthal orders (m=0,1,2….), such as  cladding and radiation mode coupling [85, 87, 

94].  Due to the different coupling coefficient and mode index of TE and TM, the TFGs always 

have very strong polarization dependence loss. 

Figure 2.8 Diagram of a tilted fiber grating in the fiber core [87]. 

As it shown in Figure 2.8, the UV induced index change in the TFG has a θ tilt angle with 

respect to the normal of fiber axis. The index perturbation could be expressed as: 
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Where, z’=x*sinθ+z*cosθ shown in Figure 2.8. However, the resonant wavelength for coupling 

is determined by the period along the fiber axis (z-direction), which is Λ=ΛG/cosθ. Here, 

z’≈z*cosθ is used in Equation 2.30. The general coupling coefficient described in Equation 2.18 

will become: 
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In Equation 2.18, the subscripts m and q actually describe the same mode but traveling in 

opposite directions (+ for forward travelling mode, - for backward travelling mode). The self 

and cross coupling coefficients are expressed as: 
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A. Cladding mode coupling 

Using the general couple mode equation described above, the equations for TFGs that describe 

mode coupling from core mode to the  cladding modes are given as [85, 87]: 

                      
zicl

m

m

cocl

m

cococo
cocl

meSiRi






  12

0110101

co

dz

dR                                                  (2.34)

 

                               














m

zi2cococl

01m1

cl

m
cocl

m1eRi
dz

dS                                                                (2.35) 

The detuning is  

                                 
















2

2

1
101011

cl

m

cococl

m                                                                               (2.36) 

In Equation 2.34 and Equation 2.35, the self and cross coupling among the cladding modes have 

been neglected, because of very small coupling coefficient. 
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B. Radiation mode coupling 

The radiation-mode coupling  has been studied as a loss mechanism on core-mode transmission 

in ref [85, 86, 95]. In Erdogan’s study, the CMT is based on scalar linear polarization (LP) 

mode, but in ref. [86], Brown introduced the radiation mode from the fundamental HE and EH 

modes. In this section, we will follow Erdogan’s work and present the coupled mode equations 

for radiation modes of TFGs.  

Firstly, we assume that the cladding of fiber has an infinite radius and its index is ncl. The 

coupled-mode equations for the coupling of an LP01 core mode to backward propagating LPmρ 

radiation mode are described as: 
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Where, m is the polarization and azimuthal order; ρ is the continuous label, which is defined as 
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are the self- and cross coupling coefficient, which are defined in Equation 2.16 and Equation 

2.17. The detuning is: 
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After applying essentially a “first born approximation” to the core-mode amplitude in Equation 

2.38, finally, the amplitude of the core mode could be approximately given from Equation 2.37 

as: 
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In Equation 2.40, the real term in square brackets is the exponential loss coefficient of the core 

mode. The CMT could accurately and efficiently predict the transmission spectra for couplings 

between fundamental core mode and both guided cladding and radiation modes. However, The 

CMT is not good tools to analyze the non-paraxial scatterings, e.g. when the tilt angle is equal 

to 45º [87]. 

2.4.2 Volume current method 

The VCM is equivalent to the first order Born approximate Green function, which is a 

perturbation analysis method. To date, the VCM has been widely used to study waveguide 

radiation loss caused by bending, rough surface, or structure [96-99], which was firstly 

introduced to analyze radiation modes of TFGs by Li in 2001 [89]. Later, Zhou gave the final 

radiation loss coefficient of TFGs by integrating Li’s results [13]. Comparing with CTM, the 
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VCM is more convenient to calculate the radiation modes of TFGs. In this section, the 

derivation process of VCM is following  the ref. [89].  

2.4.2.1 The general expression of radiation loss from VCM 

In an ideal waveguide, the Maxwell equation of an electric and a magnetic field could be 

described as: 
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Where, E  and B are the electric and magnetic field expression; 0  is the magnetic constant, 

and )(r  is permittivity distribution inside of waveguide. When the index perturbation exists in 

the waveguide, the Maxwell equation of the field could be rewritten as: 
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Here, E  and  B  are the changes of field induced by the presents of the permittivity 

perturbation )(r . By subtracting Equation 2.41 from Equation 2.43 and Equation 2.42 from 

Equation 2.44, then obtaining:  
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In Equation 2.45, 
t

E
r




 )(  is defined as polarization current density )(rJ . Finally, if the 

time dependence of field were
tie 
, the solutions of Equation 2.45 and Equation 2.46 are given 

as: 
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Where, A  is the vector potential, which is expressed as: 
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The power flow density vector is given as: 
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So far, the derivation of general VCM has been introduced according to the ref. [89]. The VCM 

has shown a simple and quick method to calculate the radiation loss of a waveguide in the 

presents of perturbation.  

2.4.2.2 Radiation loss of TFGs by using VCM 

In VCM, the TFGs could be treated as a polarization current source, and its radiated field could 

be derived from the resulting vector potential. Under the far-field approximation, the calculation 

of VCM can be simplified.  In a fiber grating, the grating pattern and polarization current source 

are restricted into fiber core with >10μm transverse dimension. If the cladding layer is assumed 

to be infinite, the point outside of the fiber core would satisfy the far-field condition. To 

simplify the analysis, a single mode fiber with step index profile and uniform index values are 

assumed. In the analysis, a cylindrical coordinate system is used, which is shown in [89]. 

Figure 2.9 Coordinate system used in the VCM analysis, the r and r' are the source point and 

observation point, respectively [89]. 

In the cylindrical coordinate system, UV-modified index profile is given as: 
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                      )sincos(),,(  rKzKnnzrn tgco                                                  (2.51) 

Where, nco is original refractive index of the fiber core; δn is index change induced by UV 

exposing; Rg=(2π/Λ)cosθ and Rt=-(2π/Λ)sinθ (θ is the tilt angle of grating see in Figure 2.9).  

The expression of electric field is described as: 

                            ˆe)ur(JE)z,,r(E zi

000  
                                                            (2.52) 

In Equation 2.52, J0 is the zero order Bessel function; β is the propagation constant of light in 

the waveguide, which is equal to neff (2π/λ); u is parameter of waveguide ( 22

00 )nk(u  ); 

        ⁄  is the wave vector of light in vacuum;   is the core radius; ̂  is the unit-length 

polarization vector  sinˆcosˆˆ yx   (here, χ is the polarization angle of incident light in 

the x-y plane).  

So, the polarization current source in Equation 2.45 could be rewritten as: 
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The detuning δ is: 
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From Equation 2.49, the vector potential of a TFG could be expressed as (the detailed derivation 

has been reported in ref. [89]): 
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In Equation 2.55, the new parameters Rs= (Rt
2
 + kt

2
 + 2Rtktsinφ) 

1/2
; a is the radius of fiber core; 

J is the first kind Bessel function; kt is the transverse component of radiated light vector, which 

is: 
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According to Equation 2.47 and Equation 2.48, the electric and magnetic field expression of 

radiated mode are given as: 
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Finally, the radiated mode intensity of unit length grating is obtained from Equation 2.50: 
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Equation 2.59 is the differential form of the radiated intensity from a TFG when the light is 

incident into the TFG. In fact, the radiated mode is loss, comparing with the guided mode. The 



 

60 

 

E0
2
 is the intensity of incident guided mode. From ref. [13], the radiation loss coefficient derived 

from Equation 2.59  is given as:  
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Where Rs= (Rt
2 
+ k0

2
ncl

2
 sinξ

2 
+ 2Rtk0ncl sinξ × cosφ)

 1/2
 where ξ is the angle between the radiation 

beam and the fiber axis, which satisfies Rg−neffk0 + k0nclcosξ = 0, χ denotes the polarization of 

the core mode, Rt and Rg are wave vectors of the grating along the fiber axis and across the fiber 

cross section and are defined as Rt = (2π/Λg)sinθ and Rg = (2π/Λg)cosθ, (θ and Λg are tilt angle 

and period of grating);          are the waveguide parameters, J and K are the first kind Bessel 

function and the second kind modified Bessel function, respectively.  

So far, we have presented the derivation of the VCM for TFGs. A number of approximations 

and assumptions have been involved in the derivation. In 2006, Li et al.  have compared the 

difference between CMT and VCM [86]. The analysis from Ref. [86] shows the differences 

between VCM and CMT results are mostly minor, except at very small scatter angles. Because 

at small scattering angle (>7°), for very strong grating, the reflection to the backward-traveling 

guided mode cannot be ignored. In Chapter 3, we will use the VCM to theoretically characterize 

TFGs with structures tilted at 45.  

  



 

61 

 

2.5 Chapter conclusion 

In this Chapter, we have reviewed the UV photosensitivity property of optical fiber, which is the 

UV absorption characteristics contributed mainly by the point defects in germanium-doped 

silica glass fiber. We have given three most common photosensitivity mechanisms: color center, 

compaction/densification and stress relief model. Then, fiber gratings inscription methods 

including standing wave, transverse two-beam holographic, phase mask and point-by-point 

inscription techniques have been reviewed in detail. Finally, we have given a brief introduction 

on the two major theoretical analysis methods for fiber gratings, including CMT and VCM, and 

the mode coupling equations for FBG and LPG structures and radiation loss for TFG structure 

have been derived   
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Chapter 3.                                

In-fiber polarizer based on UV inscribed 

45⁰ tilted fiber grating 
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3.1 Introduction 

In-fiber optical devices have low insertion loss, high reliability and compatibility with the fiber 

systems and transmission network. They are different from the in-line components that are 

typically produced by coupling the light out of the optical fiber and into some bulk or integrated 

optical waveguide device and then back into the optical fiber, therefore, inducing high insertion 

loss. The common in-fiber devices include erbium doped fiber amplifiers[100], fused fiber 

based in-fiber couplers[101], and fiber grating based  filters and sensors [65, 102, 103]. Among 

them, UV-inscribed fiber grating devices have shown many advantages, such as simple 

fabrication process, possible in most types of fiber, free operating wavelength from visible to 

mid-infrared ray (IR) range, and have been mostly developed in the last two decades[1]. The 

periodic grating structure offers a function to couple the light from the forward travelling core 

mode into the backward travelling core/cladding modes or to the forward travelling cladding 

and radiation modes, depending on the grating structure. UV-inscription as a matured technique 

has been used producing  many types of in-fiber devices, including simple FBG based reflectors 

[2], CFBG based dispersion compensator [104], LPG based mode convertor [105] and TFG 

based polarizer and polarization equalizer [106] . 

The TFGs have shown very excellent polarization property which was first demonstrated by 

Meltz et al. in 1990 [2]. Since then, many theoretical papers about 45°-TFGs have been 

published in succession [86, 87, 89, 91, 107]. In these papers, they have shown the TFGs with a 

45° tilt structure could be used as an in-fiber polarizer. In 2005, Zhou et al. firstly demonstrated 
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a UV-inscribed 45-TFG based polarizer with high PER [13]. So far, the 45°-TFGs have been 

applied widely in polarization-related applications, such as PER equalizer [108], in-line 

polarimeter [12] and polarization filters[109]. In this chapter, the theory and the fabrication and 

characterization of UV-inscribed 45°- TFGs will be presented and discussed in detail.  

An in-fiber polarizer can enable a single polarization state of the light travelling inside of fiber, 

which could be used to realize optical switching, avoid signal fading and error in the signal 

transmission and improve the accuracy and resolution in the optical sensing. Furthermore, in 

some all fiber optical systems, such as interferometric sensors (all-fiber gyroscopes[110, 111] 

and current sensors[112]) and laser systems, it is important to use in-fiber polarizer to maintain 

the polarization status of the signal. So far, there are three types of commercial in-fiber polarizer, 

which are the evanescent field coupling based linear polarizer [113-116], the chiral fiber grating 

based circular polarizer [117-120] and polarizing fiber based linear polarizer [121-123]. 

a) The evanescent field coupling based in-fiber linear polarizer 

The evanescent field coupling based polarizers are made by coating the exposed guiding region 

with a birefringent material (transverse magnetic (TM) pass polarizer) [116], or a metal film 

(transverse electric (TE) pass polarizer) [113], or an anisotropic absorption material (TM pass 

polarizer) [115], in all of which the TM or TE component of the guided light can be coupled  

into the coating layer to be attenuated, leaving the other component to transmit.  For the 

evanescent field coupling based in-fiber polarizers, it is easy to achieve a high PER, but the 

fabrication method is complex, as a part of the fiber cladding will need to be removed and 
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replaced with a layer of film. This type of polarizer will not be suitable for high power system, 

because the coating layer is easily burned by the high temperature, and it is too fragile to handle. 

Figure 3.1 shows the traditional structure of the evanescent field coupling based in-fiber linear 

polarizer[115]. 

Figure 3.1 The structure of the evanescent field coupling based in-fiber linear polarizer [115]. 

b) The chiral grating structure based in-fiber circular polarizer 

The chiral grating structure is fabricated by twisting a fiber that has a non-circularly symmetric 

cross-section along its axis [120, 124], in which the light of circular polarization with the same 

handedness over the grating will be scattered, whereas  the light of  circular polarization with 

opposite handedness (orthogonal to the scattered one) will be left to freely transmit. So it is a 

type of circular polarizer. This type of in-fiber circular polarizer keeps the integrity of fiber and 

its operating wavelength range is easily achieved by changing the twisting period. It has been 

reported the chiral fiber grating based polarizer can handle the light power more than 10W. 

However, due to the fabrication method, the chiral grating based polarizer requires special (non-
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circular core) fiber, excluding all conventional fibers and inducing high insertion loss. Figure 

3.2 shows the schematic drawing of chiral grating based in-fiber circular polarizer from ref. 

[119, 120].  

Figure 3.2 The schematic drawing of chiral grating based in-fiber circular polarizer [119, 120]. 

c) Polarizing fiber based linear polarizer 

The polarizing fiber based in-fiber linear polarizer is actually the simplest method to form a 

polarizer, since no fabrication involved and the polarizer function (e.g. PER) only depends on 

the length of the fiber. The polarizing fiber has a large birefringence and its cutoff wavelengths 

of the two polarization modes are separated with a broad gap [122]. The polarizing window is 

formed inside of this wavelength gap, in which one of the polarizations of light will be totally 

attenuated due to bending loss induced by the extremely high birefringence and the orthogonal 

one still transmits in the fiber core. This fiber can achieve a linearly polarizing operation. 

However, due to the small attenuation effect per meter, it always needs several meters long, or 

even more than ten meters long, fiber to achieve high PER. The structure of polarizing fiber is 
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the same as the traditional polarization maintaining fiber, in which the two polarization modes 

have different cutoff  wavelengths (seen from Figure 3.3) [125]. 

Figure 3.3  The transmission spectra of two polarization modes of a polarizing fiber (Zing fiber 

from Fibercore Ltd.) [125].  

In comparison with the above discussed three types of commercial in-fiber polarizers, the 45° 

TFG could be a more ideal in-fiber polarizer, because it can be UV-inscribed in conventional 

fibers without modifying the fiber structure.   
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3.2 Theoretical analysis of 45⁰ TFG 

3.2.1 The working principle of 45⁰ TFG as a polarizer 

When a beam of light is shone on the interface of two different dielectrics, there is an incident 

angle at which the TE polarization component of light will be partially reflected and the TM one 

will be totally refracted. [126]. That incident angle is called Brewster angle. The refracted light 

of the un-polarized incident light will be partially polarized. If the light goes through a series of 

the interface at the Brewster angle, the light would be 100% polarized. The value of Brewster 

angle depends on the refractive indexes of the materials on the both sides of the interface, which 

can be calculated as: 

                            )arctan(
1

2

n

n
B                                                                              (3.1) 

The fiber grating is formed by the UV induced periodic refractive index changing in the fiber 

core, forming   series of interface. The n1 and n2 in a fiber grating are the refractive index of 

fiber core area without and with modification by UV light. As most of the fiber gratings are 

fabricated by UV-inscription technique, the single-photon absorption induced refractive index 

change is in the order of 10
-5

 ~ 10
-3

. In comparison with the refractive index of the core, this 

change is so small, thus in a UV-inscribed fiber grating, the Brewster angle is

45)1arctan()arctan(
1

2 
n

n
B . Therefore, if the grating structure is tilted at 45°, the 

grating will couple out the TE-polarization component of light and leave the TM-polarization 
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travelling in the fiber. This unique function makes a 45° TFG as an ideal in-fiber polarizer (see 

in Figure 3.4). 

 

Figure 3.4 The schematic of 45° TFG based in-fiber polarizer. 

Zhou et al. gave the simulated transmission spectra of TFGs with various tilting angles for s-

polarization (TE)  and p-polarization (TM) light [13].  In Figure 3.5, we can find the 

transmission loss of p-polarization (TM) is almost zero, when the tilted angle of grating is 45°, 

whereas the transmission loss of s-polarization (TE) is significantly high at this angle.  

 

Figure 3.5  (a) Transmission spectra of TFGs with various tilting angles. TM-light (dashed 

curves); TE-light (solid curves). (b) Transmission losses of TFGs versus tilting angles for s-light 
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(TE) and p-light (TM). The peak wavelength is set to 1.55μm and the period is varied 

accordingly[13]. 

3.2.2 Phase matching condition 

The phase matching condition (PMC) is actually conservation of wave vectors, which provides 

a clear way to understand the mode coupling mechanism in the fiber grating. Under PMC, the 

power of one mode in the optical fiber can be transferred to the other mode by a fiber grating 

structure. The vector expression of PMC can be written as: 

                  radiation cladding, core, :     xGcorex KKK


                                         (3.2) 

Where, 


2
nK corecore 


is the wave vector of core mode; 


cos

2


 coreG nK


 is the vector of 

grating; 


2
nK xx 


 is the wave vector of core, cladding, or radiation mode according to the 

subscript. 

As it reported in ref.[13, 127], by using the total internal reflection effect at the interface of 

silica fiber cladding and air, there is a tilt angle range for TFGs (23.1° –66.9°) in which the light 

will be coupled out from the side of the grating (e.g. coupled into radiation modes). Below and 

above this total internal reflection angle range, the light will be coupled to backward- and 

forward-propagating cladding modes, respectively. So, according to the total internal reflection 

law, the TFGs can be sorted as three types: TFG with tilted angle θ<23.1°, for which the 

forward-propagating core mode is coupled to backward-propagating cladding mode; TFG with 

66.9°>θ>23.1°, in which the core mode is coupled to radiation modes; TFG with θ>66.9°, for 
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which the core mode is coupled to the forward-propagating cladding modes [127]. Figure 3.6 

shows the phase matching conditions for fiber grating structures tilted at different angles. 

   

   

 

Figure 3.6 The sketch of different fiber grating structures and their phase-match conditions: (a) 

FBG; (b) LPG; (c) TFG with θ<23.1°; (d) TFG with θ=45°; (e) TFG with θ>66.9°. 
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In Equation 3.2, the amplitude difference between RK


 and coreK


could be neglected, since the 

refractive indices of the core and the cladding are very close. So, the strongest coupling 

wavelength of 45° TFG occurs at: 

                                  



45cos

n G
strongest


                                                                           (3.3) 

Where n is the refractive index of fiber core, ΛG is the normal period of the grating, and the 45° 

is the tilting angle of grating with respect to the normal of fiber axis.  

3.2.3  The numerical simulation of 45° TFG 

The numerical simulation offers a quick and easy approach to understand and predict the 

behavior of fiber gratings, which could also help researchers to design and optimize the grating 

structure for different applications. As it has been introduced in Chapter 2, there are three main 

theories that are used to simulated the TFGs: (1) CMT [95]; (2) VCM [89]; (3) BTM [91]. 

Among them, the VCM, in which the waveguide boundary is neglected, is used mainly to 

calculate the distribution of radiation modes in the near and far fields. Because 45° TFG couples 

core mode light out of the fiber and into radiation modes, the VCM is a better method to 

simulate 45°-TFGs. In this section, the transmission characteristics of 45°-TFG will be 

discussed based on the VCM method. From VCM theory, the loss coefficient of a 45º TFG can 

be obtained for Equation 2.60, and rewritten as: 

                                                       n )( 2                                                            (3.4) 
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Where α (φ) is the function of φ that denotes the polarization of the core mode, δn is the index 

modulation of fiber core after UV inscription. The transmission loss of a 45-TFG may be 

calculated as: 

                                               )n )(( 2lExpT                                                        (3.5) 

Where, l is the length of grating. According the coordinator system in the analysis, when the 

φ=0⁰, the T represents the transmission loss of TM polarization light; when the φ=90⁰, the T 

represents the transmission loss of TE polarization light. 

The transmission loss of the TE-polarization and TM-polarization light of a 45 TFG can be 

calculated from Equation 3.5. In the simulation, the core radius was set as 4.5μm, the period of 

grating as 0.748μm and the length of grating as 24mm. The refractive index modulation induced 

by the UV light was set to be 0.0013; the refractive index of the fiber was calculated from 

Sellmeier Equation. Figure 3.7 shows the simulation results of the transmission loss of TM-

polarization and TE-polarization against the wavelength. From the figure, it is clearly seen that 

the TM-polarization light with nearly zero loss passes through the 45 TFG fiber, while the TE-

polarization light has a very broad loss band with a maximum loss of 27dB at 1520nm. (In this 

chapter, the 45 TFG were simulated by using the program coded by Kaiming Zhou) 
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Figure 3.7 The simulation results of the transmission loss against the wavelength for TM-

polarization (black line) and TE-polarization (red line) of a 24mm long 45-TFG. 

The definition of PER is a measurement of the peak-to-peak difference in transmission of an 

optical component or a system with respect to all possible states of polarization [128]. 

Quantitatively, the PER is the ratio of the transmission of an optical device with respect to all 

polarization states. For a 45 TFG, the PER is the ratio of the transmission of the TM and TE 

polarization states, which can be expressed as:  

                 )log())90()0((10log10 2 eln
T

T
PER

TE

TM                                        (3.6) 

Figure 3.8 (a) shows PER spectra of the 45TFGs with five different grating lengths (5mm, 

10mm, 15mm, 20mm and 24mm). According to Equation 3.6, the PER of 45-TFG is linearly 

proportion to the length of grating (seen from Figure 3.8 (b)) and this trend will be verified by 

the experiment results later. Moreover, Figure 3.8 (c) shows the PER as a function of UV-

induced index changing. According to Equation 3.6, the PER is proportional to the square of 

index modulation. 
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Figure 3.8  (a) The PER spectra of 45 TFGs with five different grating lengths (5mm, 10mm, 

15mm, 20mm and 24mm); (b) the PER at central wavelength against length of 45 TFG with 

three different UV induced index modulations (0.0005, 0.001 and 0.0015); (c) the PER at 

central wavelength against index modulation (grating length is 24mm). 

The PER spectra of 45-TFGs with different operating wavelengths are simulated as well. From 

Equation 3.3, the relationship between strongest coupling wavelength and the grating period is 

linear (also seen from Figure 3.9 (a), when the material dispersion was ignored). The PER 

spectra of 45-TFGs are simulated with different grating periods (390nm, 563nm, 637nm and 

748nm) with the strongest coupling wavelengths at 800nm, 1060nm, 1310nm and 1530nm, 

respectively. In the simulation, the index modulation, grating length and the radius of fiber core 

are set as 0.0013, 24mm and 4.5μm, respectively. The simulation results show the peak PER of 

the 45 TFG becomes higher and the 3dB bandwidth becomes narrower when the operating 
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wavelength moves to the shorter wavelength (seen from Figure 3.9(b)), which have also been 

mentioned in ref. [91].  

 

Figure 3.9  (a) The relationship between the grating period and the strongest coupling 

wavelength; (b) the PER spectra of 45-TFGs with different wavelengths.  

However, the loss coefficient is associated with fiber core size (see in Equation 2.60). In 

practice, the single mode fibers of different operating wavelengths have different core sizes. In 

order to simulate the gratings working at different wavelength ranges, three single mode fibers 

of different core radiuses have been used, including 800nm (HI780) with 2µm radius, 1060nm 

(HI1060) with 3µm radius and 1310nm and 1530nm (SM-28) with radius of 4.5µm. The 

simulation results are re-plotted in Figure 3.10. As it shown in the figure, the peak PER of 45 

TFGs at 800nm and 1060nm are reduced from 82dB and 50dB to 9.2dB and 15.3dB, when the 

fiber core radius changed from 4.5μm to 2μm and 3μm, respectively, which are in good 

agreement with our experimental data in late section. Meanwhile, their 3dB bandwidths are 

slightly broadened from 110nm to 140nm for 800nm 45 TFG, and from 180nm to 206nm for 

1060nm one.  
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Figure 3.10  The PER spectra of 45 TFGs with different working wavelengths, simulated using 

single mode fibers of different core radiuses: 2μm for 800nm, 3μm for 1060nm, and 4.5μm for 

1310nm and 1530nm. 

3.2.4 Conclusion 

In this section, the 45 TFGs have been simulated using VCM technique to reveal their spectral 

characteristics. From the simulation results we see that the PER of 45 TFG is linearly 

proportional to the grating length and the square of the UV-induced index modulation, which 

may help us to develop and optimize the grating design during the fabrication process. The 

simulated results also show the PER greatly depends on the size of fiber core and operating 

wavelength. With the same core size, grating length and index modulation, the shorter operating 

wavelength is, the higher PER. Under the same operating wavelength, grating length and index 

modulation, the larger core size is, the higher PER. However, in real fibers, the core size of 

single mode fiber operating at shorter wavelength usually has small core size. The simulated 

results show it is more difficult to fabricate 45 TFGs of high PER at shorter wavelength range.    
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3.3 The fabrication of 45⁰ TFG 

This section will give a brief introduction of fabrication methods for UV-inscribing fiber 

gratings with tilted structure. Then, the fabrication limitation of 45 TFG is discussed by 

analyzing the size of effective interference area of phase mask scanning technique. Finally, the 

inscription of 45 TFGs in different types of fiber (standard single mode fiber and polarization 

maintaining fiber) is presented. 

3.3.1 The fabrication method of TFG  

The fabrication method of TFG is similar to the one used for normal FBG, for which the fiber is 

placed in the interference fringe area formed by the two intense UV laser beams. The only 

difference is that the fiber is not placed perpendicular with the UV interference fringe, but with 

an angle respect to the normal of the interference fringe. In general, there are two ways to 

achieve UV laser beam interference: (1) holographic technique [6]; (2) phase mask technique [7, 

8]. The following will discuss the UV inscription methods for TFGs. 

a. Holographic inscription technique (HIT)  

It has been discussed in Chapter 2 that the main advantage of HIT is the grating period can be 

arbitrary realized by adjusting the angle between the two UV laser beams. As shown in Figure 

3.11, the TFGs are fabricated by placing the fiber inside of the interference area at the angle θ, 

which is the angle between the normal of fiber axis and the interference fringe area. However, 

the disadvantage of HIT is that a high coherent laser source is necessary in the system (in our 
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lab, we use a CW coherent 244nm Argon ion laser), and the grating length is limited by the 

width of laser beam. 

 

Figure 3.11  The schematic for the TFG inscription by holographic technique. 

b. Phase mask inscription technique 

Comparing with the HIT, the phase mask inscription technique only needs a low coherent laser 

source, because the interference area formed by the ±1 order diffraction beams is very close to 

the phase-mask. In this case, the period of grating is determined by the phase mask period. 

Using phase mask technique, the TFGs can be inscribed in three ways: (1) rotating a normal 

FBG phase mask by an angle of θ (Figure 3.12 (a)); (2) using a tilted phase mask which has a 

grating pattern already tilted (Figure 3.12 (b)); (3) keeping the optical fiber and normal phase 

mask parallel but rotating both fiber and mask around the axis of the UV beam ( Figure 3.12 (c)).    



 

80 

 

 

 

Figure 3.12 Configurations used for TFG inscription: (a) rotating a normal FBG phase mask; (b) 

using a phase mask with tilted pattern; (c) rotating the fiber and phase mask at an angle of θ 

with respect to the axis of UV beam. 

It has been reported that all these three methods are suitable for using a low coherent, high 

energy pulsed of big beam size (typically 10×40mm
2
) excimer UV laser [3], and the grating 

length is decided by the width of the UV beam. However, due to the high energy and poor beam 

quality, the grating inscribed by an excimer laser could accompany defects during fabrication. 

Thus, a moderate CW laser (CW frequency-doubled Ar ion laser) inscription system with a 

scanning stage may offer a flexible way to control the inscription parameters, such as grating 
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length, apodization and grating structure, which is called as phase mask scanning technique. 

Because the UV beam will be focused on the fiber core and stage will be moved along the 

direction parallel with the fiber axis, the third method shown in Figure 3.12 (c) will not suit for 

phase mask scanning technique. In this thesis, all 45° TFGs fabricated were using phase mask 

scanning technique and  phase masks with 33.7° tilted pattern on the glass substrate, which were 

purchased from Ibsen Photonics. 

3.3.2 The tilt angles inside and outside of fiber core 

The optical fiber can be treated as a cylindrical lens that only compresses the light in the 

direction perpendicular to its central axis. For the inscription of FBG, the interference fringe of 

UV beam is perpendicular to the fiber axis. So, the fringe inside of the fiber is still 

perpendicular to the fiber axis. When the interference fringe is tilted at an angle with respect to 

the fiber axis, the interference fringe in the core will be distorted. Thus, the tilted angle of the 

grating is not the same as that outside the fiber. This effect is depicted in  

Figure 3.13.  
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Figure 3.13 Illustration of fringes distortion and a TFG structure with external angle θext and 

internal angle θint. [108] 

The relationship between external ext and internal int is described in ref. [108] as: 
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                                                               (3.7)     

Where, nUV is the refractive index of the fiber at wavelength of UV laser (here, it is around 1.52). 

From Equation 3.7, for inscribing 45°TFGs, the tilted angle of interference pattern outside the 

fiber is 33.7° with respect to the fiber axis. According to the geometry relation shown in  

Figure 3.13, the relation between the period of internal interference fringe and external fringe 

could be given as: 
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                                                                             (3.8) 

Where, ΛG and Λext are the period of grating and the UV interference fringe period, respectively; 

and Λext is equal to the half of the period of phase mask (ΛPM). So, Equation 3.8 could be re-

written as: 
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From Equation 3.3, the relationship between the strongest coupling wavelength of a 45° TFG 

and the period of phase mask is given as: 
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Table 3.1 lists 5 cases of different strongest coupling wavelengths and their corresponding 

periods of phase mask. 

Table 3.1 The list of the strongest coupling wavelength and the period of phase mask 

Strongest coupling wavelength  Period of phase mask 

800nm 911.93nm 

1060nm 1211.40nm 

1310nm 1500.09nm 

1550nm 1778.28nm 

2000nm 2303.80nm 

3.3.3 The effective interference area of tilted phase mask   

The UV laser used for 45 TFG fabrication is 244nm UV source from a continuous wave (CW) 

frequency doubled Ar⁺ laser (Coherent Sabre Fred®), which gives output of a Gaussian beam 

(the size is 268μm at x-axis and 240μm at y-axis) (see in Figure 3.14). The beam is focused on 

the fiber via a cylindrical lens, before it hits the phase mask. The interference area of ±1 order 

diffractions occurs just after the phase mask. To induce the refractive index changing inside the 

fiber core, the fiber core must be located in this effective interference area. In this section, we 

will analysis and discuss the effective interference area of the phase mask technique for FBG 

and TFG inscription. 
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Figure 3.14 The beam profile of the UV laser used in the experiment, captured by BC 106-UV 

Beam profiler purchased from Thorlabs (the size of each pixel is 6μm). 

3.3.3.1 Effective interference area for normal phase-mask 

First as shown in Figure 3.15, the incident direction of the UV beam is defined along the 

positive direction of z-axis, the plane of phase mask is in x-y plane and the pitch in mask is in 

parallel with the y-axis. When the UV beam hits a normal phase-mask for FBG fabrication, the 

two diffracted main beams (±1 order) will depart from each other at the x-axis (see in Figure 

3.15(a)). As it shown in Figure 3.15(b), the effective interference area (EIA) is the ±1 order UV 

beam overlap region. Figure 3.15(c) and (d) show the top and side view of 3-D model of the 

FBG phase mask inscription. From the figures, it is clearly seen the UV beam is only diffracted 

in the x-z plane and along the x-axis.  
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Figure 3.15 (a) UV beam diffraction pattern after a normal FBG phase mask; the three views of 

3-D model of the FBG phase mask inscription: (b) the isometric view; (c) the top view (θ is the 

diffractive angle of first order); (d) the side view. 

In Figure 3.15 (c), it can be seen the shape of the effective interference is a triangular area, 

whose size depends on the width of UV beam in x-direction (AB) and the diffractive angle (θ) 

of ±1 order beams. OE is the distance between the edge of the interference area and the phase-

mask. To make sure the grating is inscribed into the fiber core, the critical position of fiber core 

is shown in Figure 3.16, in which the fiber core is at the edge of effective interference area 

(EIA). From the figure, the length of OE is decided by the diffraction angle (θ) and the width of 

UV beam at x-axis. Here, θ can be described as:  

                                
PM

UVm





 arcsin                                                                                (3.11) 
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Where, ΛPM is the period of phase-mask; λUV is the wavelength of incident light and the m is the 

order of diffraction (here, m=1).   

 

Figure 3.16 2-D schematic diagram of the interference area, OE is the depth of the interference 

area and AB is the width of UV beam in y-axis.              

So, the distance (OE) between the edge of the interference area and the phase-mask can be 

written as: 

                         1
2

BE
2
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UV
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                                                     (3.12) 

To effectively inscribe an FBG in the whole fiber core, OE should be larger than 67μm which is 

equal to the sum of the radius of the fiber cladding (62.5μm) and the fiber core (4.5μm) at least, 

so that fiber core is fully inside of the EIA. Form Equation 3.12, the width (L) of the UV beam 

can be calculated as 31.5μm for a 1550nm FBG, which is far less than the size of the UV beam 

used that has been shown in Figure 3.14.  
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3.3.3.2 Effective interference area for a titled phase-mask 

As it presented in the section 3.3.1, there are two phase mask techniques that can be used to 

UV-inscribe gratings with tilted structure: rotating the phase-mask with normal pattern or using 

a mask with tilted pattern. In this thesis, for all 45 TFGs fabricated we used a tilted phase-mask. 

The definition of incident direction of UV beam and the plane of a tilted phase-mask are the 

same as defined in Figure 3.15.  

 

Figure 3.17 (a) UV beam diffraction pattern after a tilted phase mask; the three views of 3-D 

model of the TFG phase mask inscription: (b) the isometric view; (c) the top view (θ is the 

diffractive angle of first order); (d) the side view. 

The pitch in the phase-mask is tilted at φ degree with y-axis in x-y plane, thus its diffraction is 

tilted at φ degree with x-axis in x-y plane (see in Figure 3.17 (a)). Using the same focusing 

configuration of normal grating inscription, a tilted phase-mask will diffract the laser beam not 
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only in x-z plane but also in y-z plane, as shown in Figure 3.17 (b) , (c) and (d). This means that 

the effective ±1 order UV beam overlap region becomes much smaller for a tilted phase-mask 

than for a normal FBG phase-mask. 

 

Figure 3.18  (a) 3-D schematic diagram of the interference volume after the tilted phase-mask; 

(b) the cross sectional view of the interference volume in the y-z plane, where φ is the tilting 

angle of the phase-mask; r is the radius of fiber core; H is the height of UV beam in y-axis.    

Figure 3.18 (a) shows the 3-D schematic diagram of the interference area for a tilted phase-

mask. The size of interference area will not only depend on the width of UV beam in x-direction 

(L) and the diffractive angle of ±1 order diffracted beams (θ), but also the height of UV beam in 

y-direction (H) and the tilted angle of phase-mask (φ). For a typical UV laser inscription system, 

L is far greater than H, because a cylindrical lens is used to focus the beam in y-direction. So, 

the plane of UV beam at x-y plane will intersect first. Figure 3.18 (b) shows the cross sectional 

view of the effective interference area in the y-z plane, in which the fiber is placed at the critical 

position that the fiber core is just covered inside the interference area. The OE could be given as: 
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In Equation 3.13, BE is half of the height of UV beam in y-direction (H) and φ is the tilting 

angle of phase-mask.  In this thesis, the phase mask used for 45-TFG fabrication has 33.7° 

tilted pattern with respect to the fiber axis. To make sure the fiber core is totally inside the 

effective interference area, the distance between the edge of interference area and the tilted 

phase-mask (OE) is larger than 70.61μm which is to add the radius of fiber with the OD shown 

in Figure 3.18 (b). Thus, only if the height of UV beam in the y-direction (H) is greater than 

94.2μm, the fiber core is in the effective interference area. In general, the UV beam height in the 

y-direction is focused to around 40μm, so it is not large enough to allow the fiber core situated 

in the EIA. In our experiment, we adopted the defocusing technique to enlarge the interference 

area.  

3.3.4 The inscription of 45⁰ TFGs  

The 45° TFGs were UV inscribed into single mode fiber by using the phase-mask scanning 

technique. Figure 3.19 shows the 3-D configuration of the grating inscription setup in our lab. In 

the system, UV laser used is a 244nm UV source from a CW frequency doubled Ar
+
 laser 

(Coherent Sabre Fred®). The UV laser beam was focused onto the fiber core through the phase-

mask by a cylindrical lens aligned along the fiber axis. With a computer controlled high-

precision air-bearing stage, the grating structure can be written in the fiber core by scanning the 

UV beam. 
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Figure 3.19 The fiber grating inscription system using a phase-mask. 

3.3.4.1 45⁰ TFGs inscribed in standard single mode fiber 

Before the inscription, the single mode fiber samples were hydrogen loaded at 150bar at 80°C 

for two days to induce photosensitivity. The phase-mask has uniform pitch (the phase mask has 

a period of 1830nm designed for working at 1550nm) and 33.7 tilted angle with respect to the 

fiber axis (from Ibsen). Because the standard single mode fiber is circularly symmetric, the 

inscription could be achieved at an arbitrary direction. For normal FBGs, the very small 

refractive index modulation (~10
-4

 -10
-5

) can produce gratings with very high reflection. 

However, for 45° TFGs, to achieve high PER, the refractive index modulation induced by UV 

beam needs to be more than 10
-3

. The refractive index modulation level depends on the intrinsic 

photosensitivity of fiber and the UV exposure condition. In this thesis, the single mode fibers 

we used for 45 TFGs are high photosensitivity fiber (PS1250/1500) from Fibercore and the 

standard single mode fiber (SM-28) from Corning. In our experiment, to achieve the index 

changing more than 10
-3

, for the photosensitivity fiber, the UV laser power on the fiber is only 
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~80mW and the scanning speed is 0.08mm/s; however for the non-photosensitivity fiber, the 

laser power used is higher than 180mW and scanning speed is slower than 0.02mm/s.  

After inscription, the grating structure was inspected by a microscope system (Zeis Axioskop 2 

mot plus) under a 100× oil immersion objective lens.  The micro-image of a 45 TFG is shown 

in Figure 3.20. As it shown in the figure, the diameter of fiber core is measured 8.65μm which 

is the typical value of the SM-28 fiber. The tilted angle of grating pattern is 45°, and the width 

of ten periods of the grating is 7.59μm, which indicates the central operating wavelength of this 

45° TFG is at ~1550nm. 

 

Figure 3.20 The micro-image of the grating structure of a UV-inscribed 45° TFG in the fiber 

core. 

3.3.4.2 45⁰ TFGs inscribed in polarization maintaining fiber 

Although 45° TFG can function as an ideal in-fiber polarizer, the linearly polarized light after the 45° 

TFG may not be preserved in the non-polarization maintaining (PM) fiber. Only when the 45 TFGs are 

inscribed into a PM fiber along the fast or slow axis, they are real TM polarization mode pass linear 

polarizer which has been published in Ref. [129]. In this section, we will present the fabrication of 45° 
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TFG structures in PM fibers. Figure 3.21 (a) and (b) show the cross-section of Panda and Bowtie type 

PM fibers, respectively. 

 

Figure 3.21 The micro-images of cross-section of PM fiber: (a) Panda type and (b) Bowtie type 

PM fibers. 

When the 45° TFG is UV-inscribed in non PM fiber, the inscription can be in arbitrary direction with 

respect to the fiber axis. However, when in a PM fiber, the UV-inscription must be along its principal axis 

(the slow- or fast-axis) in order to maintain linear polarization statue of the propagating signal in the fiber. 

To inscribe 45 TFG in the PM fiber, the slow- or fast-axis of the fiber will be pre-marked under a 

microscope prior to the UV-inscription. Figure 3.22 shows the schematic of UV-inscription of 45 TFG 

structure into PM fiber. According to the tilted grating structure, we may define the equivalent slow-axis 

in x-direction, which is in parallel with grating plate and the fast-axis in y-direction, which is in vertical to 

the fiber axis, as shown in Figure 3.22. So, a 45° TFG will polarize the light in y-direction.  
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Figure 3.22 Schematic of 45 TFG with defined slow- and fast-axis and operation principle as 

an in-fiber polarizer for UV-inscription along (a) the fast-axis and (b) the slow-axis of a PM 

fiber. 

After the UV-inscription in PM fiber, the 45 TFG structures were examined under the microscopy 

system with a ×100 objective lens. From the images shown in Figure 3.23 (a) and (b), we can clearly see 

that the tilted grating structures are exact at 45 for the inscription along both the slow- and fast-axis. We 

also investigated the light radiation direction by launching a 633nm red light into the 45 TFGs. Figure 

3.23 (c) and (d) show the images of the 45 TFG inscribed along the fast-axis of the PM fiber with two 

observing directions. Clearly, for the grating inscribed along the fast-axis, when the observation is made 

in the fast-axis, there is no light irradiated from the surface as all light propagated in the fiber, whereas for 

the observing direction along the slow-axis, we saw the grating area illuminated as the light was strongly 

coupled out from the grating side. This means the radiation direction is vertical with the inscription 

direction.  
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Figure 3.23  Micro-images of 45° TFGs in PM fiber inscribed along (a) slow- and (b) fast-axis. 

When launched with 633nm red light to the 45 TFG inscribed along the fiber fast-axis, (c) no 

side radiation when observing from the fast-axis and (d) strong radiation from surface when 

observing along the slow-axis. 

3.3.5 Conclusion 

In this section, we have introduced two fabrication methods for TFGs (holographic and phase mask 

method), and also discussed the advantage and disadvantage of these two methods. Furthermore, we 

presented the relationship of internal and external tilt angle of interference fringe in a TFG. Due to the 

cylindrical shape of fiber, when the external tilt angle of the interference fringe is at 33.7° with respect to 

the normal of fiber axis, the internal tilt angle is 45°. The fundamental limitation for 45° TFG inscription 

is discussed by evaluating the size of effective interference area. To ensure the effective interference area 
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covers the whole area of fiber core, the fiber needs to be placed at the defocus position of the lens. Finally, 

we presented the fabrication of 45° TFGs in standard single mode fiber and in PM fiber along its principal 

axis and the micro-images of the grating structures inside the fiber core.   
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3.4 The polarization characteristics of 45⁰TFGs 

As an ideal in-fiber polarizer, the polarization extinction ratio (PER) or polarization dependence loss 

(PDL) of 45 TFGs is the important parameter to evaluate. In this section, a systematic investigation on 

the characterization of 45TFGs in terms of the PER and polarization distribution is presented. 

3.4.1 Polarization extinction ratio of 45⁰ TFG 

The definition of PER is a measurement of the peak-to-peak difference in transmission of an 

optical component or system with respect to all possible states of polarization. It is the ratio of 

the maximum and the minimum transmission of an optical device with respect to all 

polarization states. There are two techniques for determining the PER of a passive optical 

component: (i) the polarization scanning technique and (ii) the Mueller Matrix method [130]. 

While the polarization scanning technique is found suitable for PER measurement at specific 

wavelengths, for assessing the overall PER profile over a broad wavelength range, the Mueller 

Matrix method shows clear advantages.   

a. The polarization scanning technique 

The polarization scanning technique is a more basic method for measuring PER. Figure 3.24 

shows a typical experimental setup for measuring PER. In this setup, there are a light source, a 

power meter (or an optical spectrum analyser (OSA)) and a commercial fiber polarizer and 

polarization controller (PC) placed in front of the 45 TFG. In the experiment, we used a single 

wavelength laser as the light source and an OSA and a power meter to measure the PER 
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spectrum and the value of the 45 TFG, respectively. The maximum and minimum transmission 

through the component can directly be measured using this system. The PER can then be 

calculated using Equation 3.5.  

 

Figure 3.24 Setup of a PER measurement using the Polarization Scanning technique. 

Based on the experimental setup shown in Figure 3.24, we can obtain the maximum (max) and 

minimum (min) transmission spectra of a 45 TFG by adjusting the PC to launch the light to the 

grating with two orthogonal polarization states and thus, the PER is the difference between the 

max and min transmission profile. Figure 3.25 gives the measured PER spectra of the 45° TFGs 

with 48mm long grating length in SM-28 fiber, showing a PER of 36.1dB at 1550nm.  

 

Figure 3.25 Transmission spectra of a 48mm-long 45° TFG measured using a single wavelength 

at 1550nm at two orthogonal polarization states (P1 and P2). 

 Light source     

Polariser    

OSA or  

Power meter    

PC    45°-TFG    
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b. The Mueller Method 

The PER also can be determined by the Mueller matrix of the optical component[131]. The 

Mueller Matrix describes the polarization and power transmission properties of the polarization 

component. The technique is therefore known as the Mueller Method.  The polarization state of 

light can be described by Stokes’ Vector. If we knew the Stokes’ vectors of input and output 

light passed through an optical component its Mueller matrix can be known. The relationship 

between an input and output Stokes vectors of an optical component can be written as: 

                                 outOCin SMS                                                                                (3.14) 

Where, Sin and Sout are the Stokes vectors of input and output light passed through an optical 

component, respectively; the MOC is the Muller matrix of the optical component.     

The Mueller matrix is a 4×4 matrix. The four first-row coefficients of the Mueller matrix 

describe the power transmission of a device, which are sufficient to obtain the PER. The max 

and min transmission through an optical component can be calculated from the Mueller matrix 

(see Equation 3.15 (a) and (b)) as follows:  
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Where, m11, m12, m13, and m14 are the four first-row coefficients of the Mueller matrix. The PER 

can then be calculated using Equation 3.5. 
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For the work described in this thesis, we measured the PER of 45°TFGs by two methods, one is 

by manually changing the polarization state of a single wavelength light and the other is using 

commercial LUNA Vector Analyzer system based on Mueller method.  

The wavelength range measured by LUNA Vector system is from 1525nm to 1608nm, which is 

the tuning range of laser used in the system. Figure 3.26 (a) shows the PER result for a 48mm 

long 45 TFG, which indicates the overall PER is >35dB over a 50nm wavelength range. The 

PER result measured by polarization scanning method is labeled as red line in Figure 3.26 (a), 

which the result is same as the one measured by LUNA system. As the PER profile is a 

Gaussian shape that will be symmetric around its central resonance, the actual PER response of 

this grating could be more broad extending to the shorter wavelength side. Figure 3.26 (b) 

shows the max and min transmission loss of this grating with respect to two orthogonal 

polarization states. Then the PER shown in Figure 3.26 (a) is the difference between the max 

and min transmission loss.  

 

Figure 3.26 (a) The PER of a 48mm long 45°-TFG in SM 28 fiber; (b) The max and min 

transmission loss of this TFG. 
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3.4.2 The annealing treatment 

Generally, the fiber gratings are not stable after UV inscription and need to be annealed to out-

gas the hydrogen and stabilize the structure. All 45° TFGs presented in this thesis were 

subjected to an annealing treatment at 80°C for 48 hours. For evaluation, we measured the PER 

of three 24 mm-long 45° TFGs made at the same fabrication condition before and after 

annealing and only a small amount of decrease in PER was observed after the annealing. Figure 

3.27 plots the annealing effect for the PER spectrum of a 24mm long 45° TFG over the 

wavelength range from 1530nm to 1600nm. As shown clearly from the figure, the PER 

decreases by the most ~3dB after annealing, but in percentage term, this decrease is less than 

0.15%. 

 

Figure 3.27 The PER of a 45° TFG before (■) and after (●) annealing. 

3.4.3 The entire PER profile 

As the simulation results shown in section 3.2.3, the entire PER profile of a 45°-TFG is near-

Gaussian-like and the response band covers a broad wavelength range. However, because of the 
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limited wavelength range in LUNA Vector system, only half of the PER spectrum could be 

measured. Here, by using two tuneable lasers with wavelength ranges from 1410nm to 1490nm 

and from 1530nm to 1630nm with a power meter, we have measured the entire PER profile of 

the 24mm long 45° TFG (see in Figure 3.28). The experimental results agree very well with the 

simulated PER profile. From this figure we can see that the maximum PER of 25dB is at 

~1500nm and the PER values > 10dB over a very broad response range of ~200nm. 

 

Figure 3.28   The entire profiles of PER of a 45°-TFG from simulation (─) and experimental (■). 

3.4.4 The PER versus grating length 

Equation 3.6 shows that the PER is linearly proportional to the grating length and the simulation 

results (shown in Figure 3.8 (b)) verified this dependence. However, it is important to verify it 

experimentally.  For this purpose, four 45-TFG samples were UV-inscribed with the same 

fabrication parameters but different grating lengths: 5mm, 15mm 24mm and 48mm, for this 

evaluation. The measured peak PER values for each sample are plotted in Figure 3.29. As 
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clearly shown, the peak PER increases with the grating length at a rate of around 1.014dB/mm, 

which is in excellent agreement with the simulation results.  

 

Figure 3.29 The PER against grating length experimental results (●) with the fitting line (─). 

3.4.5 Polarization distribution of 45⁰ TFG 

Theoretically, a 45° TFG has a linear polarization response, as it couples out the TE-

polarization light and leaves the TM-polarization light propagating through the grating fiber.  

Since the symmetricity of the optical fiber is broken due to the 45° TFG structure, we may 

regard a 45-TFG as a PM-like (polarization maintaining) fiber with an equivalent slow- and 

fast-axis, and the fast-axis as the polarized axis of 45 TFG. If a linearly polarized light is 

aligned with the slow- or fast-axis, the output from the 45-TFG will be minimum or maximum, 

and if in any other direction between the two axes the output will be intermediate. We have 

examined the polarization distribution for three UV-inscribed 45°-TFGs with 10dB, 20dB and 

40dB PER and a fiber without grating structure for comparison.  
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Figure 3.30 Experimental setup for measuring polarization distribution of 45-TFG. 

Figure 3.30 shows the experimental setup we used for the polarization distribution 

measurement which consists of a single wavelength light source (a tuneable laser was 

used in the experiment), a fiber polarization controller (PC), a fiber polarization beam 

splitter (PBS), a fiber rotator and a dual-channel power meter. Because the two outputs 

of the PBS use two pieces of PM fiber, the lights come out from the two ports are 

linearly polarized with orthogonal polarization states. The linearly polarized light from 

PM fiber 1 goes to the one channel of the power meter as a reference and from PM fiber 

2 is directed to the fiber rotator, which then butt-coupled to the 45-TFG. The output of 

the 45-TFG is measured by the second channel of the power meter. Using this setup, 

we can launch the linearly polarized light to different directions to the 45-TFG by 

simply rotating the PM fiber 2 as it is amounted to a fiber rotator. We have conducted 

the polarization distribution measurement by rotating the PM fiber-2 output port from 

Rotator      

Polarization splitter      

PC      

Tunable laser               

PM fiber 2    

PM fiber 1         

3-D Stage         

45°-TFG         PM-fiber         

Power meter       
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0 to 360 with increments of 10 for the three 45-TFGs and a pristine fiber for 

comparison. For the pristine fiber which has no PER, we see the transmission light 

detected by the power meter is uniformly distributed as shown by a perfect circle in 

Figure 3.31 (a). For the 45-TFGs with PERs of 10dB, 20dB and 40dB, the transmission 

light intensity distribution exhibits a figure 8 shape, but the high PER grating shows a 

narrower waist than the low PER one, as shown in Figure 3.31 (b), (c) and (d). This 

experiment clearly demonstrates a way to identify the equivalent slow- and fast-axis and 

the degree of polarization of a 45-TFG.   

 

Figure 3.31 Polarization distribution measurement: (a) A prestige fiber with 0 dB PER; (b) a 

45°-TFG of 10 dB PER; (c) a 45°-TFG of 20 dB PER; (d) a 45°-TFG of 40 dB PER. 
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3.4.6 Thermal influence on PER response  

From previous sections, we can see 45-TFGs have unique polarization properties and 

may be developed into in-fiber polarization devices. As for application devices, the 

thermal stability is very important, as the environmental condition may affect the 

accuracy of measument and the device performance, therefore a compensation scheme 

may have to be considered. We have investigated the thermal influence on the PER 

response of  45°-TFGs using a setup shown in Figure 3.32.  

 

Figure 3.32  Experimental setup for thermal response evaluation of 45°-TFGs. 

By subjecting the grating to elevated temperatures from 10°C to 90°C with an 

increment of 10°C, we measured the PER values of one annealed 45°-TFG over 

wavelength range from 1530nm to 1590nm and the results are plotted in Figure 3.33. 

From this figure we can see that after annealing treatment, the 45-TFG is thermally 

stable, as when the temperature changed 70C, the PER values at four wavelengths 

dropped less than 0.5dB, which is insignificant. This indicates that the thermal 

annealing is an effective way to stabilize the 45-TFGs and the gratings can be used as 

real application devices under certain environmental conditions where the temperature 

flucturation is less than 50C. 

Tunable Laser   

Polarizer    

Power meter  

Heating device  

PC    45°-TFG     
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Figure 3.33 The thermal influence on PER of a 45°-TFG at four different operating wavelengths. 

3.5 The PER performance of 45°- TFG inscribed into different fibers 

As we have described in the previous section, there are two main advantages of UV-inscribe 

45-TFG based in-fiber polarizer: free operating wavelength and no fiber type limitation. The 

45-TFG based in-fiber polarizer can meet any type fiber system and work at a very broad 

wavelength range. We have carried out a detailed analysis of 45-TFGs in theory and 

experiment by analyzing the grating samples at 1550nm. In this section, we will present the 

PER results of 45°-TFGs made in different types of single mode fiber with  operating 

wavelengths in three  (1060nm, 1310nm and 1550nm) ranges in Table 2.  

From Table 2, we can summarize as following: 

1. With a 45-TFG of 48mm length, PER > 30dB is achievable in most single mode fibers 

including PM fibers,  (only for HB 1500 fiber, the PER is less than 30dB, which might be 

caused by the stress rod so close to the fiber core); 
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2. After annealing, the PER will drop more significantly in photosensitive fiber than in non-

photosensitive fiber, although in percentage term these drops are still insignificant; 

3. For 45°-TFGs inscribed into PM fiber, the PER of the grating inscribed along the slow-axis 

fiber is higher than along the fast-axis, (this may be explained by the fact that  the size of 

the effective interference area is expanded by a concave lens effect formed by the low 

refractive index stress rod surrounded by the high index silica);  

4. When the 45°-TFGs with different working wavelengths are inscribed into the same fiber, 

the results have shown the shorter working wavelength is, the higher PER (see the PERs of 

45°-TFGs at 1550nm and 1310nm which were inscribed into SM-28 fiber); 

5. The PER values of 45°-TFGs at 1060nm inscribed into the fiber with  a larger core size are 

higher than the fiber with a small core size ( see the PERs of 45°-TFGs at 1060nm inscribed 

into the PSPM980 fiber that has 6μm core and the PS-PLUM fiber that is a kind of large 

mode field fiber with 10μm core size at 1060nm) ; 

6. Comparing all non-photosensitive fibers, the PERs of 45-TFGs made in Corning Company 

are relatively higher than that from other standard fibers.  
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Table 3.2 The PER results of 45°-TFGs inscribed into different fibers with different working 

wavelengths. 

Operating 

wavelength 
Fiber type 

Number of 

grating 

PER (dB) before 

annealing PER drop 

after 

annealing 

Inscription 

direction 

Min Ave Max 

1550nm 

SM-28 20 34 40.95 50 ~2dB Arbitrary 

PS1250/1500 10 42 45.7 50 ~9dB Arbitrary 

PM1550 

10 35 38.8 45 ~3dB 
Along fast 

axis 

10 31 41.2 52 ~3dB 
Along slow 

axis 

HB1500 

3 18 21.3 24 ~3dB 
Along fast 

axis 

3 24 27.3 40 ~3dB 
Along slow 

axis 

1310nm SM-28 9 38 46.5 54 ~2dB Arbitrary 

1060nm 

SM980 3 34 34.33 35 ~4dB Arbitrary 

SM1060XP 3 35 36.33 37 ~3dB Arbitrary 

HI1060 3 39 40.33 42 ~3dB Arbitrary 

PS980 10 33.6 37.52 49 ~8dB Arbitrary 

PSPM980 

(6/125) 

12 25 31.58 40 ~3dB 
Along fast 

axis 

12 25 32.33 40 ~3dB 
Along slow 

axis 

PS-PLMA 

(12/125) 

10 35 39 47 ~3dB 
Along fast 

axis 

11 35 41.636 52 ~3dB 
Along slow 

axis 

Note: (a) The 45°-TFGs working at 1550nm are measured by the LUNA Vector system; the others are 

measured with a single wavelength laser by polarization scanning technique. 

          (b) The grating length of all 45°-TFGs is 48mm. 
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3.6 Chapter conclusion 

In this chapter, a systematic study has been carried out on the design, fabrication and 

characterization of 45-TFGs by theoretical analysis and experimental investigation. The 

detailed numerical simulation has revealed a linear correlation between the grating length and 

the PER and also shows the PER profile is Gaussian-like over a broad wavelength range, which 

are all been verified by the experimental results. By discussing the effective interference area, 

the fundamental limitation of TFG inscription by the phase mask technique has been analyzed, 

revealing that the UV beams are not only diffracted in the inscription plane, but also diffracted 

in the vertical direction when a tilted phase mask is used. Because of this, the effective 

interference area is reduced. In order to UV-inscribe 45-TFGs with sufficient index modulation, 

the defocus technique was applied to enlarge the size of the effective interference area, and 

ensure the whole fiber core placed inside this area. We further presented the polarization 

characteristics of 45-TFGs inscribed in standard, photosensitive and PM single mode fibers and 

systematically analyzed their PERs for 1060nm, 1310nm and 1550nm wavelength ranges. It has 

been demonstrated that PER can be as high as 30dB for 45-TFGs made in any single mode 

fiber used in the three wavelength ranges, which is comparable to the PER values of the 

commercial in-fiber polarizers. In addition, it has been revealed that the sufficient PER profile 

can be over 50nm to 80nm range.  Therefore, the 45-TFG based in-fiber polarizers may be 

applied in a range of fiber systems and applications with sufficiently high PER over wide 

wavelength range. 
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Chapter 4.                                

All fiber Lyot filter based on 45⁰TFG 

in PM fiber 
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4.1 The theoretical analysis of all fiber Lyot filter 

4.1.1 Introduction and working principle of Lyot filter 

The optical birefringent filter can generate single polarization, comb-like transmission spectrum 

with sinusoidal shape. It was firstly reported by Bornard Lyot in 1933, thus also named as Lyot 

filter [132], which is consisting of two linear polarizers and a birefringent crystal with its fast 

axis aligned at 45° with respect to that of the polarizers. The principle of filter is based on the 

interference of polarized light which travels along the fast and slow axes of the birefringent 

device. In 1938, Öhman reported a monochromator by connecting several Lyot filters in series, 

which was used to study solar astronomy [133]. With detailed discussion reported by several 

researchers [134-136], the applications of Lyot filters have been extended to the spectroscopy 

[137, 138], imaging [139, 140] and laser systems [141]. 

The Lyot filter is constituted by placing a birefringent plate at 45° to the polarized axis of two 

parallel or orthogonal linear polarizers. Due to the birefringence, the light beams travelling 

along the fast and slow axis of the birefringent plate will have a different phase velocity. Figure 

4.1 shows the structure of a Lyot filter.  

 

Figure 4.1 The structure of a Lyot filter. 

From Figure 4.1, it can be seen that the light transmitted through the first polarizer will be 

linearly polarized (the polarized axis is set at y-axis), then, enter the birefringent plate at which 

the fast axis is placed at 45° to y-axis, thus the linear polarization light will be subsequently 

http://en.wikipedia.org/wiki/Wave_plate
http://en.wikipedia.org/wiki/Phase_velocity
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resolved into the fast- and slow-axis with equal amplitude, co–propagating in the birefringent 

plate. As the two beams propagating, a wavelength dependent phase difference will be induced 

and its magnitude is determined by the thickness and birefringence of the birefringent plate. 

Finally, when the two beams meet in the second polarizer, they will be combined generating 

interference and producing a wavelength-dependent power transmission [132].   

4.1.2 Jones calculus 

The Jones calculus were invented by R. C. Jones in 1941, which is only suited for a fully 

polarized light analysis [142, 143]. In calculus, a Jones vector represents the state of polarized 

light, and the Jones matrices represent linear optical elements. If a beam of polarized light with 

Jones vector   
⃗⃗⃗⃗  passes thought an optical element with Jones Matrix M, then the final 

polarization is represented by the Jones vector    
⃗⃗ ⃗⃗  ⃗ , this process can be represented by the 

following equation:   

                       


 12 EME                                                                                                (4.1)  

The Jones calculus has been widely applied to analyze the resulting polarization of the incident 

light after crossing a complex linear optical system.  

4.1.2.1 Jones vectors 

For a random polarized light, its complex magnitude in the x and y components of electric field 

could be expressed as [131]:    

                        1i

1x eaE


                                                                                                  (4.2)  

                        2i

2y eaE


                                                                                                 (4.3) 

Where, a1 and a2 are the amplitudes of the x and y components of the polarization, while α1 and 
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α2 represent the phases of the x and y components of the polarization. Finally, the Jones vector 

form of polarization state can be written as: 
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                                                                                (4.4) 

In general, the relative light intensity changing is only considered in the Jones calculus. The 

Equation 4.4 can be normalized as: 
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ae

1

aa
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E                                                                             (4.5) 

Where, a=a2/a1 is the ratio of amplitudes of the x and y components of the polarization, δ=α2-α1 

is the phase difference of the x and y components of the polarization. The shape, position, and 

ration of polarization state will be decided by a and δ. 

Here, two examples (linear polarization and right hand elliptical polarization) are used to show 

how the Jones vectors are used. For a linearly polarized light, its optical vector has angle θ with 

respect to the x-axis, and its amplitude is b (see in Figure  4.2).  

 

Figure 4.2 Electrical field distribution of linear polarization light. 

Its electric field amplitudes of the x and y components are:  
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                            )cos(bEx                                                                                            (4.6) 

                            )sin(bEy                                                                                            (4.7) 

The normalized Jones vectors are written as: 

                             









)sin(

)cos(

2

1
E




                                                                                   (4.8)  

For a left hand circular polarization, the polarization rotates in the anti-clockwise direction,  the 

x and y components of the polarization have the same magnitude b and the phase of the y 

component leads the x component  90° or π / 2, so its electric field amplitudes of the x and y 

components are :   

                       bEx                                                                                                              (4.9) 

                       2
i

y beE



                                                                                                        (4.10)    

The normalized Jones Vector can be given as: 
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                                                                         (4.11)     

By using the same method, the Jones vectors for the others polarization can be given in Table 

4.1 which shows the Jones Vectors of three types of polarization state.  

Table 4.1 Jones Vectors of linear, elliptical and circular polarization states [130] 

Polarization states Jones Vectors 

Linea 

Polarization 

Linear polarized in the x- direction. [
 
 
] 

Linear polarized in the y-direction [
 
 
] 
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Linear polarized at  45⁰ from x-direction 
 

√ 
[
 
  

] 

Linear polarized at θ from x-direction [
    
     

] 

Elliptical 

Polarization 

 

Right Hand Elliptically Polarized(A≠B) [
 

   
] 

Left  Hand Elliptically Polarized(A≠B) [
 

   
] 

Circular 

Polarization 

Right Hand Circular Polarized 
 

√ 
[
 
  

] 

Left  Hand Circular Polarized 
 

√ 
[
 
  

] 

4.1.2.2 Jones matrix 

When a beam of polarized light passes through a linear optical element, the polarization state of 

output light will be changed. If    [
  

  
] represents the polarization state of incident light and  

   [
  

  
]  represents the polarization state of light after the linear optical element, the 

conversion of linear optical element can be described by a 2×2 matrix M. 
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M                                                                                       (4.12)  
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                                                                     (4.13)        

Here, M is the Jones matrix of linear optical element, and m11, m12, m21, m22 are complex 

constants. Equation 4.13 shows the two components of the resulting polarization state are the 

linear group of two components of the incident polarization state. Table 4.2 lists the Jones 

matrices of some linear optical elements. 
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Table 4.2 Jones transfer matrices of some optical elements [130] 

Optical elements Transfer matrix 

Polarizer 

Linear polarizer with 

axis of transmission in 

the x- direction. 
[
  
  

] 

Linear polarizer with 

axis of transmission in 

the y-direction 
[
  
  

] 

Linear polarizer with 

axis of transmission at 

 45⁰ with x-direction 

 

 
[
   
   

] 

Linear polarizer with 

axis of transmission at 

θ with x-direction 
[              
             ] 

Right circular 

polarizer 

 

 
[
  
   

] 

Left circular polarizer 
 

 
[
   
  

] 

Phase 

retarder 

 

Quarter-wave plate 

with fast axis in the x-

direction 
[
  
  

] 

Quarter-wave plate 

with fast axis in the y-

direction 
[
  
  

] 

Quarter-wave plate 

with fast axis  at  45⁰  
with x-direction 

√ 

 
[
   
   

]   
 
  

Half-wave plate with 

fast axis at θ with x-

direction 
[
          
           

] 

Any birefringent 

material (phase 

retarder)  
[
                     (           )        

(           )                             
] 

Phase 

rotator 

The polarization angle 

is rotated about the 

optical axis by angle θ 

along clockwise 

[
        
         

] 

The polarization angle 

is rotated about the 
[
         
        

] 

http://en.wikipedia.org/wiki/Polarizer
http://en.wikipedia.org/wiki/Polarizer
http://en.wikipedia.org/wiki/Polarizer
http://en.wikipedia.org/wiki/Polarizer
http://en.wikipedia.org/wiki/Wave_plate
http://en.wikipedia.org/wiki/Wave_plate
http://en.wikipedia.org/wiki/Wave_plate
http://en.wikipedia.org/wiki/Wave_plate
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optical axis by angle θ 

along anti-clockwise 

Mirror r is the reflectance [
    

   
] 

Phase retardation induced between Ex and Ey by a birefringent material is given by φy − φx; θ is 

the orientation of the fast axis with respect to the x-axis.  

4.1.3 General numerical expression of Lyot filter 

4.1.3.1 The single stage Lyot filter 

The linear polarizer and birefringent plate which constitute the Lyot filter are both the linear 

optical elements. So, the transfer matrix of Lyot filter could be expressed by Jones matrices, 

which is shown as:  
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          (4.14) 

Where, the matrix [
 
 
]  represents the incident light, the matrix [

  
  

]  for the first linear 

polarizer; the matrix [
                                 

                                 
]  for the birefringence 

plate; the matrix [
             

             
] for the second linear polarizer.  The fast axis of the 

first linear polarizer is set as the x-axis,  then α and β are the angles between x-axis and the fast-

axes of the birefringence plate cavity and the second linear polarizer, respectively, and Δφ is the 

phase difference induced by the birefringence plate cavity (as it shown in Figure 4.2). From 

(4.14, the normalized transmittance of the Lyot filter is given by: 

             )(2sin2sin)2/(cos)2(cosT 22                                        (4.15) 

Where, 
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nL2 PM                                                                                     (4.16) 

The max or min transmission occurs when the Δφ = 2mπ or (2m+1) π (m = 0, 1, 2, 3…). Then, 

the max or min transmittance could be given by: 

                          
))2(cos ,(cosMinT

))2(cos ,(cosMaxT

22

min

22

max








                                                     (4.17) 

From Equation 4.17, it is easy to find that only if β = 0° or 90° and α = 45°, the modulation 

depth of filter is maximized. For max modulation depth, the resultant normalized transmittance 

can be simplified as: 

                           
   (b)          )2/(sinT

(a)  )2/(cosT

2

2

//          











                                                               (4.18) 

Where, “//” means that the fast axes of first and second linear polarizer are placed in parallel, 

and “⊥” means in orthogonal. When β and α are set as 0° and 45°, respectively, this means the 

fast axes of two linear polarizers are in parallel and at 45° to the birefringence plate cavity. The 

wavelength for max and min transmission can be expressed as: 

                                

1m2

nL2

    
m

nL

PMm

PMm

min

max












                                                                                 (4.19) 

From Equation 4.16, the free spectral range (FSR) of Lyot filter can be obtained, as: 

                                
nL

FSR
pm

2




                                                                                      (4.20) 
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The full width half maximum (FWHM) of Lyot filter is half of the FSR of the filter. So the 

FWHM of Lyot filter can be expressed as:  

                                                 
nL2 PM

2

m

m



                                                          (4.21) 

4.1.3.2 The multi-stage Lyot filter 

The multi-stage (m-stage) Lyot filter was firstly reported by Y. Őhman in 1938, which was 

formed by connecting several Lyot filters in series, and named as Lyot–Őhman filter [133]. In 

such a filter, only those wavelengths in phase for each individual cavity can pass through, the 

other non-phase matched wavelengths are suppressed. The bandwidth of the m-stage Lyot filter 

is determined by the length of the longest cavity, while the FSR is by the shortest cavity in multi 

stage filters. By applying the transfer matrix method, the m-stage Lyot filter can be described 

as: 

(4.22)                                                    
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Where, for simplifying the calculation, all linear polarizers are placed at parallel, and their fast 

axes are aligned at the x-axis. The fast axes of the birefringence plates are aligned at 45 with 

respect to the x-axis. In Equation 4.22, Δφm is the relative phase difference induced by m
th
 

section birefringence plate. Finally, the normalized transmittance of m-stage Lyot filter is given 

by [133]: 

                  3,2,1m                  )
nL

(cosT
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1i

i2

i 
 


                                               (4.22) 

The bandwidth and FSR of m-stage Lyot filter can be expressed as:  
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nL

FSR
shortest

2




                                                                                   (4.23) 

                           
nL2

Bandwidth
longest

2




                                                                      (4.24) 

Where, Lshortest and Llongest are the length of the shortest and longest PM fiber cavity among of the 

multiple cavities, respectively. 

4.1.4 Conclusion 

In this section, we have introduced the working principle of a Lyot filter. By using the Jones 

matrix method, we have given the general expression of transmission of single stage and multi 

stage Lyot filter, and the relationship between the bandwidth/FSR and the effective cavity 

length (product of the birefringence and cavity length).  
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4.2 Simulation and experiment results of all fiber Lyot filter 

With the development of optical fiber technique, the Lyot filters have been used in the fiber 

laser and sensing systems [144-146], but most of applications were based on using bulk optical 

component, which limited the integration of system and induced extra loss. For all fiber systems, 

it is desirable to use in-fiber devices for low insertion loss and better integration. O’Riordan et 

al have proposed an PM fiber based Lyot filter using a segment of polarization maintaining (PM) 

fiber and two bulk polarizers, showing that the bandwidth of the filter could be easily adjusted 

by changing the length of PM fiber [145], and Özgören reported an AFLF by splicing a 

polarization beam splitter and a segment of PM fiber into a ring cavity[147]. But in both cases, 

they were not a real in-fiber filter. In this section, an AFLF will be presented by utilizing two 

45°-TFGs in PM fiber with a cavity of the same PM fiber, which is the first in-fiber polarization 

interferometer which has been published in Ref.[109] . 

4.2.1 The fabrication of all fiber Lyot filter 

The two main optical elements consisted of the Lyot filter are linear polarizer and a 

birefringence plate. As presented in Chapter 3, a 45°-TFG inscribed in PM fiber along its slow- 

or fast-axis can functionize as an in-fiber linear polarizer [129], and a PM fiber is a natural in-

fiber birefringence material. Thus, by splicing a section of PM fiber at 45 between two 45°-

TFGs made in the same PM fiber with respect to their fast- or slow-axis, we may achieve an 

AFLF [109, 132]. The configuration of the proposed AFLF is shown in Figure 4.3.  
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Figure 4.3 The configuration of an AFLF consisting of two 45⁰-TFGs segmented by a PM fiber 

cavity. 

4.2.2 The single stage all fiber Lyot filter 

4.2.2.1 The maximum modulation depth of all fiber Lyot filter 

From Equation 4.17, the max modulation depth of the 45-TFG based AFLF is dependent of the 

angle α and β. In this section, the relationship of the modulation depth is theoretically 

investigated with α and β for two special cases: (1) pre-setting β = 0° and varying α from 0° to 

90°; (2) pre-setting α = 45° and varying β from 0° to 90°. Figure 4.4 (a) and (b) show the 

simulated relationship between the modulation depth and angle α and β for the two cases. It is 

clearly seen from the figures that the max modulation depth occurs at α = 45° in the former case 

and at β = 0° or 90° for the latter case. 

  

Figure 4.4 Simulation results of modulation depth of the 45°-TFG based AFLF: (a) the 

modulation depth versus angle α, (β = 0°or 90°) and (b) the modulation depth versus angle β (α 

= 45°). 

We verified the maximum modulation depth of the 45-TFG based AFLF in the experimental 

setup shown in Figure 4.5 (a), which employed a BBS, an OSA and two pairs of 3D-stages with 

mounted fiber rotators. In the experiment, the length of PM fiber cavity used to form the AFLF 

was 30 cm long and both the fast axes of the two 45°-TFGs were pre-aligned at the x-direction 

(Figure 4.2). Then, the fast axis of the PM fiber cavity was set at three different angles (30°, 

45°, and 70°) to the x-axis by the two fiber rotators. The measured transmission spectra of 
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AFLF for these three coupling angles are shown in Figure 4.5 (b). It can be clearly seen from 

the figure that the modulation depth is dependent of the coupling angle between the 45-TFGs 

and the PM fiber cavity. The modulation depths of the AFLF are 15.5dB, 19dB and 13dB for 

the coupling angles at 30°, 45°, and 70°, respectively. It is obvious that 45 coupling angle gives 

the best modulation depth, as the resolved two beams from the first 45-TFG propagating along 

the fast and slow axis of the PM cavity are equal in amplitude, resulting in maximum visibility 

when they combined by the second 45-TFG.  

 

 

Figure 4.5 (a) Experiment setup for verifying the relation between the coupling angle and 

modulation depth of the AFLF; (b) transmission spectra of the AFLF with coupling angles at 

30°, 45°, and 70°. 

The dependence of AFLF modulation depth on the coupling angle was further investigated by 

fixing the coupling angle between the first 45-TFG and the PM fiber cavity at 45 and just 

rotating the second 45-TFG from 0 to 90. The measured transmission spectra are plotted in 

Figure 4.6. When the second 45-TFG is at 0 and 90, the AFLF gives best modulation depth, 
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as shown in Figure 4.6 (a) and (h); when at 45, the filter ceases its modulation function, as 

shown in Figure 4.6 (d). These trends are in excellent agreement with the simulation results 

shown in Figure 4.4. At 0 and 90, the two beams coupled to the second 45-TFG have the 

same amplitude, resulting in interference with maximum visibility, whereas at 45, there is only 

one beam propagating along the PM fiber cavity and the second 45-TFG, thus no interference. 

For those intermediate angles, because the two resolved beams are no longer equal in 

magnitude, the modulation depth deceases accordingly, as shown by Figure 4.6 (b, c, f, g). The 

outcome from this experiment suggests that one may design AFLF with desirable modulation 

depth by simply changing the coupling angle between the cavity and second 45-TFG.  

 

Figure 4.6 Transmission spectra of the 45-TFG based AFLF with different coupling angles 

between the PM fiber cavity and the second 45°-TFG. 

4.2.2.2 The bandwidth and FSR of all fiber Lyot filter 

From Equation 4.18, Equation 4.19 and Equation 4.20, the AFLF will output an approximately 

sinusoidal transmission spectrum, and the bandwidth and FSR are easily adjusted by changing 
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the length of PM fiber cavity. The birefringence of PM fiber is about 3.875×10
-4

, because the 

fiber used in the experiment is PM1550 from Corning Company, which has a 3-5mm beat 

length. Single-stage AFLFs are constructed and evaluated with different cavity lengths. The PM 

fiber sections of 15, 20, 30, 40, 60 and 80cm were spliced between the two 45-TFGs in turn 

forming six Lyot filter structures. The two ends of the PM cavity fiber were spliced with its fast 

axis aligned at 45 to the fast axis of the two 45-TFGs.  

 

Figure 4.7 The transmission spectra of AFLFs with 15cm, 20cm, 30cm, 40cm, 60cm and 80cm 

cavity length for (a) theoretical and (b) experimental results; (c) Experimentally measured and 

theoretically calculated the relationship between FSR of the filter and the length of PM fiber 

cavity. 

Figure 4.7 (a) and (b) show the simulated and measured spectra of the six AFLFs, respectively. 

It can be clearly seen from the figures that the output from the 45-TFG based Lyot filter 

exhibits comb-like transmission and the bandwidth and FSR are cavity length dependent. The 

FSRs for 20, 40 and 80cm PM fiber cavities are 26.6nm, 14.9 nm, and 6.9 nm, respectively, 

showing the FSR is inversely proportional to the length of PM fiber cavity (see in Figure 4.7 
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(c)). The longer the cavity length is the smaller FSR. All the maximum transmissions occur 

when the relative phase difference is equal to 2mπ, (m = 0, 1, 2, 3…), and in contrast, the 

minima occur when the phase difference is equal to (2m+1) π.   

4.2.3 Multi-stage all fiber Lyot filter  

As discussed above, the multi-stage Lyot filter could be formed by connecting several single 

stage Lyot filters in series. In this section, the 2- and 3-stage AFLFs discussed were constructed 

by concatenating three and four 45-TFGs with PM fiber cavity length ratios of 1:2 (20 and 

40cm) and 1:2:4 (20, 40 and 80cm), respectively. The configurations of the 2- and 3-stage 

AFLF are illustrated in Figure 4.8 (a) and (b).                              

 

Figure 4.8 (a) The configuration of a 2-stage AFLF using three 45-TFGs and two PM fiber 

cavities (20cm and 40cm); (b) the configuration of a 3-stage AFLF using four 45-TFGs with 

three PM fiber cavities (80cm, 40cm, 20cm). 

Figure 4.9(a), (b) and (c) show the transmission spectra of 1-stage, 2-stage and 3-stage filter. It 

can be seen clearly from the figure that the transmission bands of the AFLFs are generated from 

coupled cavities, i.e. the transmission maxima are only occur at those wavelengths in phase for 

each individual cavities and the other non-phase matched wavelengths are suppressed. From 

Figure 4.9we can see clearly the bandwidth of the passband becomes significantly narrow for 

multi-stage AFLF. Taking the PM fiber used in this work having the birefringence around 

3.27×10
-4

,  from Equation 4.24, the FSR and bandwidth of 3-stage filter we designed should be 

around 26.6nm and 6.5nm, respectively. 



 

127 

 

 

Figure 4.9 the transmission spectrum of AFLF: (a) 1-stage (20cm PM fiber cavity); (b) 2-stage 

(20cm+ 40cm PM fiber cavity) and (c) 3-stage (20cm +40cm +80cm PM fiber cavity), 

respectively. 

We also compare the simulated and experiment results of the transmission spectra of the 2- and 

3-stage AFLFs, which are shown in Figure 4.10 (a) and (b). It can be seen that the experimental 

results are in very good agreement with the simulation ones. The strength of each peak is not 

quite the same for the 3-stage filter, as shown in Figure 4.10 b; this is because the length ratio of 

PM fiber cavity may not be exactly at 1:2:4.  

 

Figure 4.10 The simulated (solid) and experimentally measured (dash) comb-like transmission 

spectra of (a) 2-stage AFLF with PM fiber cavity length ratio 1:2 (20cm and 40cm) and (b) 3-

stage AFLF with ratio 1:2:4 (20cm, 40cm and 80cm). 
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4.2.4 Conclusion 

In this section, we have presented an AFLF device which was formed by a PM fiber cavity 

structure with two 45°-TFGs UV-inscribed into the same PM fiber along its principal axis. The 

simulated and experimental results show the maximum modulation depth occurs when the 

principal axis of the PM fiber cavity is aligned at 45 to the two 45-TFG polarizers. Such filters 

can generate comb-like transmission spectrum of single polarization, and the FSR and 

bandwidth of the filter can be easily designed by altering the cavity length. We also 

theoretically simulated and experimentally approved that the multi-stage filters offer another 

dimension to tailor the comb-like transmission spectral response with desirable FSR and 

bandwidth by adjusting the shortest and longest cavity length, as demonstrated by the 2- and 3-

stage AFLFs. 
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4.3 Broadband tuneable all fiber Lyot filter 

Tuneability of filters plays a very important role in their practical applications. As shown in 

Equation 4.19 and Equation 4.21, the position and bandwidth of passband of Lyot filter can be 

tuned by changing its cavity length and the birefringence. For most bulk Lyot filters, the 

wavelength tuning were achieved by electrically modulating a phase modulator, mechanically 

rotating the combined wave plates, using liquid crystal driven by a small voltage and so on 

[148-150]. For an AFLF, it is not possible to use the same techniques to achieve tuning, because 

the in-fiber linear polarizers and PM fiber are spliced together.  

As we known, the birefringence of PM fiber is induced by the tension generated from the high 

thermal expansion of the two rods placed around the fiber core. During the fiber fabrication, the 

fiber core is sandwiched by areas of high expansion glass that shrink-back more than the 

surrounding silica, as the fiber is drawn, and freeze the core in tension. This tension creates two 

different indices of refraction – a higher index parallel and a lower index perpendicular to the 

direction of the applied stress. The interior tension will be released with increasing the 

temperature of fiber, and the birefringence of PM fiber will decrease. So, when the PM fiber 

cavity of AFLF is under heating, the total phase shift induced will be reduced, and the 

wavelengths of passbands of filter will show a blue shift, which then may offer a low cost 

method to achieve the wavelength tuning by simply heating PM fiber cavity. This section will 

present a tuneable AFLF by applying the heating on the PM fiber cavity which has been 

published in Ref. [151].  

4.3.1 The numerical analysis of temperature sensitivity of all fiber Lyot filter 

Firstly, the tuning sensitivity of AFLF induced by temperature is analyzed and discussed in 

theory. By differentiating Equation 4.15, the wavelength shift of m
th
 minimum transmission 

band of AFLF induced by the temperature is expressed as: 
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Equation 4.25                      T)(min
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Here,  Lheating is the length of PM fiber cavity under heating, LPM is the cavity length, 

dLheating/(LheatingdT) is the thermal expansion coefficient (for silica fiber, it is 0.5×10
-6

/ ºC) and 

dΔn/(ΔndT) is the thermal optical coefficient of birefringence of PM fiber, which could be 

evaluated by measuring the temperature sensitivity of FBG in PM fiber.             

4.3.2 The temperature effect of birefringence of PM fiber 

In order to evaluate the temperature effect on birefringence of the PM fiber used in the AFLF, a 

FBG UV-inscribed in the PM fiber was subjected to the heating experiment [152]. Figure 4.11 

(a) shows the transmission spectra of the FBG, exhibiting two polarization Bragg resonances 

separated by a gap of 0.372 nm, from which the intrinsic birefringence of the PM fiber is 

estimated about 3.47×10
-4

. The FBG was heated up from 10C to 70C with an increment of 

10C using a temperature controllable peltier with a set-up similar to the set-up shown in Figure 

4.11. It was observed that the spectral separation between the two Bragg resonances decreases 

with increasing temperature, as shown by the experimental results in Figure 4.11 (b). 

 

Figure 4.11 (a) Transmission spectra of the FBG inscribed in PM1550 fiber; (b) responsibility 

of the PM fiber birefringence to temperature. 

The slope of the plot in Figure 4.11(b) indicates the temperature responsivity of the 

birefringence is around -4.5×10
-4

. Thus, dΔn/ (ΔndT) of the PM fiber can be calculated by:
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Equation 4.26  
dT

d

dT

d

ndT

nd

B

B

PM

PM


















 

Where, ΔλPM is the gap of the two polarization peaks of FBG inscribed in PM fiber; ΛB is the 

period of FBG. From Equation 4.26, the temperature induced the rate of birefringence change of 

the PM fiber dΔn/(ΔndT) is estimated around -1.23×10
-3

.  

4.3.3 Temperature tuning of all fiber Lyot filter 

The experiment setup for AFLF temperature tuning is shown in Figure 4.12. The effective 

heating length of the AFLF was set at 6 cm (see Figure 4.12 ), which was heated from 10C to 

40C with an increment of 5C using a temperature controllable peltier.  

 

Figure 4.12  Experiment setup for temperature tuning of AFLF. 

In the experiment, two AFLFs with different PM fiber cavity lengths, (18cm and 40cm) were 

investigated. When the cavity is heated up, the fiber will expand and the thermal-optic 

coefficient will also change, resulting in phase change between the two beams travelling in the 

PM fiber, thus the transmission spectrum of the AFLF will shift accordingly. When the two 

AFLFs were heated, the transmission spectra were noticed shifting dramatically with increasing 

temperature, as clearly shown in Figure 4.13 (a) and (b). From Equation 4.26, the temperature 

tuning sensitivity of the AFLF is linearly proportional to the heating length of PM fiber cavity. 

For 6 cm heating length, the theoretical sensitivities can be calculated around -0.63nm/ºC and -

0.284 nm/ºC for the 18cm- and 40cm-AFLF, respectively.  



 

132 

 

 

 
Figure 4.13 Transmission spectra of the AFLFs under thermal tuning with (a) 18cm and (b) 

40cm long PM fiber cavity; (c) the wavelength shift under the temperature tuning for (■) 18cm 

and (●) 40 cm long PM fiber cavity. 

The temperature induced transmission shift for these two AFLFs are plotted in Figure 4.13(c) 

and from the plots, the temperature tuning responsibilities are estimated around -0.616 nm/ ºC 

and -0.31 nm/ ºC, which are in very good agreement with the theoretical results. In comparison 

with the temperature sensitivity of a normal FBG, the thermal tuning efficiency improved by 

almost two orders of magnitude. Such high temperature tuning rates may be utilized in fiber 

laser and sensing systems to achieve large wavelength tuning by low-cost thermal control.  

4.3.4 Conclusion 

This section presents theoretical analysis and experimental evaluation of the temperature tuning 

sensitivity of 45-TFG based AFLFs. The theoretical and experimental results for temperature 

response are in good agreement. For temperature tuning, the shorter cavity length gives higher 

sensitivity, as for such a filter the sensitivity is inversely proportional to the cavity length. As an 
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example, the temperature tuning sensitivity of 0.616nm/°C has been shown for the 18cm-AFLF 

with 6cm cavity length subjected to heating. This temperature tuning sensitivity is almost 60 

times higher than that of a standard FBG.   
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4.4 Application of all fiber Lyot filter in laser system 

As a type of polarization interference filters, the AFLFs have both filtering and polarizing 

functions, which have shown very broad application prospect in fiber laser systems to achieve 

single polarization, multi-wavelength and mode locking operation in recent decades [145, 150]. 

This section will focus on application of using the AFLF as an intra-cavity functional element to 

achieve multi-wavelength and soliton mode locking in a fiber laser system.  

4.4.1 All fiber passively mode locking laser with an intra-cavity all fiber Lyot filter 

The soliton mode-locked laser was first reported by Mollenauer and Stolen in 1984 [153], which 

has attracted more interesting in recent years. The erbium doped fiber (EDF) has over 25nm 

gain bandwidth and anomalous dispersion property in 1550nm region. This combination makes 

EDF based fiber lasers as a good candidate to be developed into soliton pulse laser sources. The 

stable soliton pulses can be generated under the balance between nonlinearity and dispersion of 

the laser cavity. However, due to the perturbation induced by the discrete loss, gain and 

dispersion properties, the pulses always shed into dispersive waves, which interference with the 

soliton pulses, then, generating sidebands superimposed on the pulse spectrum [154]. These 

sidebands become predominantly pronounced after the pulses propagating multiple cavity loop 

trips [154-156]. The strong sidebands on soliton pulse will cause many disadvantages, such as 

limitation to the pulse duration,  high noise and instability and high energy loss on output pulses 

[155]. So far, the researchers have reported four main techniques to suppress the sideband 

effects, including using short length cavity [157], symmetric cavity structure separated by two 

polarizers [158], longer soliton period [159] and band-pass filter [146, 160]. Among them, the 

band-pass filter is a much simpler, efficient and direct method to suppress the sidebands. 

However, most of reports on this method using a bulk birefringence filter to achieve the 

sideband suppressing [158]. The bulk components always need a collimation system that 

inevitably induces extra cavity loss and limits the integration of the laser system. In this section, 

we present an all fiber soliton passively mode locking laser system by using an intra-cavity 
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AFLF which has been published in Ref. [161]. The utilization of an intra-cavity AFLF can offer 

three unique advantages: suppressing sidebands of soliton pulse, generating pulses with high 

polarization extinction ratio and providing a simple and low-cost thermal tuning for operation 

wavelength over entire EDF gain region.   

4.4.1.1 Experiment setup and results 

The schematic of the passively mode-locked all fiber soliton laser is shown in Figure 4.14.  In 

the experiment setup, the total cavity length is ~14 m, consisting of 3.5m long EDF from 

Fibercore with 18dB/m nominal absorption at 1530 nm and normal dispersion ~-11ps/nm/km, 

9.5m long standard telecom fiber (SM28) with anomalous dispersion ~+18 ps/nm/km and 1m 

long PM fiber (PM1550 from Corning) with a dispersion similar to SM28. Thus, the net cavity 

group velocity dispersion is around -0.0137 ps
2
. The 975 nm laser diode pump source that can 

provide up to 500mW pump power is launched through a 980/1550 WDM. An AFLF 

sandwiched with two PCs is used as mode locking component. A 90:10 OC is employed to 

couple out the laser light（10% output and 90% feedback）. The unidirectional operation is 

achieved by applying a polarization independence isolator in the cavity. 

 

Figure 4.14 The configuration of an EDF based soliton pulse laser. PD: pump diode; PIIS: 

polarization independent isolator; EDF: erbium doped fiber; OC: optical coupler; PC: 
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polarization controller; WDM: wavelength division multiplexer; OSA: optical spectrum 

analyzer; the black dash line frame box and the inset showing an AFLF; the part framed by red 

dash line is the measuring system of PER. 

The AFLF was formed by two 45-TFGs UV-inscribed in PM1500 fiber separated by a section 

of PM fiber cavity. The detailed description on fabrication and functionality of AFLF has been 

discussed in section 4.1. Figure 4.15 (a) and (b) show the spectral responses of two AFLFs with 

20cm and 30cm PM fiber cavity, respectively. From the figures, the transmission bandwidths of 

these two AFLFs are measured around 16 nm and 10 nm at 1550 nm region, respectively. 

 

Figure 4.15 Spectral responses of two AFLFs with (a) 20 cm and (b) 30cm PM fiber cavity 

giving 16nm and 10nm transmission bandwidth, respectively. 

In the AFLF based soliton fiber laser, the mode locking pulse is generated from the nonlinear 

polarization rotation (NPR). By adjusting the polarization controllers, the stable pulse can be 

generated when the pump power exceeding the threshold (>50 mW). In the evaluation, the pulse 

duration time was measured using an autocorrelator (INRAD Inc. Model 5-14B) and the pulse 

spectrum was captured by an OSA (86142B, Agilent). After the evaluation in using AFLF as the 

mode locking element, a single 45-TFG was connected into the cavity replacing the AFLF for 

comparison. 
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Figure 4.16 Output spectra and autocorrelation of all-fiber EDF soliton lasers: (a) and (d) with 

just an intra-cavity 45-TFG showing pronounced sidebands on the pulse spectrum; (b) and (e) 

with an intra-cavity AFLF of 20cm long PM fiber cavity; (c) and (f) with an intra-cavity AFLF 

of 30cm long cavity. In the AFLF based soliton fiber laser, the mode locking pulse is generated 

from the nonlinear polarization rotation (NPR). 

Figure 4.16 (a-f) plots the laser output spectra and pulse duration (inset) when using a single 

45-TFG and two AFLFs with 20cm and 30cm cavity lengths as mode locking component, 

respectively. Although soliton-like pulse with 1.6ps duration time and 14.98 MHz repetition 

ratio can be generated from the laser using just a single 45-TFG as a mode locker (Figure 4.16 

d), the pulse spectrum is showing 5 orders sidebands at the shorter wavelength side and 7 orders 

at the longer wavelength side (Figure 4.16 (a)). In addition, it can be seen that the ±1 order 

sidebands sited at 9.4nm from the center wavelength on both sides have comparable energy 

intensity to the main soliton pulse.  These sidebands are highly undesirable as they in general 

induce the noise, cross-talk and instability to the laser system.  Unlike the broadband response 

from a single 45-TFG, an AFLF offers a sinusoidal transmission filter function with finesse 

easily designed. By properly designing the transmission bandwidth of an AFLF, the low level 

spectral features associated with the sidebands can be effectively suppressed.  The two 
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fabricated AFLFs of 20cm and 30cm cavity lengths were applied in the laser system as mode 

locker, and the laser pulse spectra are shown in Figure 4.16 (b) and (c). It can be seen clearly 

from the figures that the sidebands have been suppressed to a good degree when the AFLF with 

20cm long cavity used, leaving only 1
st
-order sideband shown on the spectrum, but when the 

AFLF with 30cm cavity used, the sidebands have been completely removed, giving a 

symmetrical and clean pulse as shown in Figure 4.16(c).    

 

Figure 4.17 (a) Output pulse train observed on oscilloscope; (b) the radio frequency spectrum of 

mode locked pulse train; (c) RF spectra in the range of 200 MHz bandwidth); (d) the output 

pulse energy generated by using a 30cm-long cavity AFLF versus the pump power. 

The soliton pulse generated with a 30cm-long cavity AFLF used as a mode locker was 

evaluated by using a high speed oscilloscope (352A Lecroy) and frequency spectrum analyzer 

(HP 8562A). Figure 4.17 (a) shows the pulse train with around 66ns interval between two 

adjacent pulses. The radio frequency spectrum (RFS) of pulse is shown in Figure 4.17 (b). As 

shown clearly in Figure 4.17 (b), the RF spectrum in the range of 0.1 MHz bandwidth has a 

14.98MHz fundamental cavity repetition rate which is in good agreement with pulse-pulse 

separation. The over 80dB signal-to-noise ratio (see in Figure 4.17 (b)) ensures the high stability 
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of the mode locking status. The Figure 4.17 (b) shows the RF spectra in the range of 200MHz 

bandwidth. It was noticed in the experiment, with increasing of the pump power, the shape of 

pulse spectrum did not change but only the output pulse energy linearly increasing with pump 

power, as shown in Figure 4.17 (d).  

 
Figure 4.18 (a) The polarization extinction ration of soliton pulse output; (b) Output spectra of 

all fiber erbium doped fiber soliton ring laser tuned by temperature. 

In addition to the sideband suppression function, the AFLF also improves greatly the PER of 

output pulse. The measuring setup of PER is shown in the framed part with red dash line of  

Figure 4.14. The method to measure the PER is the same as the one for measuring the PER of 

45°-TFG, which has been described in Chapter 3. By adjusting the PC, two orthogonal 

polarizations with max and min output power would be observed in the OSA. As shown in 

Figure 4.18 (a), the red and black lines represent the max and min transmission for output pulse 

with orthogonal polarization states. Thus, the PER of the output pulse from the AFLF mode 

locking laser is the difference between the max and min transmission, and is around 25.7dB. 

This value is comparable with the system reported in ref [162]. Thus, an AFLF can ensure the 

laser working at a single polarization status, which is desirable for many applications in signal 

transmission and sensing.   

The 45-TFG based mode locking fiber laser can generate the pulse at random operating 

wavelength, due to very broad polarization response of a 45-TFG [163]. In contrast, the 
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utilization of an AFLF as an intra-cavity polarization device can make sure the pulse is only 

generated at the wavelength locked by the passband of AFLF, which offers another unique 

function for a soliton pulsed laser – operating wavelength tunability. It has been demonstrated 

that the wideband wavelength tuning of an AFLF is achievable by simply heating up a section 

of the PM fiber cavity in Section 4.2.  In the mode locking laser experiment, the passband of the 

AFLF was thermally tuned covering almost whole EDF gain region, and the mode locking 

status was achieved at the different central wavelength from 1545nm to 1565nm, as shown in 

Figure 4.18 (b).    

4.4.1.2 Conclusion 

This section presents a passively mode locking fiber laser with an intra-cavity AFLF as a 

polarization functional device. By using an AFLF with relatively narrow transmission 

bandwidth, the sidebands of laser pulse can be efficiently suppressed, improving the signal-to-

noise ratio and stability of the soliton pulse laser. The AFLF also ensures the laser operates at 

single polarization status, giving high polarization extinction output. In addition, the AFLF can 

offer wideband wavelength tunability. By thermally heating up the PM fiber cavity of the 

AFLF, the laser operation can be tuned over almost entire EDF gain range without any 

noticeable intensity change. Furthermore, by appropriate cavity design, the fiber laser 

incorporating an AFLF may achieve all fiber normal dispersion mode-locking and Raman fiber 

laser systems.  

4.4.2 Multi-wavelength fiber laser based on an intra-cavity AFLF 

The multi-wavelength lasers (MWLs) have been widely applied in optical sensing, 

communication, optical instrument testing and WDM systems and are attracting more interests 

of researchers recently [164-166]. The erbium doped fiber amplifiers (EDFAs) have been well 

developed and widely used for commercial fiber lasers and amplifiers, due to their merits of low 

cost, higher saturated power, lower polarization-dependent gain (PDG) and flatter gain spectrum 
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and low noise figure in the C-band region. However, because of homogeneous line broadening 

property of the EDFA at room temperature, the EDF based MWL always generates very strong 

mode competition, which limits the number of the oscillated wavelengths and switching 

combination possibility. A direct method is to cool the EDF with liquid nitrogen[167]. 

However, the liquid nitrogen cooling method is not practical because of its high cost and 

difficult operation. Recently, a range of alternative methods have been reported, such as using 

hybrid gain medium (by adding an semiconductor optical amplifier or Raman amplifier into an 

EDFA based laser system) [168, 169], the use of highly nonlinear configurations [170], 

inserting a frequency shifter or a phase modulator into the laser cavity [171, 172] and using 

nonlinear polarization rotation (NPR) [173, 174]. The AFLFs have the comb-like and single 

polarization transmission property, which may be utilized to build up an all fiber multi-

wavelength laser system.  In this Section, a single polarization, wavelength switchable fiber ring 

laser system will be presented by using an intra-cavity AFLF.  

4.4.2.1 Experiment setup 

The configuration of fiber laser is similar to the one shown in Figure 4.14. The length of EDF 

(M12 from Fibercore Company) used in the experiment is around 3m, which has around 

12dB/m absorption at pump wavelength (980nm). A polarization independent isolator was used 

to ensure a unidirectional cavity. The AFLF with 80cm long PM fiber cavity is used as the 

wavelength selector. The laser output was extracted from the cavity by a 10/90 fiber coupler, 

with which 90% power was fedback into the EDFA and 10% as output. The transmission 

spectrum of AFLF with 80cm PM fiber cavity is shown in Figure 4.19. 
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Figure 4.19 Spectral response of the AFLF with 80cm PM fiber cavity, giving 13nm FSR and 

6.5nm bandwidth. 

4.4.2.2 Experimental results and discussion 

In the MWL experiment, the pump power used is 200mW. The experiment results show the 

AFLF based fiber ring laser system can give output of single polarization and single- and multi-

wavelength switchable. By adjusting the PC, the different status of output with single-

wavelength, dual-wavelength and four-wavelength were observed, respectively.  Figure 4.20(a) 

and (b) show the output spectra of the laser of single output at four different wavelengths 

(1542.2nm, 1548.5nm, 1555.3nm and 1562.1nm) and dual and quadruple output at the selection 

of these four wavelengths. The single-wavelength laser has a peak power of around -4dBm, 

shown in Figure 20(a); the dual-wavelength peak powers are all around -8.0dBm, while the 

quadruple-wavelength peak powers are at -9.0dBm, -10.2dBm, -11.2dBm and -10.0dBm, 

respectively. The peak power is decreasing with increasing of number of operating wavelengths. 

The signal-to-noise ratio (SNR) of all laser status shows larger than 55dB. In addition, the 

stability of laser was investigated by repeatedly scanning output spectrum of laser every two 

minutes.  
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Figure 4.20 The output spectra of fiber laser with single polarization at switchable single 

wavelength (a) and dual/four wavelength (b) operation; (c) spectra and (d) wavelength drift of 

output under repeated scans with 2mins interval. 

As shown in Figure 4.20 (d), the wavelength drifts for the four peaks are within 0.09 nm, 

0.12nm, 0.06nm and 0.09nm with respect to the peaks at 1542.2nm, 1548.5nm, 1555.3nm and 

1562.1nm (the OSA used in the experiment is HP81364A with a resolution of 0.06nm). The 

wavelength drift of output may be caused by the temperature fluctuation of environment. The 

output power fluctuation is around 0.9dB at the peak wavelengths of 1548.5nm and 1555.3nm, 

however, the fluctuation is much higher around 3.5dB at 1542.2nm and 1562.1nm. In the 

experiment, it is found the stability of laser output depends on the pump power. The lasing 

threshold is about 50mW. At the low pump power, the multi-wavelength operations were still 

observed, but the lower pump power is not enough to sustain the multi-wavelength operations. 

So the laser output was instable as the output wavelength and power fluctuated significantly. 

When the pump power is higher than 200mW, the four-wavelength laser was much more stable.  
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Figure 4.21 The PER results of AFLF based laser. 

One unique advantage of the AFLF based MWLs is the single polarization output with high 

PER. This has also been reported by others using  a polarization dependent element  in their 

laser systems, achieving a high PER [175, 176]. Figure 4.21 shows the PER of output laser is 

around 34.1dB (the degree of polarization is more than 99.9%), indicating the output of the laser 

is almost single polarization. 

4.4.2.3 Conclusion 

In this Section, a novel application of using 45-TFG AFLF as a band pass filter to achieve 

multi-wavelength laser operation has been demonstrated. The output of the laser shows a 

wavelength switchable characteristic and a very high PER. But it must be emphasized that the 

filter used in the experiment has a relatively broad FSR, thus the laser only gives the output at 

limited wavelengths. In addition, the pump power used in the experiment was too low to induce 

strong NPR, thus some fluctuation occurred on the peak wavelength and power. This is caused 

by the poor suppression of the homogenous line broadening effect of EDFA.  More work can be 

carried out to investigate the laser output characteristics at high pumping power and longer 

cavity.  
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4.4.3 Dual-wavelength fiber ring laser based on a 3-stage AFLF 

A narrow passband filter used in the laser system also offers the possibility to achieve stable 

wavelength output. However, for the single stage AFLF, its bandwidth and FSR are always 

changing simultaneously with the cavity length. When the bandwidth becomes narrower, the 

FSR of Lyot filter becomes smaller as well. In an EDF based laser system, the small FSR is 

always accompanied with strong mode competition between adjacent modes, because of the 

gain homogeneous broadening at room temperature. A multi-stage AFLF can offer a mechanism 

to control the bandwidth and FSR separately, which has be discussed in Section 4.1.5. In this 

section, a three-stage AFLF is used to demonstrate a switchable laser with single- and dual-

wavelength output of single polarization.   

4.4.3.1 Experiment and results 

The structure of 3–stage AFIF used in this section is shown in Figure 4.8 (b), which has three 

PM fiber cavities of the lengths of 20cm, 40cm and 80cm. As shown in Figure 4.9 (c), two 

transmission bands at 1534.5nm and 1562.2nm of the 3-stage filter are in the EDFA gain range. 

 

Figure 4.22 The laser output spectra at single- and dual-wavelength operation. 

The schematic of the dual-wavelength fiber ring laser is illustrated in Figure 4.14, in which the 

single stage AFLF was replaced by a 3-stage AFLF. In the experiment, the single or dual 
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wavelength operation was obtained by adjusting the PCs. The output power level of each 

wavelength in dual-wavelength operation could also be adjusted by adjusting the PCs. The 

pump power threshold of laser was quite low at around 30mW. Figure 4.22 shows the output 

spectra of the ring laser with single- and dual-wavelength operation, in which the pump power 

was kept at 100mW. In the experiment, the laser was only excited at 1534.4nm and 1562.1nm, 

and no other lasing modes were observed over the entire erbium gain band. The wavelength 

spacing of the dual wavelength laser is determined by the FSR of the 3-stage filter.  

 

 

Figure 4.23 Repeatedly scanned output spectra of the multi-wavelength laser:  laser output at (a) 

1534.4nm and (b) 1562.1nm; (c) the drift of peak wavelength and (d) the fluctuation of output 

intensity at 1534.4nm and 1562.1nm under 50 times scanning . 

Figure 4.23 (a) and (b) show laser output spectra captured 50 times with 30-second intervals. 

The results show the 3-stage AFLF based dual wavelength laser is quite stable for the 

wavelength and output power. As shown in Figure 4.23 (c) and (d), the output power fluctuation 
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and wavelength drift at the peak of 1534.4nm were 0.5dBm and 0.03nm, respectively. And the 

laser output at the peak of 1562.1nm shows a even better stability, as the power fluctuation and 

wavelength drift were only around 0.015dBm and less than 0.02nm. The PERs of the output of 

the fiber laser at 1534.4nm and 1562.1nm are shown in Figure 4.24 (a) and (b), which are at 

29.5dB and 30.5dB, respectively. Thus, the DOP of output laser is around 99.9%.  

 

Figure 4.24  The PER results of output laser at 1534.4nm (a) and 1562.1nm (b). 

4.4.3.2 Conclusion 

This section presents a single- and dual-wavelength switchable EDFA based fiber ring laser 

system incorporating an intra-cavity 3-stage AFLF concatenating four 45-TFGs separated by 

three PM fiber cavities of lengths at 20cm, 40cm and 80cm. The laser system shows a very low 

pump threshold power, around 30mW, and very stable output with low fluctuation on peak 

intensity and wavelength. The output laser also shows very high PER, which is almost single 

polarization.  
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4.5 Chapter conclusion 

In summary, this chapter has presented a novel type of in-fiber polarization interference filter 

and its applications in fiber laser systems. The major points are summarized below. 

1. By concatenating 45-TFGs that were UV-inscribed along the fast axis of the PM fiber and 

PM fiber cavity at 45 to their principal axes, an all fiber polarization interference filter can 

be constructed. Such filters generate comb-like transmission response and condition the 

signal to linear polarization state. It has been shown that the FSR of AFLF can be easily 

designed by altering the cavity length. In addition, by connecting multi-cavity in series, the 

multi-stage AFLFs can be realized, which offer another dimension to tailor the comb-like 

transmission spectral response with desirable FSR. Experimentally, 2- and 3-stage AFLFs 

have been evaluated showing the clear relationship between the cavity length ratio and FSR 

and bandwidth of the transmission. 

2. The thermal effect on the PM fiber birefringence has provided a mechanism to tune the 

AFLF. Experimentally, it has been demonstrated that by subjecting 6cm cavity length to the 

heating, the AFLFs have shown temperature tuning rates of -0.616 nm/ºC and -0.31 nm/ºC 

for the filters of 18cm and 40cm cavity length, respectively. These values are almost two 

orders of magnitude higher than normal FBGs.  

3. Utilizing its filtering and polarizing function, the AFLF has been used as a polarization 

functional device to achieve passively mode locking fiber laser. The comb-like transmission 

response of the AFLF enables the effective suppression of the sidebands of the laser pulse, 

improving the signal-to-noise ratio and stability of the soliton pulse laser. The AFLF also 

ensures the laser operates at single polarization status, giving high polarization extinction 

output. In addition, the AFLF can offer wideband wavelength tunability. By thermally 

heating up the PM fiber cavity of the AFLF, the laser operation can be tuned over almost 

entire EDF gain range without any noticeable intensity change. 
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4. The AFLF has also been applied to achieve single-multi wavelength switchable operation. 

The laser was able to operate either at four individual wavelengths or at four-wavelength 

simultaneously. The output of the laser is at single polarization state due to the polarizing 

function of AFLF. 

5. Finally, a dual-wavelength switchable fiber ring laser with low pump threshold power was 

demonstrated by using a 3-stage AFLF. This laser exhibited a good stability, as during 

multiple scanning measurements, the fluctuation of peak intensity and wavelength were 

only 0.5dB and less than 0.04 nm, respectively. The output laser showed a very high PER as 

well. 
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Chapter 5.                                               

Theoretical and experimental 

characteristics of tilted fiber gratings 

with excessively tilted structure 
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5.1 Introduction 

Optical fiber grating based sensors have been extensively studied and experimented in past 

decades. Recently, the sensing of small variations in refractive index using fiber grating sensors 

has been attracting more interests, since this may provide a new type of chemical and biological 

sensors with high sensitivity and selectivity. The RI sensing principle of fiber gratings is based 

on the fact that the mode coupling induced by fiber grating may be affected by the variations in 

the SRI. It is not all fiber gratings are suitable for SRI sensing; only those coupling the light 

from the core mode to cladding modes are sensitive to the changing of SRI, because the 

cladding modes are directly affected by the variations of SRI. The theoretical analysis shows 

that the coupled forward-propagating cladding modes have almost 1000 times higher sensitivity 

than the backward-propagating ones [177] . There are only two types grating that can couple the 

core mode to forward-propagating cladding modes: LPGs and Ex-TFGs. The LPGs have been 

extensively developed and investigated in last two decades, mainly as attenuation filters and 

environment detectors [11, 178-184]. In contrast, Ex-TFGs are relatively new and have not been 

explored extensively. The Ex-TFGs were firstly reported by Zhou et al, who have shown such 

type gratings are highly sensitive to SRI but low thermal cross sensitivity [14, 127]. Because of 

the asymmetric structure induced by the excessively tilted index fringes in the fiber core, the 

light in the core mode is coupled into high order forward-propagating cladding modes which are 

splitting into two sets of polarization dependent modes resulting in dual-peak resonances in 

spectrum. Due to this unique polarization property, Ex-TFGs have been  used for twist and load 

sensing [185, 186]. However, there is no work reporting a detailed theoretical and experimental 

analysis on the transmission and sensing characteristics of Ex-TFGs. In this Chapter, we will 

give a detailed analysis of Ex-TFGs with results from experiments and simulation.  



 

152 

 

5.2 The numerical analysis of Ex-TFGs 

The detailed numerical analysis can help better understanding of the experimental results and 

providing guidance for optimizing device design. As it reported in Ref. [14, 127], the Ex-TFGs 

have a low thermal cross-sensitivity and high SRI sensitivity to aqueous solutions. However, so 

far, there is no a systematical study on Ex-TFGs.  In this Section, we will use effective index 

method to analyze and explain the mode coupling feature of Ex-TFGs, in which the core mode 

is coupled into two sets of cladding modes with orthogonal polarizations. Furthermore, the 

general expression of environmental sensitivity will be given, and the factors that affect the 

thermal and SRI sensitivities will be discussed.   

5.2.1 The phase matching condition of Ex-TFG 

The phase match condition is the most important parameter of grating, which determines the 

wavelength of the strongest coupling between the core and co-propagating cladding modes. The 

phase match condition of  an Ex-TFG is expressed as [127]: 

                   TM or TEi        
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Where λ is the resonance wavelength,    
   

 is the effective index of the core mode at the 

wavelength λ;      
     

 is the effective index of m
th
 TE/TM cladding mode at the wavelength λ;    

is the normal period of grating;    is the tilt angle of the grating. 

The relationship between the axial period ( ), normal period (  ) and the tilt angle () of 

grating is shown in Figure 5.1, which is expressed as:  
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Substituting Equation 5.2 into Equation 5.1, the phase matching condition of Ex-TFG can be 

rewritten by using the axial period of grating as: 

                    TMor   TEi               ))()(( ,

,   effi

mcl
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co nn
                                        

(5.3) 

From Equation 5.3, we note the response wavelength of Ex-TFG is determined by the mode 

index of core and cladding and the axial period of grating.  
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Figure 5.1 The schematic and vector phase matching diagram of an Ex-TFG. 

The Ex-TFG has the same mode coupling function as a LPG which is coupling the forward 

propagating core mode into the forward propagating cladding mode. The only difference 

between these Ex-TFG and LPG is that each order responding cladding modes of Ex-TFG are 

splitted into two orthogonal polarization cladding mode, which make the Ex-TFGs have very 

good polarization related function.  In the following section, I will give a detailed analysis about 

these two orthogonal polarization cladding mode. 

5.2.2 The calculation of the mode index of fiber 

5.2.2.1 Core mode index 

The fiber is consisting of a high refractive index core of small radius of and a relative large 

cladding layer of low refractive index. To simplify the calculation, the fiber core could be 

treated as a cylindrical dielectric rod embedded in an infinite cladding layer. By applying the 

weakly-guiding condition (nco-ncl<<nco), the effective refractive index of fundamental core 

mode (TEM01) could be calculated by solving the eigenvalue equation that is expressed as [187, 

188]: 
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Where, u and w are waveguide parameters which are defined as: u=2πr(nco
2
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/λ  and 

w=2πr(ncoeff
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- ncl
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1/2
/λ (r is the radius of fiber core); J is a Bessel function of the first kind and K 

is a modified Bessel function of the second kind.  

Figure 5.2  Effective index of the fundamental core mode as a function of wavelength. 

Figure 5.2 shows a plot of effective index as a function of wavelength for the fundamental core 

mode of a standard single mode fiber. In the simulation, the radius of core and cladding are set 

as 4.1μm and 62.5μm, respectively, and the material dispersions of the core and cladding are 

calculated by the Sellmeier equations in which the fiber core composition is of 4.1m% GeO2 

and 95.9m% SiO2, and the cladding is pure silica using the data given in ref. [187].  

5.2.2.2 Cladding mode index 

As an approximate calculation, the cladding mode index may also be calculated by treating the 

cladding as a coreless rod surrounded by air. However, the refractive index difference between 

cladding and air cannot be neglected in the calculation. In ref. [187], the eigenvalue equations 

for TM0m and TE0m are given as Equation 5.5 and Equation 5.6, respectively. 
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Where, Δn is the refractive index difference between the cladding and air; u=2πr(ncl
2
-ncleff

2
)

1/2
/λ  

and w=2πr(ncleff
2
- nair

2
)

1/2
/λ (r is the radius of fiber cladding). 

 

Figure 5.3 (a) The mode indexes of TE and TM cladding modes (inset shows the enlarged scale) 

and (b) the mode index difference between TE and TM cladding modes as a function of the 

wavelength. 

Due to the significant index difference between the cladding and air, there is a slight difference 

between the effective indexes of TE0M and TM0M cladding modes.  Figure 5.3 (a) shows the 

calculated refractive indexes of the TE and TM cladding modes for standard single mode 

telecom fiber (SM-28). The inset of Figure 5.3 (a) shows the enlarged scale of 30
th
 cladding 

mode, in which it can be clearly seen the index of TE cladding mode is a little larger than the 

TM one. Figure 5.3 (b) shows the effective index differences for six TE and TM cladding 

modes (1
st
, 10

th
, 20

th
, 30

th
, 40

th
, 50

th
) as a function of wavelength. As it shown in the figure, the 

index difference is increasing with the increase of the mode number and wavelength. As there is 

no fiber symmetry break in structure, the mode coupling of LPG is polarization independent. 

However, for Ex-TFGs, the tilted grating structures break the fiber symmetry, which causes TE 

and TM polarization mode splitting at the same order. This is the reason that the transmission 

spectrum of an Ex-TFG exhibits a series of polarization dependent dual peaks, as will be shown 

in the experimental results later. 
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Figure 5.4 Simulated resonance wavelength versus the axial period of Ex-TFG with TE (black 

solid line) and TM (red dash line) modes for different orders: (a)  m=1 to 9; (b) m=10 to 20; (c) 

m=21 to 30; (d) m=31 to 45. 

By applying phase matching condition Equation 5.3, the phase matching curves are calculated 

and plotted in Figure 5.4 for 45 TE (solid line) and TM (dash line) cladding modes distributed 

in a  broad wavelength range from 1μm to 2.4μm. The plots for TE and TM cladding modes of 

m=1 to 9, m=10 to 20, m=21 to 30 and m=31 to 45 are shown in Figure 5.4 (a)-(d), respectively. 

As it shown in the figures, there are two response wavelengths with respect to TE and TM 

modes at the same order. Furthermore, there is a dispersion turning point (dλ/dΛ=∞) for each 

mode which has been labeled in black and red bubble in Figure 5.4 (a)-(b), and the 

corresponding wavelength of the dispersion turning point is moving to shorter wavelength with 

increasing  mode order [178]. From Figure 5.4, we also notice the resonance wavelength of TM 

cladding mode is longer than that of the same order TE mode before turning point, and 
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conversely the wavelength of TE mode is longer than the one of the same order TM mode after 

turning point.   

5.2.2.3 The waveguide dispersion of grating 

In Equation 5.3, the effective indexes of core mode and m
th
 cladding mode are wavelength 

dependent due to the material and waveguide dispersion. In general, it may be regarded that the 

material dispersions of the core and cladding have the same overall effect, so, for co-

propagation coupling, the material dispersion is almost cancelled. Hence, the difference of 

waveguide dispersion of the core and cladding mode is the main contributor to grating spectra. 

According to the method described in ref. [189], the waveguide dispersion can be calculated by 

differentiating Equation 5.3, which can be expressed as:  
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By re-arranging, then:  

               

))
)()(

(1(

1

)()( ,

,

,

,







i

i

effi

mcl

i

i

eff

coi

effi

mcli

eff

co

i

i

d

dn

d

dnnn

d

d













                             

 (5.8) 

Equation 5.8 describes the γ factor reported in ref. [178, 183, 189], which is important 

parameter to analyze the property of a grating. Figure 5.5 (a) shows theoretical value of γ factor 

of TE and TM cladding mode versus the mode order at 1550nm, which exhibits a distinctive 

flip-flop feature. Also can be seen from the figure, there is a turning point between 10
th
 and 11

th
 

TM cladding modes and between 11
th
 and 12

th
 TE cladding modes; in these regions, the value of 

γ factor changes from positive to negative. This feature was firstly used to explain the blue-shift 

behaviour of LPG resonances from the high order cladding modes and red-shift behaviour from 

the low order ones during the UV exposure [189]. Figure 5.5 (b) shows the γ factor of TM 
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cladding mode for three different wavelengths (1300nm, 1550nm and 1700nm). As it can be 

seen from the figure, the values of γ factor for different wavelengths are almost the same for the 

modes far away from the dispersion turning point region, but differentiating very much when 

approaching to the dispersion turning point (see inset of Figure 5.5b). The dispersion turning 

point (appeared as flip-flop feature) shifts to higher order mode position for shorter wavelength, 

as shown in Figure 5.5 (b). 

 

Figure 5.5 Theoretical values of the waveguide dispersion: (a) TM (square) and TE (circle) 

cladding mode at 1550nm and (b) TM cladding mode at 1300nm (circle), 1550nm (square) and 

1700nm (triangle ) as a function of mode order (inset: enlarged scale of Y-axis between 20
th
 and 

50
th
 mode order). 

5.2.2.4 Spectral response of TM and TE cladding modes of Ex-TFG 

Because of TE and TM cladding modes have different effective mode indexes, the cladding 

mode resonance of an Ex-TFG splits into two polarization dependence peaks (TM and TE peak). 

In this Section, we will give a general expression of spectral response of the TM and TE modes 

in an Ex-TFG using the analysis method reported in [189]. Using the Equation 5.3, the 

resonance wavelength for m
th
 TE and TM cladding mode may be written as:  
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In Equation 5.10, the TM cladding mode index of an Ex-TFG can be expanded in Taylor series 

about the wavelength of λTE, which are given as: 
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Substituting Equation 5.11 and Equation 5.12 Error! Reference source not found. into 

quation 5.10,  then: 
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  (5.13) 

Where, γTM is the γ factor of TM cladding mode;        
           

 is the cladding mode index 

difference between TE and TM. We set the λTE at 1300nm, 1550nm and 1700nm, and the 

separation as a function of mode order can be calculated and plotted in Figure 5.6. The 

separation gap is very large at the mode around the turning point. Meanwhile, the resonance 

wavelength of TM mode is longer than the TE mode as dλ/dΛ>0, and  shorter  as dλ/dΛ<0. The 

separation also shows that the longer resoncane wavelength is, the larger separation between TE 

and TM modes. 
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Figure 5.6 The separation of TM and TE resonance cladding modes as a function of mode order 

for 1300nm, 1550nm and 1700nm. 

5.2.3 The general expression of environmental sensitivity of Ex-TFG 

According Equation 5.3, the resonance wavelength of an Ex-TFG is determined by the grating 

axial period and the effective refractive indexes of the core and cladding modes. These three 

parameters could be also affected by environmental condition, such as temperature, loading, 

strain and SRI experienced by the fiber.  The environmental perturbation induced resonance 

wavelength change of an Ex-TFG can be expressed by re-writing Equation 5.3, as: 
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Where, '  is the resonance wavelength after the change of environment condition; 
eff

con , 

eff

mcln ,  and   are the changes of effective refractive index of the core and the cladding modes 

and the grating axial period under environmental perturbation.  

Using the same method described in Section 5.2.2.4, the effective indexes of core and cladding 

modes could be expanded in a first derivative of Taylor series about , which are expressed in 

Equation 5.15 and Equation 5.16. 
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Substituting Equation 5.15 and Equation 5.16  into Equation 5.14: 
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Ignoring the minimum term, then, the wavelength shift is written as: 
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Where,

 

the first term in Equation 5.18 is the γ factor. We defined the second one as the 

environment dependence of waveguide dispersion  
)(n)(n
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 , and the third one

 

as 

the material expansion caused by the changing of environment 





d
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Equation 5.18 could then be rewritten as: 
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5.2.3.1 The thermal sensitivity of Ex-TFG  

When an Ex-TFG is subjected to the temperature change, the second term in Equation 5.18 as 

the thermal dependence of waveguide dispersion may be defined as: 
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Where, ξco  and ξcl are the thermo-optic coefficient of core and cladding materials - 

 

ξcl

 

is 

7.8×10
-6

/⁰C for fused silica but ξco depends on the dopants and their concentrations in the fiober 

[190]. In general, for the core composited with 4.1m% GeO2 and 95.9m% SiO2, ξco is about 

7.97×10
-6

/⁰C, and for the core doped by 9.7m% B203 and 4.03m% GeO2, ξco is about 7.3×10
-

6
/⁰C[190]. The ξco of SM-28 telecom fiber we used in the experiment is around 7.07×10

-6
/⁰C, 

which is obtained by measuring the temperature sensitivity (~11.6 pm/⁰C) of FBG UV-inscribed 

in SM-28 fiber at 1550nm (the calculation method has been discussed in Chapter 4). From 

Equation 5.20, for ξco>ξcl, ГTEM is always a positive value and approaching to zero with 

increasing mode order. For ξco<ξcl, there is a switchover point at which ГTEM is equal to zero and 

after which it changes from negative to positive. The calculated results show that the switchover 

point depends on the difference between ξco and ξcl. The switchover point occurs at 40
th
 cladding 

mode for ξco=7.3×10
-6

/⁰C and at 47
th
 cladding mode for ξco=7.07×10

-6
/⁰C, (see in Figure 5.7 (a)). 

 

Figure 5.7 The simulation results of (a) ГTEM and (b) the temperature sensitivity of first 50 TM 

resonant cladding modes for three different ξco values: 7.97×10
-6 

(square), 7.3×10
-6

 (circle), and 

7.07×10
-6

 (triangle) at 1550nm (inset: enlarged scale of figure (b) for the mode orders from 20 

to 50). 

The third term is the coefficient of thermal expansion, which is around 4.1×10
-7

 for silica based 

material. So the thermal sensitivity can be expressed as: 
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  (5.21) 

Figure 5.7 (b) shows the temperature sensitivity of TM resonance cladding mode against the 

mode order at 1550nm for different ξco values. Generally, it is thought that because ГTEM>>α, 

the temperature sensitivity is determined predominantly by the product of γ, ГTEM and λ.   

However, as it shown in Figure 5.7 (a), ГTEM depends on ξco and mode order. For high order 

cladding modes and ξco<ξcl, the temperature sensitivity has a switchover point. As it shown in 

Figure 5.7 (b), for ξco=7.3×10
-6

, the switchover point of thermal sensitivity is at 32
nd

 cladding 

mode, and at 47
th
 mode for ξco=7.07×10

-6
. After the switchover point, the thermal sensitivity 

becomes negative, i.e. changing the sign. The calculated results show very low thermal 

sensitivity at high order cladding modes; typical sensitivities are 21pm/⁰C, 11pm/⁰C, 5pm/⁰C 

and -1.2 pm/⁰C for 30
th
, 35

th
, 40

th
 and 50

th
 cladding mode at 1550nm, respectively, for 

ξco=7.07×10
-6

.  

5.2.3.2 The SRI sensitivity of Ex-TFG 

The nature of SRI sensing is the effective indexes of the core and cladding modes are changing 

with SRI. Due to the waveguide dispersion, the effective indexes of core and cladding modes 

depend on the material index of core and cladding and the index of surrounding medium. In 

general, the effective index of core mode is only determined by the indexes of core and cladding 

materials, thus not directly affected by the surrounding medium, whereas the effective index of 

cladding mode is sensitive to the surrounding medium, thus changing with the SRI. We may 

regard that in Equation 5.18, the changing of effective index of core (δnco) and the material 

expansion (α) induced by the changing of SRI are zero. Then, SRI dependence of waveguide 

dispersion can be written as:

  



 

164 

 

                              
)()(

)(

,

,




eff

mcl

eff

co

eff

mcl

SRI
nn

n






                                                               

    (5.22) 

In our calculation of the cladding mode index, the cladding layer has been treated as a coreless 

fiber.  For the coreless fiber, the normalized frequency defined is much larger than value one 

( 1
2 22

 excl nnrV



) [191]. So, the waveguide parameter u could be approximately 

expressed as[192]: 
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Where, um is m
th
 root of the zero order Bessel function (J0(u)=0); and u is also defined as: 
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From Equation 5.23 and Equation 5.24, the derivativation of cladding mode index about SRI is 

given as:
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Finally, the SRI dependence on waveguide dispersion is described as: 
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Finally, the SRI sensitivity is simply expressed as: 

                          SRI
                                                                                             

(5.27) 
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Equation 5.26 shows ГSRI is a negative value, which means the SRI sensitivity has an opposite 

sign to the γ factor. Figure 5.8 (a) plots the calculated results of ГSRI values for the first 50 TM 

resonant cladding modes at 1300nm, 1550nm and 1700nm for SRI=1.345 (the reason for 

choosing SRI=1.345 is that the RI of most bio/chemical solution is water based and around 

1.345). In Figure 5.8 (a), ГSRI rapidly increases with mode order before reaching the dispersion 

turning point, and then slowly increases and almost reaches a saturation value after the turning 

point. The absolute value of ГSRI is proportional to the operation wavelength. It has been 

described in Equation 5.27 that the resonance wavelength of cladding mode is shifting to the 

longer wavelength for high order cladding mode (see in Figure 5.8 (b)). The general trend is the 

longer the resonance wavelength is, the higher the SRI sensitivity. For example, the SRI 

sensitivity of 30
th
 cladding mode is 87nm/RIU, 114nm/RIU and 137nm/RIU at 1300nm, 

1550nm and 1700nm, respectively. This trend will be confirmed by the experimental results 

discussed in later Section. 

 

Figure 5.8 The simulation results of (a) ГSRI and (b) SRI sensitivity (inset: enlarged view of the 

part highlighted in the dotted frame) of the first 50 TM resonant cladding nodes at 1300nm 

(circle), 1550nm (square) and 1700nm (triangle) for surrounding medium RI=1.345.  

5.2.4 Conclusion 

In this Section, we have presented the detailed numerical analysis results of Ex-TFGs in terms 

of their characteristic spectral response and environmental sensitivity. The calculated results 

have explained the dual peak feature exhibited by Ex-TFGs, which is induced by the different 
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effective indexes of the degenerated TM and TE cladding mode. Furthermore, we have given 

the general expression of environmental sensitivity, and derived the expression of thermal and 

SRI sensitivity. Comparing with the SRI sensitivity, the thermal sensitivity is very low and 

decreasing with mode order, thus may be neglected for the high order cladding modes. The 

simulation results also show the SRI sensitivity is increasing with resonance wavelength. This 

systematical numerical analysis has provided not just a clear view on Ex-TFGs but also a good 

guidance in designing Ex-TFG based in-fiber devices and sensors for practical applications. 
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5.3 Fabrication and characterization of Ex-TFGs 

As mentioned before, Ex-TFGs have a similar property as conventional LPGs, capable of 

coupling the light from core mode to the co-propagation cladding modes generating attenuation 

function. However, due to the highly asymmetrical index fringe structure in the fiber core, an 

Ex-TFG induces two sets of birefringence cladding modes, thus causing pronounced 

polarization dependent loss associated with the mode split. As a result, Ex-TFG has its unique 

polarization dependent property which may be exploited for device function.  In this Section, 

we will present the fabrication method to produce Ex-TFGs and the characterization of their 

spectra.  

5.3.1 Fabrication of Ex-TFG 

To enable forward-mode coupling, an Ex-TFG must have an excessively tilted structure at an 

angle close or larger than 70°. However, due to its relatively smaller period (typically in tens 

m) and the excessively tilted structure, such gratings cannot be fabricated by the point-by-

point technique. A more realistic method would be using tilted amplitude mask. In the work 

reported in this thesis, we purchased a custom-designed amplitude mask with a period of 6.6μm. 

This period was designed to ensure that grating responses generated from high order cladding 

modes coupling will be centered in the C-L band. In the UV-inscription, the amplitude mask 

was tilted at ~78, thus producing excessively tilted fringes at ~80 in the fiber core. In order to 

make strong Ex-TFGs, the SM-28 fiber was hydrogen loaded under the standard condition to 

enhance its photosensitivity.  

As it shown in Figure 5.9 (a) and (b), the fiber is placed in the front of tilted amplitude mask. As 

it is an amplitude mask, the zero order diffraction of UV beam passed through the mask was 

used to inscribed grating into the fiber core, in which fiber grating and the amplitude mask have 

the same the axial period. 
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Figure 5.9  Schematic of (a) the front view and (b) the top view of amplitude mask and fiber 

with 0 order diffraction inside the fiber core. 

From Equation 3.7 and 3.8, the relationship between the grating period,  the external tilted angle 

and period of amplitude mask  can be expressed as: 
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 (5.28) 

Where, ΛG and ΛAM are the grating period inside the fiber and the amplitude mask, respectively; 

nUV is the refractive index of fiber at the wavelength of 244nm; θext is the tilt angle of mask.  

In the experiment, 5 Ex-TFGs with different tilted angles were fabricated and  investigated. 

Table 5.1 gives the details on axial and normal periods and tilt angles of the five fabricated Ex-

TFGs.  

Table 5.1 The list of mask and grating parameters 

Period of 

mask 

Tilted angle 

of mask 

Axial Grating period 

inside the fiber 

Normal Grating 

period inside the 

fiber 

Tilted angle of grating 

inside the fiber 

6.6μm 63.7° 14.9μm 4.61μm 72° 

6.6μm 68° 17.6μm 4.53μm 75° 

6.6μm 73.5° 23.2μm 4.44μm 79 ° 

6.6μm 76.5° 28.3μm 4.41μm 81° 

6.6μm 79.5° 36.2μm 4.38μm 83° 
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After the UV inscription, the grating structures with four different tilt angles 72°, 75°, 79°, 83° 

were examined under a 100×microscope, showing the tilted fringe images  in Figure 5.10 (a-d). 

 

Figure 5.10 Micro-images of Ex-TFGs inscribed into SM-28 fiber with  tilt angles at: (a) 72°, (b) 

75°, (c) 79° and (d) 83°. 

According to the previous calculation results showed in Figure 5.4, we could also identify the 

TM resonance wavelength, mode order and mode index of  Ex-TFGs with tilt angles at 72, 75, 

79, 81 and 83, and these parameters are listed in Table 5.2. 
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Table 5.2 List of testing TM resonance wavelength, mode index and mode order of the Ex-

TFGs with different tilt angles (83°, 81°, 79°, 75°, 72°). 

Tilt angle of Ex-TFG 
The testing wavelength of TM 

mode 
Mode number Mode index 

72° 1535nm 43
rd 

1.34311 

75° 1547nm 39
th 

1.35962 

79 ° 1550nm 34
th 

1.37635 

81° 1561nm 31
st 

1.39029 

83° 1498nm 27
th 

1.40716 

5.3.2 The transmission spectra of Ex-TFGs 

In this Section, we will present the characteristics of transmission spectrum of Ex-TFGs. All 

Ex-TFGs were characterized using the experiment setup shown in Figure 5.11, which consists 

of a broadband light source (from Agilent), an optical spectrum analyzer, an in-fiber polarizer 

and a polarization controller, both are placed in front of Ex-TFG. 

 

Figure 5.11 The measuring setup for transmission spectrum of Ex-TFGs. 

In the experiment, we have evaluated the transmission spectra of a 79°-TFG which has 23.2μm 

axial grating period. Figure 5.12 (a) depicts the transmission spectrum of the 79°-TFG from 

1300 to 1700 nm. It can be seen clearly from the figure that all peaks split into two, generated 

from the coupling to the two sets of cladding modes of orthogonal polarization statuses, when 

measured using unpolarized light and polarized light with orthogonal polarizations.  The 

zoomed spectra of one pair of the dual-peak at around 1550nm are shown in Figure 5.12 (b).  As 
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shown clearly in the figure, when the grating launched with randomly polarized light, the two 

peaks are coupled with almost the same strength - ~3dB transmission loss, while when it 

launched with orthogonally polarized lights, one peak is fully excited and the other almost 

diminished. According to previous calculation results, for SM-28 fiber, the resonance mode at 

around 1550nm should be the 35
th
 cladding mode, and the wavelength of TM mode should be 

shorter than that of the TE mode, Thus, we identify the 1550nm peak in Figure 5.12 (b) is the 

coupling to the TM mode and 1556nm peak is the TE mode.  

 

Figure 5.12 The transmission spectra of 79°-TFG: (a) a series of dual-peak resonances from 

1300 to 1700 nm; (b) zoomed  dual peaks at around 1550nm when launched with randomly 

polarized light (blue line) and orthogonally polarized lights (black line – TM; red line - TE). 

The polarization dependent loss of the 79-TFG was further investigated using the setup shown 

in Figure 5.13, in which there are a broadband light source, an in-fiber linear polarizer based on 

45°-TFG in a PM fiber, a fiber rotator, two 3-D stages and an optical spectrum analyzer. The 

linearly polarized light from the 45°-TFG is directed to the fiber rotator, and then butt-coupled 

to the 79°-TFG. The output spectrum of 79°-TFG is measured by the OSA.  
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Figure 5.13 The experimental setup investigating the polarization dependent loss  of the 79°-

TFG. 

Using this setup, the linearly polarized light at different orientations can be launched into the 

79°-TFG.  In the measurement, this was facilitated by simply rotating the PM fiber amounted on 

the fiber rotator from 0° to 90° at a 15° increment. The evolving transmission spectra were 

recorded and are shown in Figure 5.14. When the angle is at 0°, the linearly polarized light is at 

TM polarization, i.e. the polarization is aligned in the equivalent fast-axis of 79°-TFG, thus 

fully exciting the TM peak at the shorter wavelength side and eliminating the one on longer 

wavelength. When the input PM fiber is rotated by 45, the two peaks are at the same strength 

of 3dB (50%).  Finally, when the angle reaches 90°, the polarized light is TE polarization and 

the peak at the longer wavelength is fully excited and the peak at the shorter wavelength is 

totally disappeared.  

 

Figure 5.14 The transmission spectra of 79°-TFG measured by launching a linear polarization 

light with different azimuth angles with  respect to the fast axis of grating. 
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5.3.3 Experimental evaluation on thermal and SRI sensitivity of Ex-TFGs 

The detailed theoretical analysis and numerical simulation on thermal and SRI sensitivity of Ex-

TFGs have been discussed in Section 5.2. In this Section, we will experimentally evaluate the 

thermal and SRI sensitivity of Ex-TFGs.  

5.3.3.1 Temperature sensing experiment using Ex-TFGs 

Four Ex-TFGs with structures tilted at 75, 79, 81 and 83 were selected for thermal 

sensitivity evaluation. Each grating was subjected to the temperature elevation using the setup 

shown in Figure 5.15. The grating was mounted on the surface of a temperature controllable 

peltier covered by a box to minimize temperature fluctuation.  The temperature was tuned from 

10C to 60C with an increment of 10C.  

 

Figure 5.15  Experiment setup for temperature tuning of Ex-45° TFG. 

In the experiment, a polarizer and polarization controller were employed to make sure only one 

of the dual peaks under measuring. Figure 5.16 (a) shows the temperature sensitivity of TM (at 

1560nm) and TE (at 1567nm) peak of the 81-TFG. The fitted results indicate the temperature 

sensitivities of TE and TM cladding mode are 5.8pm/°C and 6.8pm/°C; the latter is slightly 

higher than the former. Compare with a LPG, the Ex-TFGs show very low thermal sensitivity, 

which the thermal sensitivity of LPG is normally more than 40 pm/°C[193]. 
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Figure 5.16 The wavelength shift of Ex-TFG versus temperature: (a) for TM (red circle) and TE 

(black square) cladding modes of 81°-TFG; (b) for TM cladding modes of Ex-TFGs  tilted at 

83°, 81°, 79°, 75°. 

In the experiment, we also investigated the temperature sensitivity of TM peak at around 

1550nm for Ex-TFGs tilted at  83°, 81°, 79° and 75°. Figure 5.16 (b) plots the wavelength shift 

of TM cladding mode against the temperature for these four Ex-TFGs. From the linear fitting, 

we can obtain the temperature sensitivities are 9pm/°C, 6.8pm/°C, 5.6pm/°C, 4pm/°C, 

respectively, for the four gratings. All these values are lower than the sensitivity of normal 

FBGs at ~1550nm. The fiber used to inscribe the Ex-TFGs is SM-28, which has a thermal 

optical coefficient of 7.07×10
-6

. The previous simulated results show the switchover point of 

thermal sensitivity is at 47
th
 cladding mode for ξco=7.07×10

-6
. The cladding modes of 83°-, 81°-, 

79°- and 75°-TFG at around 1550nm should be  27
th
, 31

st
, 34,

th
, and 39

th
, respectively, which has 

been listed in Table 5.2. Thus, before reaching the switchover point, we only see that the 

thermal sensitivity is decreasing with increasing of the mode order.  

5.3.3.2 SRI sensing experiment using  Ex-TFGs 

To evaluate SRI sensing capability of the Ex-TFGs, we have applied a series of index oil (from 

Cargille laboratory) with different RIs from 1.305 to 1.408 to the gratings and measured their 

spectral evolution using the setup shown in Figure 5.17. To avoid wavelength shift induced by 

the bending and axial strain, the grating was straightly clamped on two stages set at the same 

height. The index oil was placed on a flat glass substrate, which could be raised by a vertical 
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micrometer to submerge the grating into the index oil without imposing any force to the grating.  

Once the grating was surrounded by the index oil, the shift of wavelength was almost 

instantaneously observed on the OSA and the spectrum was recorded. After each index oil 

measurement, the grating was rinsed with methanol to remove the residual oil till the original 

spectrum in air was restored on the OSA.  

 

Figure 5.17 The experiment setup for refractive index sensing. 

The wavelength shift against SRI variation from 1.305 to 1.408 for the 34
th
 TE and TM cladding 

modes of 79-TFG is plotted in Figure 5.18. The results have shown that the SRI sensitivity of 

TM mode is slightly higher than the TE mode. Unlike the linear trend of the temperature 

sensitivity, TFG exhibits a nonlinear SRI sensitivity. The general trend for SRI response of Ex-

TFG is that the SRI sensitivity increases with increasing SRI value and reaches the maximum 

when the SRI approaching the effective cladding mode index. For 79-TFG, we can see from 

Figure 5.18 (a), the wavelength shifts of TM and TE mode are around 44.04nm and 37.44nm 

when SRI changing from 1.305 to 1.408. When SRI > 1.408, the 34
th
 cladding mode resonances 

of 79-TFG completely disappear as it is larger than the mode index. In addition, we also found 

the separation between the TE and TM peaks is becoming smaller with increasing SRI, which 

could be understood that with the increasing of SRI, the birefringence effect on the cladding 

modes is becoming weaker.  
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Figure 5.18 The SRI response of 79°-TFG: (a) 34

th
 TE mode at 1556nm (circle) and TM at 

1550nm (square); (b) TM peaks at 1710nm (cross), 1550nm (star) and 1320nm (bar). 

Figure 5.18 (b) shows the comparison of SRI responses of the 32
nd

 (1710nm), 34
th
 (1550nm) 

and 37
th
 (1320nm) TM cladding modes of 79°-TFG. As it shown in the figure, each cladding 

mode has a different SRI sensing range. The maximum detectable SRI is at 1.375 for the 32
nd

 

mode at 1710nm, 1.395 for the 34
th
 mode at 1550nm and 1.408 for the 37

th
 mode at 1320nm, 

and the sensitivities at SRI=1.345 are 232nm/RIU, 200nm/RIU and 132nm/RIU, respectively. 

All these results are in very good agreement with the calculation results shown in Figure 5.8 (b) 

in Section 5.2.3.2. As discussed before and shown in Figure 5.18, the wavelength shift against 

SRI is not linear, but exponentially increasing with the SRI and reaching the maximum when 

approaching to the cut-off mode index.  Table 5.3 lists the calculated results of the effective 

index and measured SRI sensitivity of the TM modes of the 79°-0TFG at 1320nm, 1550nm and 

1710nm.  

Table 5.3 Effective TM mode index and measured SRI sensitivity for 79⁰-TFG 

Resonance wavelength Mode order Effective index 
RI sensitivity at 

1.345 

1320nm 37
th 

1.39223 132nm/RIU 

1550nm 34
th
 1.37635 200nm/RIU 

1710nm 32
nd

 1.37298 232nm/RIU 
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So, in order to achieve higher sensitivity at a special SRI index or an SRI range, we can design 

the grating structure to make sure the mode cut-off index should be close to the index of sensing 

medium. In the experiment, we have evaluated SRI response for four Ex-TFGs with different 

tilt angles (83°, 79°, 75° and 72°).  Figure 5.19 plots the wavelength shift of the TM peaks at 

around 1550nm region against SRI for these four Ex-TFGs. From the measurement results, we 

can estimate the SRI sensitivities at the cut-off effective index are 2250nm/RIU at 1.408, 

864nm/RIU at 1.395, 1536nm/RIU at 1.380 and 1360nm/RIU at 1.355, for the four TFGs with 

structure tilted at 83, 79, 75 and 72, respectively.  These experiment results match very well 

with our theoretical analysis discussed in previous sections.  For a LPG, its resonance cladding 

mode is at the lower order, so, it is only sensitive to the SRI, when the SRI value is more than 

1.404, which at the aqueous solution, the LPG is nearly insensitivity [193]. 

Figure 5.19 The SRI responses of the TM modes (at around 1550nm) of TFGs with structure 

tilted at 72, 75, 79 and 83 for SRI range from 1.305 to 1.408.  

5.3.4 Conclusion 

In this Section, we have presented the experimental investigation on fabrication method, 

spectral characteristics and temperature and SRI sensitivity of Ex-TFGs. By launching linear 

polarized light, the Ex-TFGs are confirmed to have TM and TE cladding modes due to the fiber 

symmetry break induced by the excessively tilted structure. All cladding modes are degenerated 

into two sets of orthogonal polarizations (TE and TM), showing dual-peak feature on their 
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spectral response. The polarization dependent loss varies according to the polarization status of 

the launched light, resulting in one set of polarization modes complete excited and the other 

eliminated.  The temperature and SRI sensing evaluation shows the thermal and SRI 

sensitivities are both cladding mode order dependent.  The high order cladding mode of Ex-TFG 

exhibits low thermal sensitivity. Quantitatively, we measured that the thermal sensitivities of 

TM cladding modes at the resonance wavelength around 1550nm are 9pm/°C, 6.8pm/°C, 

5.6pm/°C and, 4pm/°C for Ex-TFGs tilted at 83°, 81°, 79° and 75°, indicating the overall 

thermal sensitivity of Ex-TFGs is lower than normal FBGs. The SRI sensing results have shown 

that the SRI sensitivity of Ex-TFG is increasing with resonance wavelength. Typically, the SRI 

sensitivities of TM modes at 1320nm, 1550nm and 1710nm of 79°-TFG are measured at 

132nm/RIU, 200nm/RIU and 232nm/RIU. The experiment results clearly show that SRI 

sensitivity at the special index value could be improved by choosing the mode with cut-off 

index close to the refractive index of the detecting medium. The thermal and SRI sensitivity of 

Ex-TFGs with different cladding order and wavelength have be summarized in Table 5.4 the list 

of thermal and SRI sensitivity of different tilt angle Ex-TFG. 

Table 5.4 the list of thermal and SRI sensitivity of Ex-TFG with different tilt angle. 

Tilt angle 
mode order 

(TM) 
Resonance wavelength Thermal sensitivity 

SRI sensitivity at 

RIU 1.345 

83° 27
th
 1498nm 9pm/°C 175 nm/RIU 

81° 31
st
 1561nm 6.8pm/°C —— 

79° 

37
th 

1320nm —— 132nm/RIU 

34
th
 1550nm 5.6pm/°C 200nm/RIU 

32
nd

 1710nm —— 232nm/RIU 

75° 39
th
 1547nm 4pm/°C 225 nm/RIU 

72° 43
rd

 1535nm —— 600nm/RIU 
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5.4 Enhancing SRI sensitivity of Ex-TFG by reducing the cladding size 

In previous section, we have discussed that the SRI sensitivity of an Ex-TFG is cladding mode 

dependent and is increasing with the order of the cladding modes.  To have a high sensitivity in 

the aqueous solution, the cladding mode should have an order higher than 40
th
. However, from 

the fabrication side, it is difficult to fabricate high quality gratings that can achieve strong 

coupling between core mode to the cladding modes with orders beyond 40
th
, as their coupling 

coefficients are intrinsically low [188]. Recently, much more effort has been applied to improve 

the sensitivity for aqueous solutions, such as: (a) coating a high RI layer on the fiber cladding, 

making  re-organized cladding modes are more sensitive to the SRI [194-196] and (b) reducing 

cladding layer thickness to enhance the dependence of the effective index of the cladding modes 

on the ambient refractive index and thus increasing the  SRI sensitivity [180, 197, 198].  

In this Section, we will present the investigation on enhancing Ex-TFG SRI sensitivity by using 

fibers with small size cladding. Firstly, we will present numerical analysis by calculating and 

comparing the effective index of cladding mode, γ factor, ГSRI and SRI sensitivity for the fiber 

with 40μm, 50μm and 62.5μm cladding radius, and then give experimental  SRI sensing results 

of Ex-TFG inscribed into SM-28 fiber with 62.5μm cladding radius and SM1500 fiber with 

40μm cladding radius. 

5.4.1 Numerical analysis of SRI sensitivity for different cladding radii  

Following the theoretical analysis presented in Section 5.2, we further investigated the cladding 

radius dependence of SRI sensitivity in theory and experiment, which are showed in Figure 5.20. 

Figure 5.20  (a) shows the simulated effective indexes of cladding modes at 1550nm in the 

fibers with cladding radius of 40μm, 50μm and 62.5μm. Because the number of guided cladding 

modes is affected directly by the radius of cladding, the mode number is decreasing as the 

cladding radius reducing. For the same order, the cladding mode effective index of a fiber with 

small cladding radius is smaller than that of a fiber with  large cladding radius. According to the 
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calculation, the effective index of the 25
th
 TM cladding mode is 1.407, 1.390 and 1.352 for the 

fibers with a cladding radius of 62.5μm, 50μm and 40μm, respectively.  The γ factors for the 

fibers of different cladding radii are plotted in Figure 5.20 (b). As it shown in the figure, the 

turning point occurs at the low order cladding mode for the fiber with reducing cladding radius.  

 

Figure 5.20 The effective index (a) and the γ factor (b) of TM cladding modes at 1550nm for 

fibers with different cladding radii: 40μm (open square), 50μm (open circle) and 62.5μm (open 

triangle). 

Figure 5.21 (a) and (b) show the calculated SRI dependency on waveguide dispersion and for 

fibers with different cladding radii. As it shown in Figure 5.21 (a), the ГSRI for the 40μm 

cladding radius is almost twice of the fiber of 62.5μm cladding radius. Also, the SRI sensitivity 

is increasing when the cladding radius is reduced from 62.5μm to 40μm for the high order 

cladding mode (see in Figure 5.21 (b)). The simulated results show that the SRI sensitivity 

could be significantly increased by using the small cladding radius fiber, which will be verified 

in the experiment described below. 
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Figure 5.21 Calculated (a) ГSRI and (b) SRI sensitivity (inset: enlarged view highlighted in dash 

frame) of TM cladding mode at 1550nm for different cladding radii: 40μm (open square), 50μm 

(open circle) and 62.5μm (open triangle). 

5.4.2 Experiment results of Ex-TFGs with different cladding radii 

As it discussed in Section 5.4.1, the SRI sensitivity of an Ex-TFG could be improved by using 

small cladding radius fiber. To verify this, we inscribed  81°-TFGs into SM-28 fiber (from 

Corning company) with 62.5μm cladding radius (simple 1) and SM1500 (4.2/80) fiber (from 

Fibercore company) with 40μm cladding radius (simple 2), respectively, and investigated their 

thermal and SRI sensitivities. The experiment setup and procedure for thermal and SRI sensing 

have already been introduced in Section 5.3.3.  

 

Figure 5.22 Comparison of (a) temperature  and (b) SRI response of 81°-TFG inscribed into 

SM-28 fiber with 62.5μm cladding radius (solid circle) and SM1500 (4.2/80)  fiber with 40μm 

cladding radius (open circle). 
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In the experiment, we investigated the thermal and SRI sensitivity of 31
st
 (simple 1) and 24

th
 

(simple 2) TM cladding modes of 81°-TFG, whose resonances are at 1550nm and 1546nm, 

respectively. Figure 5.22 (a) shows the thermal sensitivity is 6.8pm/°C for simple 1, and -

12pm/°C for the simple 2 (note, the latter has a negative sign indicating the the wavelength shift 

is decreasing with temperature). According to the discussion in Section 5.2.3.1, the sign of the 

thermal sensitivity is determined by the cladding mode order and ξco. Here, the ξco of SM1500 

fiber with 40m cladding radius is around 7.5×10
-6

/°C . For this fiber, the switchover point of 

the thermal sensitivity occurs at 16
th
 cladding mode，after switchover point the thermal 

sensitivity becomes negative. The thermal sensitivity of sample 2 we measured is the 24
th
 

cladding mode, which passed the switchover point, thus showing a negative value for the 

thermal sensitivity.   

According to the simulated results shown in Figure 5.21 (b), the SRI sensitivity is increasing as 

the cladding size is reducing. The SRI sensing experiment results show the SRI sensitivity at the 

1.345 is 1180nm/RIU for sample 2, and only 200nm/RIU for sample 1, which indicates that the 

SRI sensitivity is almost increased by 5 times when the cladding radius reduced by 1/3 (see 

Figure 5.22 (b)). For the optical spectrum analyzer with 0.06nm resolution, the minimum index 

change that can be detected is as low as 5×10
-5 

using the Ex-TFG made in SM1500 of 40µm 

cladding radius.   

5.4.3 Conclusion 

In this Section, we have discussed numerically and experimentally the effect of cladding radius 

on SRI sensitivity of Ex-TFGs. The simulated results have shown the smaller cladding radius 

could enhance SRI sensitivity. This has been verified by the experimental results, as we 

demonstrated that the SRI sensitivity can be increased by ~5 times (1180nm/RIU at the index of 

1.345) for the fiber with 40μm radius cladding, compared to the fiber with 62.5 µm cladding 

(200nm/RIU). Although for Ex-TFGs inscribed in small cladding fiber, the thermal sensitivity 
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increased relatively to -12pm/°C, but it is still very low, comparing with the high SRI sensitivity. 

The high SRI sensitivity in aqueous solution makes Ex-TFGs UV-inscribed in small cladding 

fiber as suitable sensors to detect small variations in bio/chemical medium. 
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5.5 Hybrid  45⁰ and 81⁰ tilted fiber gratings  

As discussed in previous section, the cladding modes of the Ex-TFG are degenerated into TE 

and TM modes showing dual-peak feature in the transmission spectra. Although these 

polarization modes are having intrinsically high SRI sensitivity. However,  in the sensing 

process using Ex-TFGs, a polarizer and a polarization controller must be used to make sure the 

resonant peaks of one polarization should be selected for measurement [185, 199], which 

greatly limits the sensor system in size and operation. As we discussed in Chapter 3, a 45°-TFG 

can be used as a TM mode pass polarizer, which can eliminate the TE resonances in a fiber.  In 

this Section, we will present a sensor based on a hybrid structure combining 45° and 81° TFGs 

which can be UV-inscribed in a single mode fiber in series, as shown in Figure 5.23.  

 

Figure 5.23 The schematic of a hybrid sensor combining 45° and an 81° tilted fiber gratings. 

5.5.1 Fabrication 

The tilted grating structures were inscribed into the fiber by using the mask scanning technique. 

The detailed fabrication method has been described in previous section. During the fabrication, 

a 12mm-long 81°-TFG was firstly inscribed into the fiber core. After inscription, we measured 

the transmission spectra shown in Figure 5.24 (a). As it shown in the figure, the strengths of the 

dual peaks are around 3dB when was measured using un-polarized light.  When the light is 

switched to either polarization (TE and TM), one of the peaks disappears while the other grows 

into a strong peak of ~10 dB attenuation. The spectral separation between the paired peaks is 

about 6.3 nm. Then, we inscribed a 24mm long 45°-TFG in front of the 81°-TFG which has the 
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same inscription axis. Before inscribing the 45°-TFG, the dual peaks of 81°-TFG were adjusted 

with equal intensity.  We have discussed in the Chapter 3 that the PER of a 45°-TFG is grating 

length dependence. As the 45°-TFG was growing in front of the 81-TFG, we saw  the intensity 

of TM peak was growing up, and the  TE peak became weaker, and  the strength of TM mode 

peak eventually reached to around 10dB and the TE peak almost disappeared, as clearly shown 

in Figure 5.24 (b). 

 

Figure 5.24 Transmission spectra of (a) the single 81°-TFG and (b) the hybrid 45°-TFG and 

81°-TFG during the inscription with different grating length of 45°-TFG. 

Figure 5.25 (a) and (b) show the micro-images of the 45°-TFG and 81°-TFG structures inside 

the fiber core, respectively, which were observed by ×100 microscope objective (Axioscope-2 

MOT plus (Zeiss) after the UV-inscription.  From the image, it could be seen clearly the two 

gratings with tilted  structures have been  UV-inscribed into the fiber core in series. 

 

Figure 5.25 Observed micro-images of (a) 45°-TFG and (b) 81°- TFG in fiber core. 
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5.5.2 Sensing experiment and results  

The fabricated hybrid structure combining a 45-TFG and 81-TFG in series was subjected to 

temperature and SRI sensing evaluation and the results are presented in the following.  

A. Temperature sensing 

The experiment setup for temperature sensing is shown in Figure 5.26 (a), where we see no 

polarizer and polarization controller are needed. The 81°-TFG Was subjected to the temperature 

change from 0°C to 60°C with 10°C increment. From the spectrum on the optical spectrum 

analyzer, we only see the TM peak and the dual-peak feature has been completely eliminated. 

The thermal-induced wavelength shift of the single TM polarization peak of the 81°- TFG was 

plotted in Figure 5.26 (b), which shows the thermal sensitivity is around 7.33pm/°C.  

 

Figure 5.26 (a)The experiment setup of temperature sensing for hybrid 45°-TFG and 81°- TFG; 

(b) the wavelength shift of the single polarization peak of the 81-TFG against temperature. 
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B. SRI sensing 

The SRI sensing capability of the hybrid 45°-TFG and 81°-TFG based sensor was evaluated by 

applying a series of index oils (from Cargille laboratory). The experiment setup of SRI sensing 

is shown in Figure 5.27, similar to the temperature sensing setup without the use of polarization 

controller and polarizer. In the experiment, to avoid the wavelength shift induced by the 

bending and axial strain, the sample was straightly clamped on the two equal height stages. The 

index oil was placed on a flat glass substrate and the gap between the grating and the glass 

substrate could be controlled by a vertical micrometer. 

 

Figure 5.27 The experiment setup of SRI sensing for hybrid 45°-TFG and 81°- TFG. 

 During the SRI measurement process, the temperature was kept at a constant (around 25°C) 

and the index oil was applied to the grating fiber. After each SRI measurement, the grating fiber 

was rinsed with methanol to remove the residual index oil on the surface of fiber till the original 

spectrum in air was restored. The shift of wavelength was almost instantaneously observed 

during the SRI measurement, when the index oil applied to the 81°-TFG. Figure 5.28 (a) shows 

the transmission spectra of the grating sample with different index oils applied to the grating. As 

it shown in the figure, the single polarization resonant peak shifts to the longer wavelength with 

increasing SRI, and the peak has disappeared after the index value of surrounding solution 

reaches 1.412, because this SRI is larger than the effective index of the cladding mode. We 

plotted the resonance wavelength as a function of SRI, as shown in Figure 5.28 (b). The SRI 

sensitivity is around 1031 nm/RIU and 180nm/RIU at the SRI of 1.404 and 1.345, respectively.  

These results clearly demonstrate that the hybrid sensor with a 45-TFG can ensure only one 

polarization peak of the 81-TFG is at present for SRI sensing , making the system simple and 
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compact as no polarization controller and polarizer  are needed in the system. 

 

Figure 5.28 (a)Transmission spectra of the hybrid 45°-TFG and 81°-TFG with different index 

oils; (b) wavelength shift induced by different SRIs. 

5.5.3 Conclusion 

In this section, we have demonstrated a hybrid 45°-TFG and 81°-TFG sensor device inscribed in a single 

fiber core, for which the TE resonance peak of the 81°-TFG was totally eliminated. This hybrid grating 

structure will simplify the temperature and SRI sensing system as it will not require the use of a 

polarization controller and an in-fiber polarizer. In the entire sensing measurement process, there was 

only single TM peak at present to respond to the change of temperature or SRI. It has measured a low 

linear thermal sensitivity of 7.33pm/°C and a non-linear SRI sensitivity. The SRI sensitivity is 

exponentially increasing but reaches a cut-off value when the SRI larger than the effective index of the 

TM cladding mode. The SRI sensitivities are measured as 180nm/RIU at the SRI of 1.345 and 1031 

nm/RIU at the SRI of 1.404 using this hybrid structure.  
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5.6 Chapter conclusion 

In this Chapter, we have systematically discussed the spectral feature and sensing function of 

Ex-TFGs, both theoretically and experimentally. We have verified that the dual peaks of Ex-

TFGs are generated from the light coupling to the degenerated TE and TM cladding modes 

caused by the tilted grating structure induced birefringence in the fiber. Meanwhile, we have 

given the general expressions of Ex-TFGs for temperature and SRI sensing, and discussed the 

factors affecting the thermal and SRI sensitivity.  As the analysis shown, both of the thermal 

and SRI sensitivities are cladding mode order dependence, because they are the product of the 

mode dependence γ factor and environment dependence waveguide dispersion (Г). At the 

dispersion turning point of cladding mode, the thermal and SRI responses both show high 

sensitivity. However, in comparison with normal FBGs,  Ex-TFGs show lower thermal 

sensitivity, but the SRI sensitivity is cladding mode order related and increases with cladding 

mode order exponentially and reaches the cut-off when the SRI value close to and larger than 

the effective index of the cladding mode.   

In the experiment, the transmission spectrum of an Ex-TFG shows a series of dual-peak 

attenuation bands corresponding to the two orthogonal polarization states. By launching linear 

polarization light into the Ex-TFG with different azimuth angles, the two orthogonal 

polarization peaks are confirmed to be TE and TM resonance peaks. The temperature sensing 

experiment shows the high order resonance modes of Ex-TFGs have lower thermal sensitivity,  

less than 10pm/°C. Specifically, the thermal sensitivities of 83°-, 81°-, 79°- and 75°-TFG are 

9pm/°C, 6.8pm/°C, 5.6pm/°C, 4pm/°C at the resonance wavelength around 1550nm, clearly 

shown decreasing with increasing of the resonance mode order. The SRI sensing results show 

the sensitivity of TM mode is larger than the TE mode, having the average sensitivities of 

427.6nm/RIU and 360nm/RIU for SRI values at 1.305 and 1.408, respectively. The 

experimental results also indicate that the wavelength shift against SRI is non-linear and the SRI 
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sensitivity is exponentially increasing as the sensing SRI is approaching the mode cut-off index, 

which agrees well with the simulation results.   

To enhance the SRI sensitivity in the aqueous solution, the 81°-TFG structures were inscribed 

into a 40μm cladding radius fiber and compared with a same structure made in standard telecom 

fiber with a 62.5μm cladding radius. The experiment results show the SRI sensitivity at the 

index of 1.345 is increased to 1180nm/RIU for the 81-TFG inscribed in 40mm cladding fiber, 

compared to only 200nm/RIU for the grating in standard telecom fiber with 62.5m cladding 

radius. Although the temperature sensitivity amplitude increased from 6.8pm/°C to -12 pm/°C 

(note, the sign has changed because it has crossed the dispersion turning point), comparing with 

the high SRI sensitivity, the temperature change induced sensitivity is still insignificant. 

Finally, to simplify the experiment setup for sensing, we have demonstrated a hybrid sensor 

structure combining a 45°-TFG and 81°- TFG UV-inscribed in a single fiber. The TE resonance 

peaks are completely eliminated by the 45°-TFG and the 81-TFG only has one set of single 

polarization cladding modes excited for measurement without the use of a polarization 

controller and a polarizer. This hybrid sensor has measured a temperature sensitivity of 

~7.33pm/°C and the SRI sensitivities of 180nm/RIU and 1031 nm/RIU at the SRIs of 1.345 and 

1.404, respectively.  
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Chapter 6.                           

Thesis summary and future work 
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6.1 The thesis summary 

This thesis has presented a systematically investigation on the simulation, fabrication, 

characterization of the 45º-TFGs and Ex-TFGs. The main achievements can be summarized as 

the systematical study and realization in three areas: high PER 45º-TFGs in single mode 

standard telecom and PM fibers and their implementation as in-fiber polarizers; high finesse and 

tunable AFLFs based on 45º-TFGs in PM fiber and the application in mode locking and multi-

wavelength laser systems; highly sensitive RI sensor based on an Ex-TFG with low thermal 

cross-sensitivity.  

The thesis gives a comprehensive literature review of photosensitivity mechanism for UV-

induced refractive index change in silica glass fibers, fabrication methods of two-beam 

holographic, phase mask and point-by-point for FBG, LPG and TFG  and the theory explaining 

the mode coupling and spectral property of fiber gratings, including CMT for different type 

fiber gratings and VCM particular for tilted fiber grating structure.  

One of the main achievements of the work reported in this thesis is that the high PER 45º-TFGs 

were fabricated in the low photosensitivity single mode fiber, which have been proposed as 

ideal in-fiber polarizers. In this study, VCM was employed to design and analyze the 45º-TFGs 

and the results have revealed the 45º-TFGs have a Gaussian-like PER spectral response and the 

PER is directly determined by the grating length and fiber core size. The longer grating and the 

larger fiber core size can achieve a higher PER. By analyzing the EIA of the phase mask, the 

fundamental limitation for the fabrication of TFGs was discussed. For a phase mask with tilted 

pattern,  the ±1 UV beams are diffracted at both directions of along and vertical to the fiber axis, 

thus the EIA is significantly reduced. To increase the EIA, it is necessary to adopt the defocus 

technique during inscription process. The polarization characterization of 45º-TFGs was 

investigated and fully characterized for PER, giving the main results as: 
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 The PER is linearly proportional to the 45º-TFG grating length and the experiment results 

have shown ~1dB/mm PER increasing rate. For a 48mm long grating in SMF-28 fiber, the 

PER can be even higher than 50dB at 1550nm. A  linear polarizer has also been achieved 

by writing a 45º-TFG into PM fiber; 

 Very broad PER response wavelength range is achievable, as a 24mm-long 45º-TFG has 

shown the peak PER of 25dB with a bandwidth for PER>10dB extended to 200nm; 

 Linear polarization operation of 45-TFGs was confirmed by the polarization distribution 

results and  in-fiber linear polarizers have been demonstrated  by inscribing 45º-TFG into 

the PM fiber along its principal axis; 

 45-TFGs can made for a wide range of wavelengths and in variety of fibers, as   45º-TFGs  

for three different wavelength ranges - 1550nm, 1310nm and 1060nm - have been inscribed 

into several types of single mode fibers (SMF-28, PS1250, PM1550, HI1500, SM980, 

HI1060, 1060XP, PSPM980, PS980), and the results show >30dB PER is achievable. 

The in-fiber feature of fiber gratings make them to be integrated and produced easily in all fiber 

systems. By inscribing 45º-TFGs in PM fiber, an AFLT has been demonstrated. Comparison 

with other type interference filters, an AFLF has both polarizing and filtering function. The FSR 

and bandwidth of the 45-TFG based AFLF is inversely related to the length of PM fiber cavity. 

By heating the PM fiber cavity, a highly sensitive and broadly tunable filter has been 

demonstrated, showing thermal sensitivity ten times higher than the normal FBGs. By splicing 

several single stage AFLFs with in-ratio cavity lengths, the FSR and bandwidth can be freely 

tailored, as the FSR is determined by the shortest cavity length and the bandwidth depends on 

the length of longest cavity. One demonstrated major application for an AFLF is in fiber laser 

system to achieve mode locking and multi-wavelength operation. The utilization of AFLF in a 

ring laser structure has achieved a soliton mode locking laser with suppression of sidebands and 

polarization tuning/switching and single/multi-wavelength operation. The polarizing function of 

the AFLF offers high PER single polarization output for the fiber laser system.  A stable dual-
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wavelength laser has been demonstrated by using a three-stage AFLF, showing stable operation 

with only 0.5dB peak intensity fluctuation and less than 0.04 nm wavelength drift.  

Ex-TFGs have the same mode coupling feature as LPGs, in which the core mode is coupled into 

forward propagating cladding modes. But the asymmetric grating structure of an Ex-TFG makes 

the core-to-cladding coupling split into TE and TM states for each cladding mode. Although 

have not been published, it is the first time I have given the theoretical analysis and 

experimental characterization of the transmission spectral feature and sensing property of Ex-

TFGs. Ex-TFGs with structures tilted at ~80 fabricated by an amplitude mask with 6.6μm 

period are capable of  coupling to the cladding modes at high orders, which are far away from 

the dispersion turning point, thus, Ex-TFGs have showed very low thermal sensitivity. The 

experimental and simulated results have showed that the SRI sensitivity of Ex-TFGs depends on 

the effective index of cladding mode, and the closer between cladding mode index and SRI is, 

the higher SRI sensitivity. To increase the detecting sensitivity at a specific refractive index 

value, the different cladding modes could be chosen by using Ex-TFGs at different tilt angles. It 

is also found that the SRI sensitivity is significantly improved by UV-inscribing grating into the 

fiber with smaller cladding size, as such the SRI sensitivity can be increased by ~5 times 

(1180nm/RIU at the index of 1.345) for the fiber with 40μm radius cladding, compared to the 

fiber with 62.5 µm cladding (200nm/RIU). Finally, a hybrid 45º-TFG and Ex-TFG grating 

structure was proposed to simplify the SRI sensing system, in which only one of the TE or TM 

peak is playing the function role, giving clear and consistent results.   
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6.2 The future work 

6.2.1 Flattening and broadening PER spectral response by concatenating several 45º-

TFGs with different central wavelengths  

A typical 45º-TFG in a particular wavelength range has a Gaussian-like PER spectral response 

with 3dB bandwidth covering ~100nm range. In some applications requiring polarizing function 

over ultra-broadband, for example, for a multi-wavelength mode locking system, it needs a 

polarizing element with a very broad and flat PER response. It is possible to realize an in-fiber 

polarizer with ultra-broadband (over several hundred nm) response by combining several 45-

TFGs of different central wavelengths.   Figure 6.1 shows the simulated PER spectra of 45º-

TFGs at the three different central wavelengths (1380nm, 1550nm and 1750nm) and the 

combined one with much more flat and broadband response. For the individual ones, they all 

have a Gaussian-like shape, and the 3dB bandwidth are 80nm, 100nm and 130nm at the central 

wavelengths of 1380nm, 1550nm and 1750nm, respectively. However, after concatenating them 

together, 3dB bandwidth is 375nm and the total bandwidth becomes to ~600nm and the flat 

range, i.e. 3dB bandwidth covers 375nm, which is significantly broadened.  
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Figure 6.1 The PER spectra of 45º-TFGs with three different central wavelengths (1380nm, 

1550nm, 1750nm) and the flattened and broadened spectrum after concatenating the three 45º-

TFGs. 
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6.2.2 Power tapping and spectrometer application of 45º-TFGs  

The tilted grating structure may tap light out of fiber core from the side. Due to total internal 

reflection effect, not any tilt angle TFGs are suitable for side power tapping application. It has 

be reported a 10°-TFG based sensing interrogation system can tap the light out of the fiber 

cladding by immerging the grating into index matching gel [200]. Comparing with small angle 

TFGs, 45º-TFGs can couple more light from the core mode into radiation modes, in which the 

light can be directly tapped out of fiber cladding without any assistance. Thus potentially, a 45-

TFG structure can be used in a fiber laser system to achieve in-situ and on-line power 

monitoring, and also be used as a spectral grating in an optical spectra analyzing system. Figure 

6.2 shows the schematic diagram of 45-TFG as a spectrometer. 

 

Figure 6.2  The schematic diagram of 45-TFG showing the light irradiating angle range from 

the coupled radiation modes, which may be implemented as a spectrometer or a side power 

tapper. 

The relationship between radiation angle, wavelength and period of a 45-TFG is 

expressed as: 

Equation 6.1                                 
Gn


2

tan



  

Where α and ΛG are the radiation angle and period of 45-TFG, respectively; λ is the 

incident wavelength. 
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6.2.3 High density comb-like multi-wavelength laser  

As presented in Chapter 4, AFLFs have a comb-like transmission spectral response, for which 

the FSR and bandwidth could be controlled by choosing PM cavities with different lengths. 

When the length of PM fiber cavity is relatively long, the AFLF can output a high density 

comb-like spectrum with very high FSR and narrow bandwidth. We have observed in the 

experiment that the AFLT with 18m PM fiber cavity has 0.3nm FSR and 0.15nm bandwidth, 

and the extinction ration is more than 10dB (see in Figure 6.3). Such a small FSR and 

bandwidth filter could be used in laser system to achieve high density comb-like multi-

wavelength laser. Here, we propose an all-fiber EDFA based multi-wavelength laser system 

with an intra-cavity AFLF. Due to the homogeneous line broadening effect of EDFA at room 

temperature, to obtain a stable multi-wavelength output, an inhomogeneous loss mechanism 

must be introduced in the EDFA based laser system. There are two methods to achieve this: (1) 

hybrid amplifier laser system (EADA and SOA/Raman amplifier); (2) nonlinear polarization 

rotation. In the second method, the laser system needs a long (typically more than 2 km) cavity 

to induce very strong nonlinear effect, thus an AFLF may be used to achieve such a dense 

multi-wavelength laser system.  
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Figure 6.3 The transmission spectrum of an AFLF with 18m PM cavity, showing 0.3nm FSR 

and 0.15 nm bandwidth, and the extinction ratio is more than 10dB. 
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6.2.4 Hybrid 45°-TFG and small angle TFG based SPR sensor 

Surface Plasmon Resonance (SPR) is related to charge-density oscillations excited by the light 

incident on metal-dielectric interface, which can couple the energy or momentum to a surface 

electron density wave[201]. The SPR mode is TM mode, which can be excited only by TM 

polarization light. Recently, Shevchenko et al. have reported a 10°-TFG based SPR sensor, in 

which a polarization controller and a polarizer were needed to adjust the polarization state of the 

coupled cladding modes by ensuring only TM cladding modes were excited and coupled[202]. 

In Chapter 3, it has been presented that 45°-TFGs are a type of TM pass polarizer, and in 

Chapter 5, 45°-TFG has been used as a polarization mode filter, in which one of TE or TM 

cladding mode of Ex-TFG has been filtered by inscribing a 45°-TFG in front of Ex-TFG along 

the same/vertical inscription axis. Thus, by using a hybrid 45°-TFG and a small angle TFG 

structure, it is possible to achieve that in such an SPR sensor structure, only the TM cladding 

modes of the small angle TFG are excited. Figure 6.4 shows the schematic of hybrid 45°-TFG 

and a small angle TFG based SPR sensor. 

  
Figure 6.4 the schematic of Hybrid 45°-FG and small angle TFG based SPR sensor 
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