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RÉSUMÉ 

Les réseaux de Bragg (FBGs) sont des composantes essentielles dans plusieurs systèmes de fibre 

optique. Le sujet principal de cette thèse porte sur la fabrication des FBGs par écriture directe 

avec un laser femtoseconde. L’écriture directe est une technique employée pour modifier l’indice 

de réfraction de composés de verre dans une région contrôlée et localisée. Pour la fabrication de 

FBGs, cette technique peut être utilisée pour créer une variation périodique de l’indice de 

réfraction dans la fibre, une période à la fois. 

Dans cette étude, un système d’écriture directe capable d’inscrire des structures de FBG avancées 

est développé. Différentes méthodes sont présentées pour atteindre la capacité à inscrire des 

structures arbitrairement complexes avec une grande qualité. À l’aide de la réflectométrie 

fréquentielle, une nouvelle méthode pour suivre la position du cœur de la fibre est démontrée. 

Durant le processus d’écriture, la position de chaque modification d’indice de réfraction est 

contrôlée grâce à une stratégie pour suivre et synchroniser la position des plateformes de 

translation. Cette stratégie de contrôle est utilisée pour implémenter une puissante technique 

d’apodisation s’appuyant sur la modulation de phase. Pour fabriquer des FBGs avec une 

réflectivité élevée et une perte d’insertion faible, une approche multi-pulse est investiguée. 

Afin d’illustrer le potentiel du système d’écriture directe, plusieurs FBGs typiquement difficiles à 

fabriquer sont réalisés. En premier lieu, la capacité à inscrire un profil d’apodisation ou de phase 

arbitrairement complexe est démontrée par la fabrication d’un FBG nécessitant un contrôle précis 

de l’apodisation sur une large plage dynamique et avec une haute résolution spatiale. Par la suite, 

des capteurs de forme distribués sont produits dans des fibres avec un revêtement en polyimide et 

d’une longueur de l’ordre du mètre. Finalement, deux nouveaux filtres de phase servant au 

traitement de signal optique sont fabriqués et testés. Le premier de ces filtres est un FBG de 69 

mm de longueur pour la compensation de la dispersion de la vitesse de groupe des signaux haute-

vitesse traversant un lien de télécommunication de 70.56 km. Le design novateur de ces filtres 

permet de créer des dispositifs dont la longueur est 2.2 fois plus petite qu’un FBG conventionnel 

chirpé linéairement. Le second filtre est un FBG unique d’une longueur de 213 mm pouvant 

induire un déphasage de 𝜋𝜋 sur une bande passante étroite de 1 GHz. Cette résolution fréquentielle 
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est 10 fois plus petit que celle d’un waveshaper optique commercial. Le filtre est utilisé pour 

démontrer un inverseur (porte logique NOT) passif à une vitesse de 45 Gbps.  
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ABSTRACT 

Fiber Bragg gratings (FBGs) are key components in many fiber optics systems. The main topic of 

this thesis is on the fabrication of FBGs using femtosecond laser direct-writing. Direct-writing 

refers to the techniques employed to modify the refractive index of glass compounds over a 

controlled and localized area. For the fabrication of FBGs, these techniques can be used to create 

a periodic refractive index variation in a fiber, one period at the time.  

In this work, a flexible direct-writing system capable of inscribing advanced FBG structures is 

developed. Different methods are presented to achieve the ability of inscribing any arbitrary 

complex structures with high quality. Using optical frequency domain reflectometry, a novel 

method to track the fiber core position is demonstrated. During the writing process, the position 

of each refractive index modification is controlled using a strategy based on position 

synchronized output tracking of the translation stages. This control strategy is used to implement 

a powerful apodization technique relying on phase modulation. To achieve FBGs with high 

reflectivity and low insertion loss, a multi-pulse approach is investigated. 

To show the potential of the direct-writing system, several challenging gratings are realized. 

First, the ability to inscribe any types of arbitrary complex apodization or phase profiles is 

demonstrated by fabricating an FBG that requires control of apodization over a high dynamic 

range, and with a spatial resolution of at most 10 µm. Then, fully distributed optical fiber shape 

sensors are produced in meter-long polyimide coated fibers. Finally, two novel phase-only filters 

for signal processing are fabricated and tested. The first is a 69 mm long FBG for group velocity 

dispersion compensation of high-speed data signals passing through a 70.56 km 

telecommunication link. The novel design of this filter enables devices with a length 2.2x smaller 

than a conventional linearly chirped FBG. The second filter is a unique 213 mm ultra-long FBG 

that can impart an exact 𝜋𝜋 phase shift over a narrow bandwidth of just 1 GHz. This frequency 

resolution is 10x better than that of a commercial optical waveshaper. The filter is used to 

demonstrate a fully-passive inverter (logic NOT gate) at a speed of 45 Gbps. 
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CHAPTER 1 INTRODUCTION 

1.1 Context and motivation 

Fiber optics play an important role in our daily life, often unknowingly. Able to collect, transport, 

and manipulate light at high speed and over long distances, optical fibers are a significant 

component in a wide variety of technologies such as telecommunication networks, optical 

sensing, lasers, medical instruments, and more. In 1978, Hill et al. [1] showed that by exposing 

the core of an optical fiber to visible light radiation, permanent photo-induced refractive index 

change could be produced, and the discovery of this photosensitivity has led to the development 

of an essential device of today’s fiber optic systems: Fiber Bragg gratings (FBGs). These devices 

consist of a periodic modulation in the refractive index (RI) of the fiber core, which fulfil the 

function of an inline wavelength-dependent dielectric mirror or filter [2].  

Since then, a whole new research field about the theory and fabrication of FBGs has emerged, 

opening the door to countless applications possibilities. In the late 80s, a major breakthrough was 

made by Metlz et al. [3], who demonstrated a reliable method to produce FBGs by laterally 

exposing the core of a fiber to a coherent ultraviolet (UV) two-beam interference pattern 

produced by a phase mask. During the next decade, this technique became the state-of-art for 

FBG fabrication due to its high fidelity, and UV inscribed gratings were in great demand during 

the development of the telecommunication industry in the 90s [2]. 

However, in 1996, a new fabrication method started to gain some attention when Hirao et al. [4] 

showed that tightly focussed femtosecond (FS) laser pulses could be used to directly modify the 

RI inside the bulk of transparent materials. Because FS pulses are absorbed via nonlinear 

interactions with the material, this method has revealed some unique microfabrication capabilities 

compared to techniques based on linear absorption of UV radiation [5]. For instance, multiphoton 

absorption of FS pulses allows to induce strong refractive index modifications (RIMs) in almost 

any kind of glass compounds, with reduced constraints for photosensitivity. Also, since the RIM 

is confined in the focal spot of the laser, FS methods can be used to form three-dimensional 

structures with complex geometries.  

Shortly after this discovery, in the early 2000s, FS laser processing systems started being 

exploited to inscribe FBGs using either phase mask methods [6, 7] or direct-writing methods [8]. 
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Over the years, these different fabrication methods evolved into two distinct fields of research. 

While the phase mask technique has shown to produce FBGs with similar characteristics to those 

made by conventional UV inscription, it became popular for its stability and abilities for mass 

production. On the other hand, direct-writing methods have provided the ability to control the 

exact position of each RIM, giving them much more flexibility to produce devices with unique 

architecture. Since many FS lasers operate in the infrared (IR) wavelength range, FS inscription 

has also made it possible to inscribe FBGs directly through the polymer coating that protects 

optical fibers, as most acrylate are transparent to IR [9, 10]. 

At Polytechnique Montreal, Pr. Kashyap’s group has been involved in the development of 

cutting-edge UV interferometric FBG inscription techniques for many years [2, 11-13]. However, 

a FS direct-writing system has long been desired to leverage on its unique attributes and to 

diversify the range of technology available for the fabrication of FBGs. As such, a direct-writing 

method could be used to quickly prototype different types of grating design with much more 

flexibility and reconfigurability than with a phase mask method. Hence, the purpose of this thesis 

is to describe the development and implementation of a FS laser direct-writing system that can be 

used to fabricate advanced FBG structures in many types of fiber. 

1.2 Femtosecond direct-writing of fiber Bragg grating. 

Ideally, the fabrication of FBGs with FS lasers should be simple, flexible, and modular, with the 

ability to fabricate any user defined structure, in many types of fiber. The system should be able 

to produce high-quality FBGs presenting strong index modification, low insertion loss (IL), low 

polarization dependence (PD), low coupling to cladding mode and yield repeatable results. It 

should also minimize the number of experimental requirements such as the preparation of fiber, 

calibration of the system, alignment, etc. Over the years, many techniques have been refined and 

optimized towards one or many of these attributes, but so far, a fabrication method combining all 

the aforementioned qualities has been hard to achieve and many challenges still remain for direct-

writing techniques. For instance, the fabrication of any arbitrary complex FBG structure requires 

the ability to control the amplitude and phase profile of the grating with extreme precision [14], 

something that is still difficult today. This is even more difficult for ultra-long gratings [11], as 
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this precision needs to be maintained over a long distance, and any perturbation or error during 

the writing process can cause the FBG to deviate from its target spectral response. 

In this context, this thesis is focussed on studying the different fabrication methods that were 

already proposed, in order to implement a direct-writing system featuring as much of the qualities 

mentioned above as possible. It is also in the scope of this work to propose new solutions to some 

of the known problems in the field of direct-writing of FBGs. Of course, the aim of research 

project is important because improvement of direct-writing techniques could lead to the 

realization of FBGs with advanced spectral functionalities, something that has great potential for 

further development of sophisticated optical sensors and filters. 

1.3 Research objectives 

This research project is structured around the following objectives: 

1) Understand the current limitations of direct-writing techniques. 

2) Propose new solutions to improve the capabilities of direct-writing systems.  

3) Develop and implement a complete femtosecond direct-writing system capable of 

inscribing advanced FBGs in many types of fiber. 

4) Demonstrate the capabilities of the writing system by inscribing different types of sensors 

and filters. 

1.4 Thesis outline 

This manuscript-based thesis is organized in 7 chapters. In Chapter 2, a complete literature 

review about the theory and fabrication methods of FBG is given, with the focus on FS laser 

processing. Chapter 3 introduces the manuscript that is presented in the thesis. More specifically, 

it gives information about the methodology used during this work and the findings that led to 

publication of an article. It also reveals the capabilities of the writing system by showing some 

examples of typical FBGs. Chapter 4 contains the manuscript [15] that was accepted for 

publication in Optics Express, which describes the different techniques developed to achieve 

high-quality inscription of first-order FBGs with arbitrary complex apodization. It includes 4 

propositions to improve direct-writing methods: a novel alignment method for high accuracy 
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tracking of the fiber core position, a phase control strategy allowing to control the exact position 

of each RIM, an apodization method based on phase modulation, and the use of a multi-pulse 

regime to induce strong RIMs with low insertion loss. Chapter 5 presents two applications made 

possible by the writing system that was implemented. The first application is for 3D optical shape 

sensors, while the second concerns the realization of advanced filters for high-speed signal 

processing. Finally, Chapter 6 discusses about the results presented in this thesis. It also 

highlights some of the limitations and gives recommendations for further improvements. Chapter 

7 concludes about this research. 
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CHAPTER 2 LITERATURE REVIEW 

This chapter present the theory and literature review on the state-of-the-art fabrication techniques 

for fiber Bragg gratings (FBG). First, a theoretical description of an FBG is presented, along with 

current simulation models. Then, the physical mechanisms of refractive index (RI) modification 

by laser material processing are described. This includes the exposure of a photosensitive fiber to 

ultraviolet (UV) laser radiation or the use of a focussed femtosecond laser (FS) pulses to modify 

the RI in transparent material. Finally, a review of the different fabrication techniques used to 

produce FBG is given. More specifically, a detailed description of FS direct-writing techniques is 

given, as it is the main topic of this thesis. 

2.1 Fiber Bragg gratings 

This section reviews the fundamentals of FBG necessary to understand the content of this thesis. 

The typical spectral characteristics of uniform grating are derived from the coupled-mode theory, 

and the simulation tools required to calculate the spectral response of more complex structures 

are reviewed. 

2.1.1 Basic model of fiber Bragg gratings 

FBGs are produced by inducing a periodic modulation of the effective RI in the guiding region of 

an optical fiber [16-18]. A representation of the structure is shown in Figure 2.1. Mathematically, 

the effective RI change (Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧)) of an FBG can be modelled as sinusoidal modulation: 

 Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧) = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧) − 𝑛𝑛0 = 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧)�1 + 𝑣𝑣(𝑧𝑧) cos�
2𝜋𝜋𝜋𝜋
Λ𝑔𝑔

+ 𝜙𝜙(𝑧𝑧) �� (2.1) 

where 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧) is the effective RI along the longitudinal axis 𝑧𝑧 of the fiber, 𝑛𝑛0 is the effective RI 

of the unperturbed fiber, Λ𝑔𝑔 is the grating period, 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧) is the average RI change over a 

period, 𝑣𝑣(𝑧𝑧) is the grating visibility and 𝜙𝜙(𝑧𝑧) is the additional phase of the grating, generally 

used to introduce a chirp or phase shift. Note the coordinate system presented in Figure 2.1, it 

will be used throughout the rest of this thesis: 𝑧𝑧 will be the longitudinal axis of the fiber, and the 

𝑥𝑥 and 𝑦𝑦 axis will be its transverse plane. 
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Figure 2.1: (a) Illustration of a uniform fiber Bragg grating structure. (b) Representation of the 

sinusoidal effective refractive index change for a visibility of 0.5 and 1. 

Technically, the refractive index modification (RIM) induced by the laser is not necessarily 

sinusoidal and could be described by some other periodic functions. However, Eq. (2.1) can be 

seen as the first Fourier component of such functions and, in most situation, is a suitable 

approximation to describe the index modulation of an FBG and the effect it has on guided light. 

In the case of a reflection grating, the light guided through the fiber experiences multiple Fresnel 

reflections at each of the grating planes and coupling between modes travelling in opposite 

directions can occurs. When in phase, the light reflected from each interface interferes 

constructively over a narrow wavelength range, which is reflected very efficiently by the grating, 

at what is called the Bragg wavelength (𝜆𝜆𝐵𝐵). On the contrary, out of phase light undergoes 

destructive interference and only weak reflection is observed. The Bragg condition is derived 

from the laws of momentum and energy conservation, applied to a diffraction grating [18]. The 

conservation of momentum implies that the wavevector of the incident light wave (𝑘𝑘�⃗ 1), plus the 

grating wavevector (𝐾𝐾��⃗ = 𝑚𝑚2𝜋𝜋/Λ𝑔𝑔), should be equal to the diffracted wavevector (𝑘𝑘�⃗ 2). With the 
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wavevector amplitude being equal to the propagation constant such that �𝑘𝑘�⃗ � = 𝛽𝛽 = 2𝜋𝜋𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒/𝜆𝜆, we 

get: 

 𝑘𝑘�⃗ 2 = 𝑘𝑘�⃗ 1 + 𝐾𝐾��⃗    →    −𝛽𝛽2 = 𝛽𝛽1 − 𝑚𝑚
2𝜋𝜋
Λ𝑔𝑔

, (2.2) 

where 𝑚𝑚 is the grating order. In the case of a short-period reflection grating, as illustrated in 

Figure 2.1, 𝛽𝛽2 and 𝑚𝑚 have a negative value since the reflected light propagates in the opposite 

direction relative to the incident light wave. By rearranging Eq. (2.2), the Bragg wavelength is 

expressed as: 

 𝜆𝜆𝐵𝐵 = �𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,1 + 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,2�Λ𝑔𝑔/𝑚𝑚. (2.3) 

Usually, the fabrication of an FBG in a standard single-mode fiber implies that 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,1 = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,2. 

However, the notation of Eq. (2.3) highlights the possibility of coupling to cladding modes, to the 

higher-order modes of a multimode fiber, or to a mode with an orthogonal polarization in the case 

of a birefringent fiber. It should also be noted that FBG can be sorted into two categories: 

reflection and transmission gratings. Transmission gratings were not studied during this thesis, so 

let’s consider them only briefly. If 𝛽𝛽2 and 𝑚𝑚 had a positive value, Eq. (2.3) could be rewritten as: 

 𝜆𝜆𝐵𝐵 = �𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,1 − 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,2�Λ𝑔𝑔/𝑚𝑚. (2.4) 

Coupling to forward propagating modes at a particular wavelength is therefore possible, but the 

required Λ𝑔𝑔 is much longer, which is why transmission gratings are also called long-period 

grating. 

2.1.2 Coupled-mode theory 

The optical properties of an FBG, such as the reflection and transmission spectral response, are 

fundamentally determined by Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧). They are usually modelled using the coupled-mode 

theory (CMT) [16, 17], which is one of the most widely used tool to study FBGs. Let’s consider 

the most important results using the formulation given by Erdogan [16]. 
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The transverse component of the electric field (𝐸𝐸𝑡𝑡) of a guiding medium can be defined as a 

superposition of all the possible 𝑗𝑗 guided modes: 

 𝐸𝐸𝑡𝑡(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = ��𝐴𝐴𝑗𝑗(𝑧𝑧)𝑒𝑒𝑖𝑖𝛽𝛽𝑗𝑗𝑧𝑧 + 𝐵𝐵𝑗𝑗(𝑧𝑧)𝑒𝑒−𝑖𝑖𝛽𝛽𝑗𝑗𝑧𝑧�𝑒𝑒𝑗𝑗𝑗𝑗(𝑥𝑥, 𝑦𝑦)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖
𝑗𝑗

, (2.5) 

where 𝐴𝐴𝑗𝑗(𝑧𝑧) and 𝐵𝐵𝑗𝑗(𝑧𝑧) are the field amplitudes of the forward and backward travelling 𝑗𝑗𝑡𝑡ℎ mode, 

𝑒𝑒𝑗𝑗𝑗𝑗(𝑥𝑥,𝑦𝑦) is the normalized transverse mode field, and 𝛽𝛽𝑗𝑗 is the propagation constants of the 

mode.  

The energy exchange between the modes of amplitude 𝐴𝐴𝑗𝑗(𝑧𝑧) and 𝐵𝐵𝑘𝑘(𝑧𝑧) can be described by the 

coupled-mode equations [16]. It is generally assumed that coupling predominantly occurs 

between identical counter-propagating modes, and, by only considering this type of interaction, 

the coupled-mode equations can be written as: 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑖𝑖𝜎𝜎�𝑅𝑅(𝑧𝑧) + 𝑖𝑖𝑖𝑖𝑖𝑖(𝑧𝑧), (2.6) 

  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑖𝑖𝜎𝜎�𝑆𝑆(𝑧𝑧) − 𝑖𝑖𝜅𝜅∗𝑅𝑅(𝑧𝑧), (2.7) 

where 𝑅𝑅(𝑧𝑧) and 𝑆𝑆(𝑧𝑧) are respectively the forward (reference) and the coupled backward (signal) 

fields defined as: 

 𝑅𝑅(𝑧𝑧) = 𝐴𝐴𝑗𝑗(𝑧𝑧)𝑒𝑒(𝑖𝑖𝑖𝑖𝑖𝑖−𝜙𝜙(𝑧𝑧)/2 ), (2.8) 

  𝑆𝑆(𝑧𝑧) = 𝐵𝐵𝑗𝑗(𝑧𝑧)𝑒𝑒(−𝑖𝑖𝑖𝑖𝑖𝑖+𝜙𝜙(z)/2 ). (2.9) 

The parameter 𝛿𝛿 is the detuning from the phase matching condition: 

 𝛿𝛿 = 𝛽𝛽 −
𝜋𝜋
Λ𝑔𝑔

=
2𝜋𝜋𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

𝜆𝜆
−
𝜋𝜋
Λ𝑔𝑔

. (2.10) 

At the wavelength for which 𝛿𝛿 = 0, the phase matching condition is said to be satisfied and 

maximum coupling occurs. This requires 𝜆𝜆 = 2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒Λ𝑔𝑔, which is the same result that was found 

in Eq. (2.3), as the phase matching condition can also be thought of as momentum conservation. 
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The coefficient 𝜎𝜎� is the general “dc” coupling coefficient, and is defined as: 

 𝜎𝜎� = 𝛿𝛿 + 𝜎𝜎 −
1
2
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

. (2.11) 

It encompasses the different process that can affect the local phase matching condition of the 

grating, such as the average RI change Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧) (related to 𝜎𝜎) and the local phase variation. 

Finally, 𝜎𝜎 and 𝜅𝜅 are the so-called “dc” and “ac” coupling coefficient. 𝜅𝜅, one of the most 

important parameters, determines how strong is the coupling between the modes. Both 𝜎𝜎 and 𝜅𝜅 

are defined by an overlap integral between the guided mode fields and the cross-sectional shape 

of the RIM (Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑥𝑥,𝑦𝑦, z)) given by: 

 𝜎𝜎(𝑧𝑧) =
𝜔𝜔
2
�𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥, 𝑦𝑦, z) Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑥𝑥,𝑦𝑦, z) 𝑒𝑒𝑘𝑘𝑘𝑘(𝑥𝑥,𝑦𝑦) 𝑒𝑒𝑗𝑗𝑗𝑗∗ (𝑥𝑥, 𝑦𝑦) 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑
∞

−∞

, (2.12) 

 𝜅𝜅(𝑧𝑧) =
𝑣𝑣(𝑧𝑧)𝜎𝜎(𝑧𝑧)

2
. (2.13) 

In the case of a single-mode fiber, and if the RIM is constant and homogeneous across the fiber 

core, the coupling coefficients can be simplify to [16]: 

 𝜎𝜎 =
2𝜋𝜋
𝜆𝜆
Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������𝑀𝑀, (2.14) 

 𝜅𝜅 =
𝜋𝜋
𝜆𝜆
𝑣𝑣Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������𝑀𝑀, (2.15) 

where 𝑀𝑀 is the overlap integral of the fundamental mode inside the core, which can be seen as 

the fraction of that mode power contained inside the core. 

2.1.2.1 Uniform Bragg grating 

A uniform FBG is the simple case where all the grating parameters (Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������, 𝑣𝑣, 𝜙𝜙) are kept 

constant along the 𝑧𝑧 axis. The RI modulation can be reduced to: 

 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧) = 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� �1 + 𝑣𝑣 cos�
2𝜋𝜋𝜋𝜋
Λ𝑔𝑔

 �� . (2.16) 
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For a uniform FBG of length 𝐿𝐿, Eq. (2.6) and (2.7) of the CMT described above can be solved 

analytically. The amplitude reflection coefficient 𝜌𝜌 = 𝑆𝑆(0)/𝑅𝑅(0) and the power reflection 

coefficient 𝑟𝑟 = |𝜌𝜌|2 can be expressed as: 

 𝜌𝜌 =
−𝜅𝜅 sinh�√𝜅𝜅2 − 𝜎𝜎�2𝐿𝐿�

𝜎𝜎� sinh�√𝜅𝜅2 − 𝜎𝜎�2𝐿𝐿� + 𝑖𝑖√𝜅𝜅2 − 𝜎𝜎�2 cosh�√𝜅𝜅2 − 𝜎𝜎�2𝐿𝐿�
 , (2.17) 

  𝑟𝑟 =
sinh2�√𝜅𝜅2 − 𝜎𝜎�2𝐿𝐿�

cosh2�√𝜅𝜅2 − 𝜎𝜎�2𝐿𝐿� − 𝜎𝜎�2
𝜅𝜅2

 . (2.18) 

From Eq. (2.17) and (2.18), two important properties can be derived: The peak reflectivity (𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚) 

and the bandwidth (Δ𝜆𝜆) of the grating. They are given by: 

 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 = tanh2(𝜅𝜅𝜅𝜅) , (2.19) 

  Δ𝜆𝜆 =
𝜆𝜆𝐵𝐵2

2𝜋𝜋𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿
�(𝜅𝜅𝜅𝜅)2 + 𝜋𝜋2 . (2.20) 

Note that the product of 𝜅𝜅𝐿𝐿 is often referred to as the strength of the FBG, and this terminology 

will be used for the rest of this thesis. 

Using Eq. (2.18), Figure 2.2 shows an example of the reflection and transmission spectra for two 

different uniform FBGs: one with a strength of 𝜅𝜅𝜅𝜅 = 2 (black curve) and the other with 𝜅𝜅𝜅𝜅 = 6 

(blue curve). A length of 5 mm is considered for both. As it can be seen, the weaker FBG has a 

narrower bandwidth. Since Δ𝜆𝜆 also depends on the length, keep in mind that for the same 𝜅𝜅𝜅𝜅 

product, a longer FBG would exhibit a narrower bandwidth and vice-versa. The presence of side-

lobes outside the main stop band can be explained by the sudden square shape of the RI profile at 

the extremity of the grating (see Figure 2.1 (b)), for which the Fourier transform contains 

multiple high order harmonics. These side-lobes are undesirables for many applications that 

require high attenuation at out-of-band wavelengths, but they can be substantially attenuated by 

smoothing the RI profile through a process called apodization [19]. 
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Figure 2.2: Example of the reflection and transmission spectrum for two uniform FBGs. In both 

cases, the length is set to 10 mm, but the grating strength (𝜅𝜅𝜅𝜅) is set to 2 (black) or 6 (blue). 

2.1.2.2 Non-uniform Bragg grating 

Despite their numerous applications, the spectral response of uniform FBGs is limited to a single 

stop band with important side-lobes at neighbouring wavelengths. Non-uniform FBGs offers the 

possibility to freely tailor the optical properties of the grating by adjusting some of its parameters 

along the length, such as the average RI change Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧), the visibility 𝑣𝑣(𝑧𝑧) or the phase 

𝜙𝜙(𝑧𝑧) [16, 18]. As an example, different non-uniform structures and their reflection spectra are 

shown in Figure 2.3. The process of apodization [19] is typically achieved by varying either of 

Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧) or 𝑣𝑣(𝑧𝑧) to smooth out the envelope profile of the grating. It can be noted from Eq. 

(2.12) and (2.13) that a spatial variation of Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧) affects both 𝜎𝜎 and 𝜅𝜅, which causes an 

asymmetrical spectral response on the short-wavelength side, as illustrated in Figure 2.3 (a). 

Preferably, the apodization of 𝑣𝑣(𝑧𝑧) allows to maintain a constant Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� along the grating, 

making the spectral response symmetric on both side of 𝜆𝜆𝐵𝐵, with stronger side-lobes suppression, 

as depicted in Figure 2.3 (b). Moreover, 𝜙𝜙(𝑧𝑧) can also be varied to create a chirp in the grating 

structure and customized its dispersive characteristics. For example, Figure 2.3 (c) shows a 

linearly chirped FBG, and Figure 2.3 (d) shows a structure with a 𝜋𝜋 phase shift in the middle.  

Put together, apodization and chirping of FBGs gives the flexibility required to design optical 

devices with arbitrary complex spectral response, something that is very important for many 

practical applications. 
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Figure 2.3: Different type of FBG RI profiles and their associated reflection spectra. The spectral 

simulations are done using the CMT TMM method, and assuming a length of 10 mm and 

Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� = 2 ⋅ 10−4. (a) Gaussian apodization of Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑓𝑓��������. The non-uniform RI change induces a non-

linear chirp in the grating structure, effectively shifting the Bragg wavelength at the extremities 

of the FBG. In this example, the extremities would reflect shorter wavelengths, causing the FBG 

to act as a Fabry-Perot cavity and resulting in an asymmetrical spectral response on the short 

wavelength side. (b) Gaussian apodization of 𝑣𝑣(𝑧𝑧). Maintaining a constant Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� allows for a 

symmetric spectral response. (c) Linearly chirped FBG, with a chirp rate of 0.5 nm/mm. Since the 

FBG is not apodized, many oscillations are still present in the stop band. For this example, 

Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� = 3 ⋅ 10−4 (d) FBG with a 𝜋𝜋 phase shift. The spectral response is compared to a uniform 

FBG of identical parameters. 

2.1.3 Simulation techniques 

To tailor complex spectral response, it is often required to engineer the FBG parameters 

( 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧), 𝑣𝑣(𝑧𝑧), 𝜙𝜙(𝑧𝑧), …) with complex, sometimes discontinuous functions. Since the 

coupled-mode equations do not have a simple analytical solution for non-uniform gratings, 

simulation tools are required to calculate their spectral response. Many simulation techniques can 

be employed, but most of them falls under two categories. The first one contains techniques that 

directly solves the coupled-mode equations using numerical methods, either by direct integration, 
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or by a transfer matrix method (TMM) [16, 17]. The second includes methods that treat the 

grating as a multilayer structure which can be divided into many homogeneous layers [17]. 

2.1.3.1 Transfer matrix method for CMT 

Even if it is possible to solve Eq. (2.6) and (2.7) by direct integration, this method is not the 

fastest and the preferred approach is to use the TMM [16, 17]. This method uses a piecewise 

approach, where the grating is divided into 𝑀𝑀 uniform pieces, as represent in Figure 2.4. The 

propagation of light through each of the 𝑖𝑖𝑡𝑡ℎ grating sub-section is described by a 2x2 transfer 

function matrix (𝑭𝑭𝒊𝒊), which are then multiplied together to represent the whole grating: 

 �𝑅𝑅𝑖𝑖𝑆𝑆𝑖𝑖
� = 𝑭𝑭𝒊𝒊 �

𝑅𝑅𝑖𝑖+1
𝑆𝑆𝑖𝑖+1

�, (2.21) 

  𝑭𝑭𝒊𝒊 =

⎣
⎢
⎢
⎢
⎡cosh(𝛾𝛾𝐵𝐵Δ𝑧𝑧) − 𝑖𝑖

𝜎𝜎�
𝛾𝛾𝐵𝐵

sinh(𝛾𝛾𝐵𝐵Δ𝑧𝑧) −𝑖𝑖
𝜅𝜅
𝛾𝛾𝐵𝐵

sinh(𝛾𝛾𝐵𝐵Δ𝑧𝑧)

𝑖𝑖
𝜅𝜅
𝛾𝛾𝐵𝐵

sinh(𝛾𝛾𝐵𝐵Δ𝑧𝑧) cosh(𝛾𝛾𝐵𝐵Δ𝑧𝑧) + 𝑖𝑖
𝜎𝜎�
𝛾𝛾𝐵𝐵

sinh(𝛾𝛾𝐵𝐵Δ𝑧𝑧)
⎦
⎥
⎥
⎥
⎤
, (2.22) 

where 𝑅𝑅𝑖𝑖 and 𝑆𝑆𝑖𝑖 are the forward and backward field amplitude of the 𝑖𝑖𝑡𝑡ℎ grating sub-section and 

𝛾𝛾𝐵𝐵 = √𝜅𝜅2 − 𝜎𝜎�2.  

 

Figure 2.4: Representation of the grating structure with the CMT TMM. 

To model the presence of a phase shift (Δ𝜙𝜙𝑖𝑖) in the grating structure, it is also possible to add a 

phase-shift matrix (𝑭𝑭𝝓𝝓𝒊𝒊) between the proper 𝑖𝑖𝑡𝑡ℎ and (𝑖𝑖 + 1)𝑡𝑡ℎ sections, given by: 

 𝑭𝑭𝝓𝝓𝒊𝒊 = �𝑒𝑒
−𝑖𝑖Δ𝜙𝜙𝑖𝑖/2 0

0 𝑒𝑒𝑖𝑖Δ𝜙𝜙𝑖𝑖/2 � ;       
Δ𝜙𝜙𝑖𝑖

2
=

2𝜋𝜋𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
𝜆𝜆

Δ𝑧𝑧𝑖𝑖 . (2.23) 

By multiplying all the individual matrix together, the output field amplitude of the grating can be 

expressed as: 
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 �𝑅𝑅0𝑆𝑆0
� = 𝑭𝑭 �𝑅𝑅𝑀𝑀𝑆𝑆𝑀𝑀

� ;        𝑭𝑭 = �𝑭𝑭𝟏𝟏𝟏𝟏 𝑭𝑭𝟏𝟏𝟏𝟏
𝑭𝑭𝟐𝟐𝟐𝟐 𝑭𝑭𝟐𝟐𝟐𝟐

� = 𝑭𝑭𝟏𝟏 ⋅ … ⋅ 𝑭𝑭𝒊𝒊 ⋅ … ⋅ 𝑭𝑭𝑴𝑴−𝟏𝟏 ⋅ 𝑭𝑭𝑴𝑴. (2.24) 

Assuming that the backward travelling field at the output (𝑧𝑧 = 𝐿𝐿) is 𝑆𝑆𝑀𝑀 = 𝑆𝑆(𝐿𝐿) = 0, the power 

reflection (𝑟𝑟) and transmission (𝑡𝑡) coefficients of the whole structure can be calculated by: 

 𝑟𝑟 = |𝜌𝜌|2 = �
𝑆𝑆0
𝑅𝑅0
�
2

= �
𝐹𝐹21
𝐹𝐹11

�
2

, (2.25) 

  𝑡𝑡 = |𝜏𝜏|2 = �
𝑅𝑅𝑀𝑀
𝑅𝑅0
�
2

= �
1
𝐹𝐹11

�
2

. (2.26) 

2.1.3.2 Multilayer analysis 

The simulation methods under this category are based on segmenting the grating as a stack of 

multiple thin dielectric layers. Instead of using the coupled-mode equations to compute the 

transmission through each section, multilayer analysis represents each layer with two matrices. 

The reflection and transmission matrix (𝑻𝑻𝒊𝒊) models the effect of each interface using complex 

Fresnel coefficients, and the phase shift matrix (𝑷𝑷𝒊𝒊) is associated to the propagation in the 

medium. Different formulation of the method can be found in [17, 20-23]. 

 

Figure 2.5: Illustration of the grating structure as a stack of thin dielectric layers. 

Figure 2.5 shows an illustration of this method, where the forwards and backward propagating 

fields at each interface are related to each other with the following transmission (𝑻𝑻𝒊𝒊) and phase 

shift (𝑷𝑷𝒊𝒊) matrices: 

 �𝑅𝑅𝑖𝑖−1
+

𝑆𝑆𝑖𝑖−1− � = 𝑻𝑻𝒊𝒊 �
𝑅𝑅𝑖𝑖′+

𝑆𝑆𝑖𝑖′−
� ;       𝑻𝑻𝒊𝒊 =

1
𝜏𝜏𝑖𝑖
�1 𝜌𝜌𝑖𝑖
𝜌𝜌𝑖𝑖 1 �, (2.27) 
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  �𝑅𝑅𝑖𝑖
′+

𝑆𝑆𝑖𝑖′−
� = 𝑷𝑷𝒊𝒊 �

𝑅𝑅𝑖𝑖+
𝑆𝑆𝑖𝑖−
� ;       𝑷𝑷𝒊𝒊 = �𝑒𝑒

𝑖𝑖Δ𝜙𝜙𝑖𝑖 0
0 𝑒𝑒−𝑖𝑖Δ𝜙𝜙𝑖𝑖

�. (2.28) 

The phase shift Δ𝜙𝜙𝑖𝑖 associated to a layer of thickness Δ𝑧𝑧𝑖𝑖 and the reflection (𝜌𝜌𝑖𝑖) and transmission 

(𝜏𝜏𝑖𝑖) coefficients of each layer are given by: 

 𝜌𝜌𝑖𝑖 =
𝑛𝑛𝑖𝑖 − 𝑛𝑛𝑖𝑖−1
𝑛𝑛𝑖𝑖 + 𝑛𝑛𝑖𝑖−1

;        𝜏𝜏𝑖𝑖 =
2𝑛𝑛𝑖𝑖

𝑛𝑛𝑖𝑖 + 𝑛𝑛𝑖𝑖−1
;       Δ𝜙𝜙𝑖𝑖 =

2𝜋𝜋𝑛𝑛𝑖𝑖
𝜆𝜆

Δ𝑧𝑧𝑖𝑖 . (2.29) 

Combining Eq. (2.27) and (2.28), the whole grating structure can be represented by: 

 �𝑅𝑅0𝑆𝑆0
� = 𝑭𝑭 �𝑅𝑅𝑀𝑀𝑆𝑆𝑀𝑀

� ;        𝑭𝑭 = (𝑻𝑻𝟏𝟏 ⋅ 𝑷𝑷𝟏𝟏) ⋅ … ⋅ (𝑻𝑻𝒊𝒊 ⋅ 𝑷𝑷𝒊𝒊) ⋅ … ⋅ (𝑻𝑻𝑴𝑴−𝟏𝟏 ⋅ 𝑷𝑷𝑴𝑴−𝟏𝟏) ⋅ 𝑻𝑻𝑴𝑴. (2.30) 

Again, the reflection (𝑟𝑟) and transmission (𝑡𝑡) coefficient can be calculated using Eq. (2.25) and 

(2.26). Compared to the CMT TMM, where each sub-sections may have a length of multiple 

grating periods, the multilayer analysis must be computed for every variation of the RI, which 

can be time consuming. However, multilayer analysis can be advantageous when the spacing 

between each grating planes is not constant and varies rapidly [21], as the CMT TMM is limited 

when the sub-sections are too small, or when the apodization or phase profile of the grating are 

not slowly varying function [16, 17]. This will be the case later in the thesis.  

Finally, Rouard’s method could also be included in this category of multilayer analysis. Instead 

of a single transfer matrix for each interface of different RI, this method subdivides each of the 

grating period into further subsections. It can be used to accurately simulate different types of RI 

modulation which are not sinusoidal or square. Different formulations can be found in [24-26]. 

2.2 Mechanism of refractive index modification 

Before describing the many techniques that can be used to fabricate FBG, this section reviews the 

different mechanisms involve in laser-induced refractive index modification of glass material. 

2.2.1 Linear absorption of laser radiation 

When the energy of a photon is higher than the band gap of a dielectric material, it can be 

absorbed linearly by the material and cause a permanent modification to its structure. This 
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phenomenon, called photosensitivity [27], can be used to change the RI of glass materials, which 

have a band gap that lies in the UV wavelength range (around 9 eV for pure fused silica [28]). 

In the case of optical fibers, their photosensitivity to UV light has been exploited to inscribe 

FBGs by exposing the core of the fiber to the radiation of a UV laser [11, 29]. A detailed 

description of the photosensitivity of optical fibers is given in [27]. Standard telecommunication 

fiber, such as the SMF-28, are made with a pure fused silica cladding and a germanium doped 

core. Pure silica itself is transparent to UV light (down to 190 nm), but the presence of 

germanium-oxide defects in the core have been found to induce photosensitivity to wavelength 

between 190 - 270 nm [11, 27]. Naturally, the photosensitivity of germanosilicate fiber is highly 

correlated to the concentration of GeO defect in its matrix. In the case of a typical SMF-28 fiber, 

the low concentration of Ge in its core makes it only weakly photosensitive to UV radiation. To 

increase this photosensitivity, photosensitization methods, such as hydrogen loading, are 

typically employed [27]. 

2.2.2 Modification of refractive index by femtosecond laser 

The RI of glass materials can also be modified with FS laser pulses, which is the main topic of 

this thesis. Several books and publications have been written on this rich subject, but an excellent 

starting point can be found in the book by Osellame et al. [5] or in [30, 31]. 

Instead of being absorbed linearly by the bandgap of the GeO defects present in the 

germanosilicate glass lattice [32], FS pulses can modify the RI of transparent materials through 

non-linear optical processes [5, 30, 31]. When tightly focussed, FS pulses can easily achieve high 

peak intensities in the order of 10 TW/cm2 and above, which is enough to initiate non-linear 

photoionization of the electrons by multiphoton absorption [33]. The electrons that are promoted 

to the conduction band can also absorb the laser light linearly until they have enough energy to 

ionize another electron that is bound to its nucleus, resulting in a process of avalanche ionization 

and the generation of a free-electron plasma. Of course, the dynamics of this plasma depend on 

the pulse parameters, and the ratio between multiphoton absorption and avalanche ionization can 

be affected by the pulse duration [34]. The energy contained in the photo-generated plasma is 

then transferred back to the material via different physical relaxation mechanisms [5], causing 
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permanent structural modification within the focal region where the light intensities is above the 

non-linear photo-ionization threshold.  

In general, FS pulses between ~100 – 500 fs are used for FBG inscription. Compared to 

picosecond (PS) pulses, the absorption of a FS pulse is decoupled from thermal effects since the 

lattice heating time is on the order of ps, allowing for a more precise machining. Further, since 

the peak power of PS pulses is lower, they are less likely to be absorbed non-linearly and the 

avalanche breakdown process is seeded by stochastic thermal electrons instead of multiphoton 

ionization. With shorter and more intense FS pulses, multiphoton ionization starts seeding the 

avalanche breakdown, making this process more deterministic and efficient [5, 34]. However, at 

very short pulse duration (< 10 - 100 fs), photoionization dominates avalanche ionization, and 

dispersion of the pulse in the beam delivery system can become an issue [5].    

2.2.3 Types of femtosecond-induced refractive index modifications 

Depending on the parameters of the plasma, the energy can be transferred back to the material via 

different physical processes of plasma recombination and heat diffusion, causing different types 

of RIMs. Naturally, many experimental parameters can affect the RIM formation, such as the 

pulse energy, pulse duration, repetition rate, wavelength, polarization, and numerical aperture of 

the objective. Yet, a parameter that has a big impact when processing pure fused silica with a 

standard FS system is the pulse energy [5], as it can be adjusted easily to achieve different types 

of RIMs. 

At low pulse energies, just above the index modification threshold, a smooth and isotropic RIM 

is obtained, and the grating has low propagation losses. This type of RIM is typically referred to 

as a type-I modification [18, 35] and is commonly used to fabricate high-quality photonic 

devices. However, type-I FBG can be erased at relatively low temperature (around 200°C) [18]. 

In the case of intermediate pulse energies, anisotropic RIM and nanograting perpendicular to the 

laser polarization can start to form, causing birefringence in the grating. Finally, at high pulse 

energies, ultra-high pressures are generated in the focal point, creating a shock wave and the 

formation of micro-explosion and micro-void. This type of modification can produce very high 

RI change and is often called a type-II modification. It is usually associated with optical damage 
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and high scattering loss of the sample [5], but the gratings can withstand very high temperature 

(800°C) for several hours [18]. 

2.2.4 Refractive index modification by multiple femtosecond pulses 

Instead of using a single pulse interaction to modify the RI of a given region in the sample 

material, it is possible to induce the modification by overlapping multiple pulses [5]. Multi-pulse 

approach has been used widely in the fabrication of Bragg gratings waveguides [36-38], for 

which it provides control over the physical size and the overlap of the RIM, the deposited energy, 

and where cumulative effect allows for a stronger RI change (Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������), with a spatially smoother 

distribution and lower propagation loss, while keeping the pulse energy well under the optical 

damage threshold of glass.  

In this situation, the RIM is not only affected by the pulse energy, but also the repetition rate of 

the laser. In the case of a high repetition rate (>100 kHz), thermal accumulation can start to build 

up near the focal point, and the volume of the RIM increases over time. For lower repetition 

rates, the time between successive pulses is long enough to allow the heat generated by the 

plasma to be fully diffused away before the arrival of the next pulse. In this case, each pulse adds 

up to the cumulative effect independently. Of course, the threshold between a thermal vs. a non-

thermal regime is highly related to the material being used. 

2.2.5 Geometry of the focal spot and optical aberrations 

For FS direct inscription, the 3D shape of the RIM that take place in the focal region is important 

to consider, as it is has profound impact on the grating coupling coefficients 𝜅𝜅 and 𝜎𝜎, which are 

given by the overlap integral between the mode field and the cross-sectional shape of 

Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑥𝑥, 𝑦𝑦, z), as indicated in Eq. (2.12) and (2.13). 

Ideally, the cross-section of Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑥𝑥,𝑦𝑦, 𝑧𝑧) should be uniform across the fiber core (independent 

of 𝑥𝑥 and 𝑦𝑦), or at least symmetric across the core. When Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑥𝑥,𝑦𝑦, 𝑧𝑧) is uniform, the coupling 

coefficient only depends on the mode field overlap such as: 
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 𝜎𝜎 ∝ 𝜅𝜅 ∝ �𝑒𝑒𝑘𝑘𝑘𝑘(𝑥𝑥,𝑦𝑦) 𝑒𝑒𝑗𝑗𝑗𝑗∗ (𝑥𝑥, 𝑦𝑦) 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑
∞

−∞

. (2.31) 

In this situation, the orthogonality relationship between the modes suggests that coupling is only 

allowed for identical counter-propagating modes, as it is the only case where the overlap integral 

is nonzero [17]. In practice, the approximation of a uniform RIM is often used for UV-based 

interferometric writing techniques but can’t be used for FS direct-writing schemes. In the more 

realistic case where Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑥𝑥,𝑦𝑦, 𝑧𝑧) is either off-centered or has a non-symmetric ellipsoidal 

shape, coupling to higher order modes and photo-induced birefringence becomes possible 

because of symmetry breaking, leading to a nonzero overlap integral [17, 39-44]. This situation 

also leads to an increase in the scattering losses. For different applications, these effects can be 

desirable or not, making it important to properly control, or at least understand the impact of the 

physical shape of the FS focal spot. 

Since the RIM emerges from the nonlinear absorption of the laser, its spatial profile is highly 

related to intensity profile of the focal spot. Let’s assume a laser beam that is focalized through 

the side of an optical fiber. To get a good representation of the focal spot, it is important to 

consider the optical aberrations that can affect the beam propagation from the laser to the fiber 

core center. Effects such as dispersion, diffraction, chromatic aberration, spherical aberration, 

nonlinear process (self-focusing, plasma defocusing, energy depletion) and the index mismatch at 

the air-fiber interface of the fiber are well described in [5]. Considering that chromatic aberration 

and spherical aberration can be mitigated be employing aspherical optics or aberration-corrected 

objectives, and neglecting the possible nonlinear interactions, the main cause of aberration still 

present is the index mismatch at the air-fiber interface. Since the fiber can be seen as small 

cylindrical lens, the focal point suffers from astigmatism, and most authors describe the light 

propagation using an astigmatic Gaussian beam model [39, 45-47], where the optical system is 

asymmetric around the optical axis. To be consistent with the coordinate system presented in 

Figure 2.1, note that the axis of propagation for the laser beam will be define along 𝑦𝑦. The 

elliptical intensity profile of a focussed astigmatic beam propagating along 𝑦𝑦 can be described as 

[39, 47]: 
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with 
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 𝜔𝜔0,𝑖𝑖 = 𝑀𝑀2 𝜆𝜆
𝜋𝜋 NA𝑖𝑖

, 𝑦𝑦𝑅𝑅,𝑖𝑖 = 𝑀𝑀2 𝑛𝑛𝑛𝑛
𝜋𝜋 NA𝑖𝑖

2, (2.34) 

where 𝐼𝐼0 is the normalized maximum intensity, 𝑀𝑀2 is the beam quality, 𝑛𝑛 is the refractive index 

of the glass, NA𝑖𝑖 is the numerical aperture of each focussing axis (𝑦𝑦 and 𝑧𝑧), 𝜔𝜔0,𝑖𝑖 and 𝑦𝑦𝑅𝑅,𝑖𝑖 are the 

focal beam waist and Rayleigh range, and 𝑦𝑦0 is the offset distance between the focal position of 

each axis, called the astigmatism difference. 

To better illustrate this concept, Figure 2.6 compares the beam propagation for the case where all 

optical aberrations are neglected to that where the focal point suffers from astigmatism. As shown 

in Figure 2.6 (a), the typical shape of a tightly focussed aberration-free focal spot is much smaller 

than the core area and its cross-section is usually asymmetrical in the 𝑥𝑥𝑥𝑥-plane and elongated 

along the 𝑦𝑦 axis. In Figure 2.6 (b), the refraction at the air-fiber interface leads to a splitting of the 

focal position between the two orthogonal focussing planes, with an astigmatism difference that 

can be estimated to 38 μm. This causes the focal spot to be distorted and elongated along the 

longitudinal 𝑧𝑧-axis [45, 48]. 

To mitigate the aberrations caused by the cylindrical shape of the fiber, methods based on 

immersing the fiber into an index-matching oil are commonly used. For example, a V-groove 

covered by a glass plate and filled with oil and can be used to hold the fiber [49-52], as illustrated 

in Figure 2.7 (a). Drawing the fiber through D-shaped glass ferrule filled with oil is another 

option [14, 53], as shown in Figure 2.7 (b). In both cases, the flat glass interface between the 

objective and the fiber makes the refraction homogeneous around the optical axis and the index-

matching oil prevents further refraction at the fiber interface.  
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Figure 2.6: 3D Illustration of the beam propagation in an uncoated SMF-28 fiber. (a) All optical 

aberrations are neglected. (b) The refraction at the air-fiber interface is considered and the focal 

spot suffers from astigmatism induced by the fiber geometry. On the left, the 3D shape of the 

focal spot is represented by an ellipsoid showing the position where the intensity profile drops by 

a factor of two: 𝐼𝐼(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = 𝐼𝐼0/2. The beam waist size is illustrated in light pink. On the right, the 

cross-sections of the intensity profile in the 𝑥𝑥𝑥𝑥 and 𝑧𝑧𝑧𝑧 planes are shown. This simulation 

considers the geometry of an uncoated SMF-28 fiber with a RI of 1.45, an objective lens with a 

NA of 0.55 and a wavelength of 1030 nm. Using simple geometric optics arguments, the 

astigmatism difference between the focal position of both axis is 𝑦𝑦0 = 38 μm. 

(a) Aberration free 

(b) Astigmatism  
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Figure 2.7: Index-matching oil immersion compensation techniques. (a) V-groove covered by a 

glass plate and filled with oil. (b) Glass ferrule with a polished flat side and filled with oil. 

However, oil immersion compensation techniques are impractical from a manufacturing point-of-

view, as the preparation of the fiber is more complicated, and the fiber must be cleaned afterward. 

The oil can also potentially degrade the coating or damage the silica cladding, and the additional 

required components (V-groove or ferrule) are usually not available off-the-shelf or may need a 

custom design for different fiber dimension. These constraints make it hard to scale up the 

fabrication process for high-throughput or for large scale FBG device. To avoid immersion oil, 

different beam shaping techniques can also be used. For instance, adaptive optics using spatial 

light modulator or deformable mirror [48], or astigmatism beam-shaping relying on a cylindrical 

telescope [45] have been used to correct the aberrations caused by the fiber geometry. 

2.2.6 Beam shaping techniques 

As its name suggest, beam shaping techniques can be used with FS laser micromachining to 

control the shape of the focal spot and the RIM spatial profile. For FS direct-writing, these 

methods have been used to correct for the astigmatism induced by the cylindrical shape of the 

fiber, to symmetrize the RIM cross-section, and to increase the dimension of the RIM cross-

section to get a better overlap with the mode field. 

There are many techniques to achieve beam shaping, but most of them rely on controlling the NA 

of both the 𝑧𝑧 and 𝑥𝑥 axis to adjust the beam waist of each axis independently. For example, 

astigmatic beam shaping [40, 45, 47] uses an arrangement of cylindrical lenses to control the NA 

ratio (NA𝑧𝑧/NAx), or to adjust the astigmatism difference 𝑦𝑦0 (see Eq. (2.33)). The slit beam 
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shaping technique [39, 46, 54] can also be used to achieve similar results by placing a rectangular 

slit in the beam path. This method is simple, as it does not require additional optical components 

to be aligned, but it is less adjustable compared to a system where fine tuning of the astigmatism 

difference is possible. Also, most of the laser energy is lost due to the small size of the slit. 

Another group of techniques uses adaptative optics to shape the beam wavefront [48, 55]. 

To illustrate how beam shaping can be beneficial, Figure 2.8 shows an example where the NA 

ratio is set to NA𝑧𝑧/NAx = 10. Compared to Figure 2.6 (a), the cross-section of the focal spot in 

the 𝑥𝑥𝑥𝑥-plane covers a much bigger area of the core and is way more symmetrical. Even when 

considering the refraction at the air-fiber interface, the astigmatism has almost no effect in this 

situation because the beam waist size of the 𝑥𝑥𝑥𝑥-plane is very large. 

 

Figure 2.8: Representation of the focal spot obtain by using a beam shaping techniques where the 

NA ratio is NA𝑧𝑧/NA𝑥𝑥 = 10. Information on the simulation model is given in 0. 

2.3 Fiber Bragg grating fabrication techniques 

In the present section, the conventional FBG fabrication techniques are reviewed. To produce 

high-quality FBGs, it is necessary to control the magnitude of the RIM (𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧)) with great 

precision and accuracy. High spatial resolution is also required because of the sub-micrometer 

spacing between each grating plane. For instance, an FBG with a reflection at a Bragg 

wavelength of 𝜆𝜆𝐵𝐵 = 1550 nm would require a period Λ𝑔𝑔 = 530 nm, according to Eq. (2.3) and 

assuming 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 1.462. For advance applications, a proper control of 𝑣𝑣(𝑧𝑧) and 𝜙𝜙(𝑧𝑧) is also 

needed, requiring an advance control system to accurately manage the relative position of each 

RIM. 
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In this context, laser-based techniques combined with high-precision motorized stage and 

optoelectronics systems are employed to photo-induced RIMs with sufficient precision. The 

fabrication techniques for FBGs can be classified in two main categories, namely, 

interferometric, and direct-writing techniques [29]. 

2.3.1 Interferometric writing techniques 

Interferometric techniques have been refined since many years and are the most frequently used 

for industrial production of FBG. This group of techniques relies on the production of a periodic 

fringe pattern, which can be achieved by interfering two coherent beams. By exposing the core of 

an optical fiber to this periodic interference pattern, FBGs can be formed through different 

mechanisms of RI modification, as discussed in section 2.2. An exhaustive list and description of 

these techniques can be found in [11, 29]. 

Different types of laser sources can be used, such as CW or Q-Switched UV lasers, either in the 

format of gas or diode pumped solid-state lasers [11]. Since UV radiation is absorbed by 

polymers, the removal of the acrylate coating of the fiber is often required to allow the UV light 

to reach the core. However, usage of UV transparent coating has been reported [56], but is not 

very common. FS lasers at various wavelengths can be also employed with interferometric 

techniques, but the production of a high-quality fringe pattern is more difficult to achieve because 

of the short coherence length of such laser sources. 

2.3.1.1 Phase mask 

The operation principle of the phase mask technique [6, 29] is illustrated in Figure 2.9 where the 

incident laser beam is focussed in the fiber core with a cylindrical lens. Before reaching the fiber, 

a phase mask splits the beam into its different diffraction orders, 𝑚𝑚 = 0, ±1, ±2, … . As it stands 

today, most phase masks are designed to minimize transmission of the zeroth order and maximize 

the ±1 order. Near the phase mask, the interference of the overlapping ±1 diffracted orders 

produces a fringe pattern which is used to inscribe the FBG. The laser beam can be also scanned 

along the 𝑧𝑧 axis to produce FBGs longer than the beam spot size [29, 57]. At normal incidence, 

the period of the fringe pattern (Λ𝑔𝑔) is related to the period of the phase mask (Λ𝑝𝑝𝑝𝑝) by [29]: 
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 Λ𝑔𝑔 =
𝑚𝑚λ𝐵𝐵

2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
=
Λ𝑝𝑝𝑝𝑝

2
 (2.35) 

Because the phase mask technique is excellent for its simplicity, stability, reproducibility, and 

ability for mass production, it is attractive for industrial production of FBGs. The cross-section of 

the RIM produced by this method is also quite homogeneous and allows for high spectral quality, 

low coupling to cladding modes, low polarisation dependent loss, and low insertion loss [58]. 

However, since the grating structure is linked to the phase mask geometry, each grating design 

requires a custom phase mask, which can be expensive, difficult to fabricate, and limited in 

length. Therefore, writing behind the phase mask does not provide the same flexibility attributed 

to direct-writing techniques, which are explained in section 2.3.2. 

  

Figure 2.9: Illustration of FBG inscription behind the phase mask. 

For FS writing, the phase mask technique is the most frequently used interferometric technique, 

as both the ±1 diffracted orders are spatially and temporally aligned, alleviating the difficulties 

caused by the short coherence length of FS pulses. 

2.3.1.2 Talbot interferometer 

Another writing scheme based on a Talbot interferometer [11] is illustrated in Figure 2.10, where 

a scanning phase mask (a) or phase modulators (b) are used to synchronize the position of the 

interference pattern with a moving fiber. Compared to the phase mask technique, this inscription 

method is much more sophisticated and can be used to fabricate gratings of any arbitrary length 

and with complex phase profiles. However, it requires a superior motion control system and 

additional optoelectronic components to maintain a perfect synchronization between the moving 
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fiber and the fringe pattern, which is crucial to fabricate FBGs with low phase errors. This 

continuous writing scheme is currently implemented at Polytechnique Montreal and was able to 

produce FBGs with outstanding quality [11, 12]. 

Both UV or FS lasers can be used with the Talbot interferometer technique, but the production of 

FBGs with this kind of setup is much more difficult to achieve with a FS laser [58]. As opposed 

to a CW or Q-switched UV laser, the short coherence length of FS lasers requires the Talbot 

interferometer to be extremely stable and the optical alignment to be perfectly executed in order 

to produce an interference pattern of good quality. The wide spectral width of the FS pulse leads 

to additional dispersion, further deteriorating the overlap of the interfering beams. 

 

Figure 2.10: FBG writing using a UV laser with a Talbot interferometer. A) A phase mask 

stacked on a piezoelectric actuator is used to move the fringe pattern. B) Phase modulators are 

used instead. Reproduced with permission. © S. Loranger, 2018 [11]. 

2.3.2 Direct-writing techniques 

Instead of writing the FBG with an interference pattern that imprints multiple fringes at once, 

direct-writing techniques, such as the point-by-point (PbP) [8], the line-by-line (LbL) [59] or the 

plane-by-plane (Pl-b-Pl) [40], consist of inscribing one RIM at a time, as illustrated in Figure 

2.11. A good review of the different techniques is given in [58]. 

One of the main benefits of direct-writing techniques is their flexibility to control the exact 

position of each RIM. Hence, the grating parameters such as the Bragg wavelength, chirp, length, 

apodization profile or cladding mode coupling can be adjusted and reconfigured easily using 

direct inscription, which is not possible with the phase mask technique, where the grating design 
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is imprinted in the phase mask geometry [5]. Again, both UV and FS lasers can be used with 

direct-writing techniques as there is almost no difference in the working principle. 

 

Figure 2.11: Illustration of the direct-writing techniques. (a) For the PbP method, the fiber is 

translated along its longitudinal axis and each RIM is formed by tightly focussing a FS laser 

pulse down the core. (b) With the LbL method, the laser beam is scanned across the transverse y-

axis to create a line of RIM. Each line is spaced by Λ𝑔𝑔. (c) The Pl-b-Pl method is like the PbP, 

but additional beam-shaping elements are used to achieve a RIM that covers a larger area. 

2.3.2.1 Point-by-point 

The PbP method [8] is the most straightforward direct-writing approach, where each RIM is 

formed by tightly focussing a single laser pulse or a burst of pulses into the fiber core. To achieve 

a periodic spacing of Λ𝑔𝑔, the fiber is clamped to a translation stage whose motion is synchronized 

to the repetition rate of the pulsed FS laser. The process is illustrated in Figure 2.11 (a). Usually, 

high NA objectives are required to achieve a RIM with the proper sub-micrometer size. Because 

of this, the geometry of the RIM is asymmetric and overlaps poorly with the mode field, as 

shown in Figure 2.6 (a). Under these conditions, the RI must be modified by a very large amount 

to produce FBGs with a strong 𝜅𝜅. High power density at the focal spot is required to do so and it 

can lead to type-II RIM with high scattering loss. The small size of the RIM also makes the PbP 

scheme highly sensitive to any misalignment between the focal point and the core. Another 

important aspect of the PbP method is the necessity to mitigate the astigmatism induced by the 

cylindrical shape of the fiber, as shown in Figure 2.6 (b). As noted previously, oil immersion 
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compensation techniques [14, 49-53] such as the ones illustrated in Figure 2.7 are a common 

solution, but different beam shaping techniques can also be employed [45, 48]. 

2.3.2.2 Line-by-line 

The LbL method [59] is illustrated in Figure 2.11 (b). As its name suggest, each RIM is formed 

by scanning the laser in a linear motion across the transverse axis of the fiber. The shutter of the 

laser is then closed, and the fiber is translated to the next line position before the process is 

repeated. Each line is inscribed with a spacing of Λ𝑔𝑔. This writing scheme has the advantage to 

produce a more homogeneous RIM, which covers a wider area of the core. The increased overlap 

between the RIM and the mode field allows for a stronger 𝜅𝜅, with lower insertion losses, 

polarisation dependent losses, photo-induced birefringence, and coupling to cladding modes 

compared to the PbP method. However, since the longitudinal position of the fiber must be at rest 

to inscribe each line, the LbL scheme is severely limited in terms of speed. Also, the same 

aberration correction techniques used for the PbP method are required. Another variant of the 

LbL scheme was also demonstrated in [49, 60] where the fiber core is exposed to a continuous 

sinusoidal scanning motion instead of a simple linear motion.  

2.3.2.3 Plane-by-plane 

Similar to the PbP writing scheme, the Pl-b-Pl method [40] relies on the implementation of 

additional beam shaping techniques to produce a more planar RIM instead of a point-like 

modification. By controlling the width and depth of the focal spot, the RIM can be made more 

circular and symmetrical, while covering a larger area of the core, as illustrated in Figure 2.11 (c) 

and Figure 2.8. Compared to the PbP method, this allows to significantly increase the overlap 

with the mode field, resulting in a stronger 𝜅𝜅 for the same energy density at the focal spot, 

making it easier to produce Type-I FBGs. The Pl-b-Pl method is also much faster than LbL, as 

the RIM is produced in a single step instead of a sweeping motion of the laser beam across the 

core. In comparison to both PbP and LbL, Pl-b-Pl achieves FBGs that show higher spectral 

quality, lower losses, and lower polarisation dependent effects. The focal distortion caused by the 

astigmatism aberration can also be mitigated without the use of index-matching oil, making it 

possible to inscribe FBGs in fibers that are free-standing in air. 
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As mentioned earlier, many beam shaping technique can be used to shape the focal spot into a 

plane. Astigmatic beam shaping can be achieved by placing a long focal length cylindrical lens 

[40] or by placing a cylindrical telescope [45, 47] in front of the focussing objective. The slit 

beam shaping technique has also shown great results [39, 46, 54]. 

2.4 Apodization of femtosecond laser inscribed FBG 

In addition to the fabrication methods presented above, different apodization techniques can be 

implemented to produce non-uniform FBGs. This section reviews the techniques that can be 

incorporated specifically to FS fabrication methods, such as the phase mask or direct-writing 

schemes. 

2.4.1 Phase mask apodization 

For FBGs made behind the phase mask, the simplest apodization method would be to change the 

laser power while scanning the phase mask [61], or by using a simple amplitude mask in front of 

the phase mask itself [19]. However, the variation of the resulting average RI change also induces 

an undesirable non-linear chirp leading to an asymmetrical spectral response, as illustrated in 

Figure 2.3 (a). This can be mitigated by postprocessing the fiber with a secondary exposure 

through another amplitude mask [19, 62]. Alternatively, phase masks can be made with a variable 

diffraction efficiency [19, 63, 64] to control the visibility of the fringe pattern while maintaining a 

constant Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� along the grating. This allows to inscribe FBG with a single exposure step instead 

of a two-step process. Those phase masks are produced by varying the duty cycle or the groove 

depth of the corrugations, but they are more difficult to produce and much more expensive than a 

simple amplitude mask [62]. 

2.4.2 Direct-writing apodization 

For direct-writing techniques, different apodization methods have also been demonstrated. Using 

a PbP or Pl-b-Pl scheme, Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧) can be controlled by adjusting the laser pulse energy along 

the fiber length [65, 66]. Similarly, the LbL method can inscribe apodized FBGs by varying the 

writing velocity [67] or the length [68] of each line to adjust to total energy deposited along the 

fiber, as shown in Figure 2.12 (b). A major disadvantage with these methods is the non-linear 
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relationship between the magnitude of the RIM and the exposure parameters, which requires 

establishing an empirical calibration between Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� and pulse energy for the PbP methods, or 

between Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� and the length of each line for the LbL method. Since this process depends 

strongly on the experimental parameters, variable results are to be expected when changing the 

experimental conditions, which is impractical from a manufacturing perspective. Ultimately, the 

precision and accuracy with which the apodization can be performed are limited by the 

calibration process itself, which is prone to errors and environmental perturbation. 

 

Figure 2.12: Different apodization techniques for direct-writing methods. (a) PbP apodization by 

transverse displacement of the focal spot. (b) LbL apodization by controlling the length of each 

line. (c) LbL apodization by transverse displacement of each line. 

Another approach to apodize the grating is by varying the transverse position of the RIM from 

the center of the fiber core, as it was demonstrated using the PbP [14, 69, 70] or LbL [68] 

scheme. Figure 2.12 (a) and (c) shows an example of this method. For PbP, it is assumed that the 

focal spot is much smaller than the mode field and therefore 𝜅𝜅, which is proportional to Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������, 

should varies approximately as a Gaussian function of the transverse displacement [70], such as: 

 |𝜅𝜅(𝛿𝛿𝛿𝛿, 𝛿𝛿𝛿𝛿)| = 𝜅𝜅0𝑒𝑒
−�� 𝛿𝛿𝛿𝛿𝜔𝜔/4�

2
+ � 𝛿𝛿𝛿𝛿𝜔𝜔/4�

2
�

, (2.36) 

where 𝛿𝛿𝛿𝛿 and 𝛿𝛿𝛿𝛿 are the transverse displacements, and 𝜔𝜔 is the 1/𝑒𝑒2 mode diameter. However, 

this relation between 𝜅𝜅 and the displacement is only valid when the RIM is approximated as a 
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Dirac delta function. This limits the ability to use this model under different focussing conditions, 

such as with LbL and Pl-b-Pl, where the RIM is much bigger. In such situations, the dependency 

between 𝜅𝜅 vs the displacement could be evaluated using the overlap integral of Eq. (2.13), but 

this would not be very precise as the true shape of the RIM depends on many parameters and is 

hard to measure. Again, the practical solution would be to perform a calibration, which adds 

errors and is time consuming. In addition, lateral misalignment from core center can give rise to 

strong cladding mode resonance and birefringence [43], which is usually undesirable. 

Despite the progress, all the apodization techniques mentioned above also have the major 

disadvantage of inducing a spatial variation in the average RI change, resulting in an 

asymmetrical spectral response. 

2.4.3 Apodization by phase modulation 

Apodization by phase modulation is another technique that is compatible with direct-writing 

techniques [71-73]. Due to its high flexibility and performance, this technique enables the 

fabrication of FBGs with arbitrary complex apodization profiles, which makes it possible to tailor 

advanced spectral functionalities. Previously, this method has been used for the apodization of 

waveguide Bragg gratings (WBG) [71-73] and FBGs made by UV continuous writing techniques 

[11, 19]. Surprisingly, it has not yet been demonstrated for the fabrication of FBGs using direct-

writing methods. Since this will be the case in this thesis, let’s describe the fundamental of this 

method and the benefits it can bring.  

Instead of achieving apodization through the variation of Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧), this method is based on 

modulating the phase of the grating with a periodic function of variable amplitude. As it will be 

demonstrated below, modulating the grating phase has the same effect as apodizing the grating 

visibility. This has a significant advantage as it maintains a constant average RIM, mitigating the 

challenge of handling highly non-linear RIM vs exposure parameters. By maintaining constant 

exposure parameters and focussing conditions, this method can target different apodization 

profiles with high precision and accuracy, as well as offering a spatial resolution down to just a 

few grating periods, which is essential for a precise control of the spectral response. This is 

because the precision/accuracy of this apodization method is only dictated by the ability to 
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inscribe a complex phase profile in the fiber instead of relying on the precision of the variation of 

Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑧𝑧). 

Apodization by phase modulation is achieved by incorporating an additional periodic function 

with a slowly varying amplitude to the grating phase [71]. Doing so, the RI modulation of the 

grating can be written as: 

 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧) = 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� �1 + 𝑣𝑣 cos�
2𝜋𝜋𝜋𝜋
Λ𝑔𝑔

+ 𝜙𝜙𝑔𝑔(𝑧𝑧) + 𝐴𝐴(𝑧𝑧)𝑔𝑔(𝑧𝑧)��, (2.37) 

where 𝐴𝐴(𝑧𝑧) is the slowly varying amplitude of the phase modulation and 𝑔𝑔(𝑧𝑧) is the additional 

periodic function of period Λ𝜙𝜙. By assuming that 𝐴𝐴(𝑧𝑧) is approximately constant over a period 

Λ𝜙𝜙, and by expanding 𝐴𝐴(𝑧𝑧)𝑔𝑔(𝑧𝑧) as a Fourier series, the RI modulation can be expressed as: 

 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧) = 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� �1 + 𝑣𝑣 � 𝐹𝐹𝑚𝑚(𝑧𝑧) cos�
2𝜋𝜋𝜋𝜋
Λ𝑔𝑔

+ 𝜙𝜙𝑔𝑔(𝑧𝑧) +  𝑚𝑚
2𝜋𝜋𝜋𝜋
𝛬𝛬𝜙𝜙

 �
∞

𝑚𝑚=−∞

�, (2.38) 

 𝐹𝐹𝑚𝑚(𝑧𝑧) =
1
𝛬𝛬𝜙𝜙

� 𝑒𝑒𝑖𝑖𝑖𝑖(𝑧𝑧)𝑔𝑔(Ζ)𝑒𝑒−𝑖𝑖2𝜋𝜋𝜋𝜋Ζ/Λ𝜙𝜙𝑑𝑑Ζ
𝛬𝛬𝜙𝜙

0
, (2.39) 

where 𝐹𝐹𝑚𝑚 is the 𝑚𝑚𝑡𝑡ℎ Fourier coefficient, which depends on the choice of the periodic function 𝑔𝑔. 

It can be seen from Eq. (2.38) that the periodic modulation gives rise to new frequency 

components. The 0𝑡𝑡ℎ Fourier component (𝑚𝑚 = 0) is related to the main Bragg stop band, and the 

±𝑚𝑚𝑡𝑡ℎ components are optical superlattice sidebands, which appear in the spectral response as 

multiple peaks on both side of the main Bragg stop band. The wavelength spacing between each 

frequency component is given by: 

 Δ𝜆𝜆 = 𝜆𝜆𝐵𝐵 �
2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒Λ𝜙𝜙

𝜆𝜆𝐵𝐵
+ 1�� .  (2.40) 

Most of the time, these sidebands are of no interest, and a sufficiently small period Λ𝜙𝜙 should be 

chosen to ensure they are outside of the optical operation band of the FBG. By considering only 

the 0𝑡𝑡ℎ Fourier component, the RI modulation can be simplified to:  
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 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑧𝑧) = 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� �1 + 𝑣𝑣 𝐹𝐹0(𝑧𝑧) cos�
2𝜋𝜋𝜋𝜋
Λ𝑔𝑔

+ 𝜙𝜙𝑔𝑔(𝑧𝑧) ��, (2.41) 

 𝐹𝐹0(𝑧𝑧) =
1
𝛬𝛬𝜙𝜙

� 𝑒𝑒𝑖𝑖𝑖𝑖(𝑧𝑧)𝑔𝑔(Ζ)𝑑𝑑Ζ
𝛬𝛬𝜙𝜙

0
. (2.42) 

From Eq. (2.41), it can be seen that 𝐹𝐹0(𝑧𝑧) acts as the envelope function of the grating, i.e. similar 

to the visibility. Hence, to achieve apodization, 𝐹𝐹0(𝑧𝑧) should be equal to the normalized target 

apodization profile, 𝜅𝜅𝑛𝑛(𝑧𝑧). This can be done by calculating the proper amplitude profile 𝐴𝐴(𝑧𝑧) for 

which 𝐹𝐹0(𝑧𝑧) = 𝜅𝜅𝑛𝑛(𝑧𝑧). Of course, 𝐴𝐴(𝑧𝑧) will depend on the choice of 𝑔𝑔(𝑧𝑧), which can be any 

periodic functions (sinusoidal, square, sawtooth, …) [71].  

For example, if 𝑔𝑔(𝑧𝑧) = sin(2𝜋𝜋𝑧𝑧/Λ𝜙𝜙), Eq. (2.42) can be evaluated using a Bessel function, and 

𝐴𝐴(𝑧𝑧) is related to the target apodization profile by an inverse Bessel function: 

 𝐹𝐹0(𝑧𝑧) = 𝐽𝐽0�𝐴𝐴(𝑧𝑧)� = 𝜅𝜅𝑛𝑛(𝑧𝑧)   →    𝐴𝐴(𝑧𝑧) = 𝐽𝐽0−1�𝜅𝜅𝑛𝑛(𝑧𝑧)�, (2.43) 

where 𝐽𝐽0 and 𝐽𝐽0−1 represent the Bessel and inverse Bessel functions. 

Once the amplitude profile of the phase modulation is calculated, the last step is to map the total 

phase of the grating to the physical distance between every laser-induced modification. 

 Δ𝑧𝑧𝑛𝑛 = Λ𝑔𝑔 �1 −
𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡�𝑛𝑛Λ𝑔𝑔� − 𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡 �(𝑛𝑛 − 1)Λ𝑔𝑔�

2𝜋𝜋
 �, (2.44) 

 𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡(𝑧𝑧) =  
2𝜋𝜋𝜋𝜋
Λ𝑔𝑔

+ 𝜙𝜙𝑔𝑔(𝑧𝑧) + 𝐴𝐴(𝑧𝑧)𝑔𝑔(𝑧𝑧). (2.45) 

Δ𝑧𝑧𝑛𝑛 is the 𝑛𝑛𝑡𝑡ℎ spacing between the grating planes, and 𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡 is the total grating phase. 

A more visual interpretation of the process described above is presented in Figure 2.13, which 

shows an example for a Gaussian apodization and an exaggerated linear chirp of 75 nm/mm. 

First, the target apodization 𝜅𝜅𝑛𝑛(𝑧𝑧) and phase 𝜙𝜙𝑔𝑔(𝑧𝑧) profiles of the grating are presented in Figure 

2.13 (a). Then, by considering a sinusoidal modulation signal with period of Λ𝜙𝜙 = 10 μm, the 

amplitude profile 𝐴𝐴(𝑧𝑧) can be computed from 𝜅𝜅𝑛𝑛(𝑧𝑧) using Eq. (2.43). This modulation signal is 
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shown in Figure 2.13 (b). Finally, the prescribed distance between each grating planes is 

computed from Eq. (2.44), and is illustrated in Figure 2.13 (c). 

 

Figure 2.13: (a) Example of a Gaussian apodization profile and quadratic phase profile that 

produces a linear chirp over a distance of 5 mm. (b) To achieve apodization, a phase modulated 

signal, represented by the blue curve, is added to the total phase of the grating. The black curve 

represents the amplitude of the modulation. The sinusoidal function (blue curve) has a 

modulation period 𝛬𝛬𝜙𝜙 = 10 𝜇𝜇𝜇𝜇. (c) Corresponding prescribed distance between each RIM as 

calculated by Eq. (2.44). The spacing oscillates around 525 nm to target a central Bragg 

wavelength of 1550 nm. 

2.5 Motion and phase control strategy 

In order to fabricate high-quality gratings with complex phase profiles and low phase noise, a 

precise control of the spacing between each grating plane (i.e. the grating phase) is required. For 

example, Figure 2.13 (c) shows that phase modulation requires modulating the spacing between 

each of the grating planes, which can be difficult to achieve with high precision. This section 

discusses the different techniques that can be used with direct-writing to control the periodicity of 

the grating during the fabrication process. 

The most basic way to control the position of each RIM is to stop the translation stage at each 

required position, and then trigger the laser. This method is mostly used with the LbL scheme 
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[59, 67], as the stage needs to be at rest before inscribing a line. It is very simple to implement, 

and the RIM position can be controlled with high precision and accuracy, which is mostly limited 

by precision of the stage itself. However, this method is significantly time consuming, as the 

stop-and-go motion requires many acceleration and deceleration events plus the time to stabilize 

the stage between each laser triggering events. 

For the PbP or Pl-b-Pl schemes, the simplest and most efficient method to achieve a periodic 

spacing of Λ𝑔𝑔 is to synchronize the motion of the translation stage to the repetition rate (𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟) of 

the pulsed FS laser [5]. From Eq. (2.3), the relation between 𝜆𝜆𝐵𝐵, 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 and the translation speed (𝑣𝑣) 

of the stage can be written as: 

 𝜆𝜆𝐵𝐵(𝑧𝑧) =
2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚

Λ𝑔𝑔(𝑧𝑧) =
2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚

𝑣𝑣(𝑧𝑧)
𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟(𝑧𝑧) . (2.46) 

To fabricate chirped grating with local phase variation, it was previously proposed to control the 

speed or acceleration profile of the translation stage during the inscription [49, 74]. However, due 

to the inertia and the limited acceleration of the stage, it can be hard to accurately predict the 

dynamics of its motion, which leads to errors in the RIMs positions [40]. Hence, the modulation 

of 𝑣𝑣(𝑧𝑧) limits the FBG phase profile to linear chirps or continuous and slowly varying chirps. 

Instead of adjusting the speed of the stage, the repetition rate of the laser trigger clock can be 

modulated to control the longitudinal position of each RIM [14, 40]. This has the advantage of 

writing at constant velocity, but it requires additional electronics components. Because 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟(𝑧𝑧) 

can be modulated much faster than 𝑣𝑣(𝑧𝑧), more complex phase profile can be implemented with 

this method. Nevertheless, for the two methods, the precision and accuracy of 𝜆𝜆𝐵𝐵(𝑧𝑧) depends on 

the precision and accuracy of both 𝑣𝑣(𝑧𝑧) and 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟(𝑧𝑧), and just a slight deviation of either of those 

parameters is enough to induce substantial phase noise and reduce the spectral quality of the 

grating. 

2.6 Alignment consideration for direct-writing 

When writing FBGs, it is important for the RIM to be well-centered with the guiding region of 

the fiber to ensure a good overlap between the RIM and the mode field [39, 40]. Referring to the 



36 

 

 

overlap integral of Eq. (2.13), we understand that the coupling coefficient 𝜅𝜅 is only maximized 

when the RIM and the mode field overlap perfectly. A highly accurate alignment is especially 

important for direct-writing methods, because the dimension of the RIM can be much smaller 

than the size of the fiber core, and any deviation from the core center can significantly reduce 𝜅𝜅, 

induce spatial variation of 𝜅𝜅, increase coupling to higher order modes, and increase photo-

induced birefringence [17, 39-42]. Different applications can take advantage of these effects, 

reinforcing the importance of a proper control of the alignment. 

The most common technique for alignment is to directly image the core of the fiber with a 

camera system [39, 40, 52, 75]. This can be achieved by incorporating a dichroic mirror in the 

optical path of the laser, as illustrated in Figure 2.14. With proper calibration and optical 

alignment, both the camera and laser can share the same optical path and focal point, and the core 

position can be tracked with high accuracy. However, the ability to visualize the core ultimately 

depends on the focusing condition of the optical system and the fiber properties such as the core-

cladding RI difference, the core size, the presence of a coating, etc. In some cases, it can be quite 

difficult to visualize the core boundaries, for example if the core-cladding RI difference is too 

small, if the presence of a coating induces too much absorption, or if the focal point suffers from 

optical aberrations. This also means that the alignment process can lead to variable result with 

different types of fiber. Using a V-groove [49-51] or a drawing ferrule [14, 53] can also help to 

maintain a proper alignment, since fixing the position of the fiber alleviates the requirement of 

tracking the catenary shape it would take if it was freely-standing in air. 

 

Figure 2.14: Representation of a direct-writing experimental setup, where the alignment between 

the focal spot and the fiber core can be monitored using a CCD camera. 
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2.7 Through the coating inscription 

One of the main benefits of FS lasers is their ability to induce RI changes in material that are 

transparent and not necessarily photosensitive to the laser wavelength [5]. This gives the 

flexibility to choose between many available wavelengths to perform the inscription. Since many 

polymers absorb UV radiation, the protective coating of optical fiber must be removed when 

using UV lasers to fabricate FBGs. Stripping the coating makes the fibers more fragile, which 

reduces their overall mechanical strength and long-term reliability. This process is also time 

consuming, and re-coating of the fiber is usually required to ensure adequate protection, making 

the process undesirable from a manufacturing perspective and for mass production. 

By exploiting an infrared (IR) FS laser, the process of fiber stripping and recoating can be totally 

avoided as most polymers are somewhat transparent to IR radiation [5]. As it stands today, FBGs 

inscribed directly through the protective coating of fibers have been demonstrated many times for 

both the phase mask [9, 76-79] and direct-writing [10, 45, 52, 53, 68, 80, 81] schemes, with very 

little degradation of the fiber integrity and strength. To do so, the laser has to be tightly focussed 

down the core of the fiber, so that the light intensity at the core is high enough to initiate non-

linear absorption, but remains low enough when passing through the coating to avoid burning or 

damaging it [76]. Therefore, high NA focussing lenses are often used for through-coating 

inscription. 

However, polymer coatings tend to suffer from nonuniformities such as thickness, curvature, or 

density variation along the length of the fiber. This can induce uncontrollable fluctuation of the 

focussing conditions and distorts the shape or position of the focal spot, reducing the quality of 

the spectral response [45]. To avoid these kinds of distortion, as well as the astigmatism induced 

by the cylindrical shape of the fiber, most of the standard methods listed above rely on oil 

immersion compensation techniques. 
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CHAPTER 3 DEVELOPMENT OF FEMTOSECOND DIRECT-

WRITING SYSTEM 

Since the manuscript [15] included in this thesis only contains an abridgment of methods, this 

chapter give additional details about the methodology used in conducting this research project. 

More specifically, it provides information about the components of the FS direct-writing system 

(optics, hardware, scientific instruments) that was developed, and describes important aspects of 

the FBG fabrication and characterization process. Details on how the data were gathered and 

analysed are also given. Overall, this introduces the findings and improvement that led to the 

publication of a manuscript and to the development of novel optical sensors and filters. 

3.1 Experimental setup & writing scheme 

The experimental setup that was developed to fabricate FBGs with a FS direct-writing scheme is 

represented schematically in Figure 3.1. An 8 W Pharos IR laser from Light Conversion is used. 

It has a wavelength of 1030 nm, a pulse duration of 250 fs, a beam diameter of 3.3 mm, and a 

repetition rate of 606 kHz which can be tuned with the embedded pulse picker. It was selected 

because of the possibility to inscribe FBGs directly through the polymer coatings of many optical 

fibers, which are transparent to IR wavelengths, as discussed in section 2.7. A beam expander is 

used to match or adjust the NA of the focussing objective, and a half waveplate and polarizing 

beam splitter cube are used to precisely adjust the laser power. The beam is focused into the core 

of the fiber through a plano-convex aspheric lens (Newport, NA = 0.55) that is mounted on a 2D 

(X, Y) air-bearing Aerotech translation stage. The fiber itself is clamped on a high-precision 1D 

(Z) air-bearing Aerotech translation stage, which is controlled by an interferometric laser-based 

encoder and has a maximum travel length of 1 m. To keep the fiber straight and reduce the sag of 

its natural catenary shape, a small tension is applied before clamping the fiber.  

Two common types of fibers were regularly used to perform inscriptions: an uncoated SMF-28 

fiber from Corning [82], and a polyimide coated SM1250(10.4/125)P fiber from Fibercore [83]. 

Their physical properties are listed in Appendix C. Through-the-coating inscriptions were 

performed using the polyimide coated fiber as its coating is thinner. The acrylate coating of the 

SMF-28 was stripped chemically with methylene chloride. 
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Figure 3.1: FS direct-writing experimental setup. The beam passes through a beam expander to 

match the objective NA. A half waveplate (𝜆𝜆/2) and polarizing beam splitter cube are used to 

adjust the power. A cylindrical lens with a focal length of 1 m is placed before the objective 

(NA = 0.55) to shape the focal spot to a plane. The fiber is held onto a 1D Aerotech stage with 

the help of clamps. The fabrication process is monitored using a Luna 4600 optical backscatter 

reflectometer (OBR). The gray dotted lines represent the electrical wiring used for 

communication between the equipment. 

As described in section 2.3.2, a Pl-b-Pl writing scheme [40] was selected over the PbP or LbL 

schemes, as it provides a solution to mitigate the effect of astigmatism caused by the cylindrical 

shape of the fiber without having to use any index-matching oil compensation techniques, which 

would have been difficult to implement on this large translation stage. For example, since it was 

desired to be able to inscribe ultra-long FBGs (up to 1 m), the V-groove option was not practical, 

and drawing the fiber through a ferrule makes the fabrication process more complicated. The Pl-

b-Pl scheme is also much faster than the LbL, and the increased overlap between the RIM and the 

mode field allows the production of stronger gratings, with lower IL and PD, as well as higher 

spectral quality than both the PbP and LbL approaches. 

The beam shaping technique that was selected to shape the focal spot into a planar stripe is 

illustrated schematically in Figure 3.2 (a). It consists of placing a cylindrical lens with a long 

focal length in front of the focussing objective to reduce the size of the beam entering the 

objective along the 𝑥𝑥-axis [40]. By doing so, the NA of the focussed beam is reduced over the 𝑥𝑥-
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axis (NA𝑥𝑥 < NA𝑧𝑧), resulting in a focal spot that has a larger waist size and Rayleigh range 

compared to the 𝑧𝑧-axis (𝜔𝜔0,𝑥𝑥 > 𝜔𝜔0,𝑧𝑧 ;  𝑦𝑦𝑅𝑅,𝑥𝑥 > 𝑦𝑦𝑅𝑅,𝑧𝑧). In this work, a cylindrical lens with a focal 

length of 1 m is used. Of course, other beam shaping techniques could have been employed to 

achieve this effect (see section 2.2.6), but the cylindrical lens method was the simplest to 

implement. 

 

Figure 3.2: (a) Illustration of the long focal length cylindrical lens beam shaping technique. By 

positioning the focal point of the cylindrical lens directly on the objective lens, the size of the 

beam is reduced over the 𝑥𝑥-axis when entering the objective lens, lowering the NA, and 

increasing the beam waist size at the focal spot compared to the 𝑧𝑧-axis. (b) Coordinate system. 

(c)-(d) Beam evolution in the 𝑥𝑥𝑥𝑥 and 𝑧𝑧𝑧𝑧 planes of the fiber, calculated from the ABCD matrix 

method (see 0). (e)-(f) Illustration of the normalized intensity profile of the focal spot in both 

planes. This simulation considers a 1 m focal length cylindrical lens, a focussing objective with a 

NA of 0.55, λ = 1030 nm, the geometry of an SMF-28 fiber, and a RI of 1.45. 
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Assuming the experimental parameters indicated above, a simple ray transfer matrix analysis has 

been conducted to calculate the evolution of the Gaussian beam parameters as it propagates 

through the different elements of the optical system (See 0 for more details). Figure 3.2 (c)-(d) 

shows the beam propagation in the 𝑥𝑥𝑥𝑥 and 𝑧𝑧𝑧𝑧 planes as it passes through the fiber. It is worth 

noting how the refraction at the air-fiber interface impacts both focussing axes differently, 

inducing a large astigmatism. Using the beam parameters calculated with the matrix method, 

Figure 3.2 (e)-(f) shows the intensity profile of the focal spot as computed from the astigmatic 

Gaussian beam model given in Eq. (2.32)-(2.34). Since this setup contains many degrees of 

freedom, simulations considering different experimental parameters are also included in 0. 

Specifically, Table A.2 shows how changing the beam size, or the objective lens parameters can 

affect the focal spot, while Table A.3 shows how positional variation of the cylindrical lens can 

impact the beam propagation in the 𝑥𝑥𝑥𝑥-plane. 

3.2 Multi-pulse approach 

An interesting feature of the Pharos laser used during this work is its burst mode, from which an 

exact number of pulses can be extracted by triggering the laser with an external signal. This 

allows to modify the RI of the fiber using a multi-pulse approach (see section 2.2.4), increasing 

the flexibility of the writing system. Hence, to control the coupling coefficient 𝜅𝜅 of the grating, 

two parameters were studied: The laser pulse energy, and the number of pulses per grating plane. 

When using a burst of multiple low-energy pulses instead of a single high-energy pulse to 

inscribe the grating, it was found that it was possible to induce much stronger RI change while 

maintaining low insertion loss. With this approach, 𝜅𝜅 value of up to 600 m−1 could be achieved 

in an uncoated SMF-28 when using 200 pulses/plane, with out-of-band IL below 0.1 dB/cm. For 

comparison, the maximum 𝜅𝜅 value that was achieved with a single-pulse while still writing in a 

low-loss regime was about 200 m−1. Since this discovery played an important role towards the 

realization of high-quality first-order FBGs, the results of the multi-pulse approach are presented 

in the manuscript of CHAPTER 4, where a complete study of the coupling coefficient and the IL 

as a function of the pulse energy and the number of pulses per grating plane can be found. 
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A distinction between single-pulse and multi-pulse system is the speed at which the translation 

stage can move. For a multi-pulse approach, it is important to keep writing speed low enough to 

avoid overlapping between adjacent RIMs. For this reason, the distance travelled by the stage 

during a single burst should be just a fraction of the grating period. The following equation has 

been derived to calculate the appropriate writing speed (𝑣𝑣), as a function of the repetition rate of 

the laser (𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟), the number of pulses per grating plane (𝑁𝑁) and the fraction (in %) of the grating 

period travelled during a single burst, which is defined here as 𝜉𝜉. 𝜉𝜉 is kept between 1-3%. 

 𝑣𝑣 = 𝜉𝜉
𝑚𝑚𝜆𝜆𝐵𝐵

2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟
𝑁𝑁

.  (3.1) 

3.3 Phase control: Position synchronized output tracking 

To control the spacing between each grating plane, different approaches compatible with the Pl-

b-Pl scheme were presented in section 2.5. However, because of their limitation, it would have 

been difficult to use them to inscribe FBGs with any arbitrary complex phase profiles, since it 

requires a highly accurate control of the grating phase (i.e. spacing between the planes). For this 

reason, it was decided to investigate and implement a novel phase control strategy which relies 

on a special feature of the Aerotech motor controller: the position synchronized output (PSO) 

tracking [84]. This approach is far more sophisticated than the ones reviewed in Section 2.5, as it 

enables to control the grating phase with ultra-high resolution, while moving the fiber at constant 

speed. This allows to truly inscribe arbitrary complex apodization and phase profile, something 

that has been previously hard to achieve with FS direct-writing schemes. 

As its name suggest, the PSO feature can be used to trigger all sorts of external hardware devices 

(camera, laser, sensor, data acquisition, etc.) based on the distance traveled by the stage instead of 

the amount of time passed. This process, which is illustrated in Figure 3.3, avoids trigger errors 

emerging from acceleration, deceleration, or other velocity instability of the stage. The PSO 

feature consist of two main elements: a distance counter and a pulse generator. The distance 

counter uses the closed loop feedback signal from the encoder of the translation stages to track 

the position of one or multiple axis (x, y, z). After a specified distance is travelled, the distance 

counter generates a firing event, which triggers the pulse generator to produce an electrical pulse 



43 

 

 

sequence at the output of the controller. In this work, this output signal is used to trigger the laser 

to emit a burst of N pulses at specific positions along the fiber. 

Because of its high-speed (triggering at up to 12.5 MHz), low latency (120 ns), and the nm 

accuracy of the laser-based encoder, PSO tracking is well-adapted to the direct-writing of FBGs, 

as it allows to control the location of each laser spot accurately. Since variations in velocity do 

not affect the spacing between each laser firing event, this type of control increases quality and 

throughput when compared to control methods based on modulating the stage velocity or the 

laser frequency, or the ones relying on a stop-and-go motion (see section 2.5). 

As illustrated in Figure 3.4, two operational modes have been implemented to generate different 

types of firing events. The fixed-distance firing mode uses the distance counter to generates firing 

events at fixed intervals, while the array-based firing mode uses a custom pre-programmed array 

of positions to specify the intervals between each firing event. This enables the flexibility 

required for the fabrication of uniform or arbitrary complex grating structures, which is one of the 

main goals of this thesis. 

 

Figure 3.3: Illustration of the PSO output used to trigger laser firing based on the distance 

traveled (𝛿𝛿𝛿𝛿) instead of the time passed. The laser is programmed to emit a burst of N pulses at 
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each trigger event. Note that 𝛿𝛿𝛿𝛿 is the total distance travelled by the three axes of the translation 

stages such that 𝛿𝛿𝛿𝛿 = �𝛿𝛿𝑥𝑥2 + 𝛿𝛿𝑦𝑦2 + 𝛿𝛿𝑧𝑧2.  

 

Figure 3.4: (a) PSO firing events generated at a fixed distance, enabling fabrication of uniform 

gratings. (b) The distances between firing events are specified in a custom array of positions. 

3.4 FBG Characterization 

Monitoring of the fabrication process and characterization of the resulting FBGs is performed by 

optical frequency domain reflectometry (OFDR), using a Luna 4600 optical backscatter 

reflectometer (OBR) system. OFDR systems use swept-wavelength coherent interferometry to 

characterize the full scalar response of optical components [85, 86]. Specifically, this technique 

measures the complex transfer function (i.e. spectral response), 𝐻𝐻(𝜔𝜔) = 𝜌𝜌(𝜔𝜔)𝑒𝑒𝑖𝑖𝑖𝑖(𝜔𝜔), of the 

device under test (DUT), which includes information about the amplitude (𝜌𝜌) and phase (𝜙𝜙) 

response. By applying a Fourier transform to 𝐻𝐻(𝜔𝜔), the impulse response of the DUT, ℎ(𝑡𝑡), can 

be also obtained. In the time domain (or spatial domain with a proper space-to-time mapping), 

ℎ(𝑡𝑡) gives the information on the reflection as a function of the position in the device. With 

𝐻𝐻(𝜔𝜔) and ℎ(𝑡𝑡), all the useful characteristic of the FBG (group delay, instantaneous frequency, 

insertion loss, etc.) can be extracted in both the spectral and time/spatial domain. The OBR used 

in this work can operates over the C and L bands, from 1530 to 1620 nm. 

In practice, measuring the reflection or transmission spectra of the DUT is quite simple with the 

OBR, and the characterization setup is shown in Figure 3.5. The IL can also be measured in both 

cases. In reflection, the IL is given directly by the “differential loss” returned by the OBR [87]. In 

transmission, the IL can be measured by subtracting a reference spectrum (taken before writing 

the FBG), to the sample spectrum. 



45 

 

 

 

Figure 3.5: Characterization of the DUT in reflection (a), or transmission (b). 

3.5 Alignment between the focal spot and the core center 

As explained in section 2.6, the small size of the focal spot requires direct-writing methods to 

maintain a highly accurate alignment between the focal spot and the center of the fiber core to 

obtain a good overlap between the RIM and the mode field. Typically, this is done by employing 

a camera system to directly image the fiber core. Because the ability of such an imaging system 

to distinguish the core boundaries strongly depends on the experimental conditions and the 

physical properties of the fiber, any systematic change requires realignment and recalibration of 

the offset between the focal point of the camera and the laser, making this process tedious and 

prone to calibration errors.  

Due to the limitations of this technique, a novel camera-free alignment method was developed 

during this thesis, with the ability to track the core position of almost any kind of fiber 

automatically and precisely, without requiring any calibration steps. The development of this 

method started out as a simple experiment to test if it was possible to track the position of the 

fiber core only with small probe gratings, instead of a having to setup a camera imaging system. 

It soon became clear that the goal of tracking the core position could be achieved with a 

surprisingly high resolution. Hence, the method was optimized, fully automated and was 

successfully used for the fabrication of all the FBGs made during this project.  

In summary, the alignment method proposed in this work is based on optimizing the position 

where the objective lens (or focal spot) should be placed to maximize the coupling coefficient 𝜅𝜅 

of a grating. This is done by writing a cascade of small uniform FBGs, called alignment probes, 

at various transverse displacements (𝛿𝛿𝛿𝛿, 𝛿𝛿𝛿𝛿) around the fiber core center, as illustrated in Figure 

3.6. By measuring the strength of each probe with an OFDR system, we can find the position 

(x, y, z) where the focussing objective should be located to maximize 𝜅𝜅, which corresponds to the 

position where the RIM is the most centered with the fiber core. Figure 3.7 shows an example of 



46 

 

 

typical outputs obtained from this alignment procedure, where the core position of both an 

uncoated SMF-28 fiber and a polyimide coated SMF-28 fiber was mapped over a length of 

100 mm. 

Because the core position of an optical fiber should vary smoothly, a low-pass filter is applied to 

remove the experimental noise from the position signal. However, care must be taken when 

choosing the cut off frequency of the filter. If it is too high, additional high frequency noise 

degrades the grating phase, while if it is too low, precious information about the core position can 

be lost. From this filtered signal, the alignment precision can be estimated by measuring the 

standard deviation of the residual noise. Typically, the standard deviation is found to be below 

0.1 μm for an uncoated fiber, and below 0.25 μm for a polyimide coated fiber, making it possible 

to claim a sub-micrometer alignment precision over the 𝑥𝑥 and 𝑦𝑦-axis. 

Since the development of this method was a major part of this master’s project and has proven to 

be effective, it is presented in the manuscript contained in this thesis. Further details can also be 

found in Appendix B. 

 

Figure 3.6: Several weak uniform FBGs are inscribed at various transverse displacement around 

the fiber core to serve as alignment probes. Each probe has a length of 0.1 mm and are separated 

0.1 mm from each other. Their strength can be measured using OFDR. 
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Figure 3.7: Fiber core position mapping for (a) an uncoated SMF-28 fiber and (b) a polyimide 

coated SMF-28 fiber. The deviation is relative to the initial position (𝑥𝑥0,𝑦𝑦0, 𝑧𝑧0) of the focusing 

objective. The black curves show the data filtered with a low-pass filter. 

3.6 Apodization 

Even though many apodization methods have been demonstrated for the inscription of FBGs 

made by FS direct-writing (see section 2.4.2), the complexity to precisely control the amplitude 

of 𝜅𝜅 along the length of the grating and the difficulty to induce a constant average RI change have 

made it very challenging to perform high-quality apodization in a simple, reliable and efficient 

way. In fact, to be capable of writing any arbitrary complex apodization functions would require 

controlling 𝜅𝜅 with a much higher degree of precision and accuracy, and with much wider 

dynamic range than what is possible with the reviewed methods. 

Towards this aim, a different approach based on phase modulation was explored. This 

apodization method, which is reviewed in section 2.4.3, has the benefits of maintaining a constant 

average RI change, while providing a high dynamic range and an extremely precise and accurate 

control over the amplitude of 𝜅𝜅, making it ideal for realization of any arbitrary complex grating 

designs. However, despite its qualities, this method requires the ability to control the position of 

each grating plane with very high accuracy, as modulating the phase also induces a modulation of 

the planes position. This difficult constraint might be one of the reasons why this method has not 

yet been demonstrated with FS direct-writing scheme. To solve this problem, the phase control 

strategy based on PSO was developed, which was the key to implement apodization by phase 

modulation. By combining both methods, it became possible to inscribe any arbitrary complex 
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apodization and phase profile, making this technique one of the most advanced, yet simple 

apodization scheme. 

Another interesting fact about this method is the ultra-high spatial resolution it can achieve. For 

example, complex apodization functions might, sometimes, contain sharp or even discontinuous 

variation of the coupling coefficient. These features can be difficult to resolve using traditional 

UV interferometric writing schemes, as the spatial resolution is limited by the area where the two 

interfering beams overlap, which is set to about ~100 μm for practical reasons [11]. However, 

with the phase modulation approach described above, the spatial resolution is limited by the 

period (Λ𝜙𝜙) of the modulation, which can be set to just a few grating planes. 

3.7 Simulation 

After an FBG is fabricated, it is important to compare its response with a theoretical model to 

conclude if the fabrication process has been successful or to identify potential problems. Hence, a 

good simulation model is essential to validate experimental results, especially for complex 

structures. 

During this work, the spectral response of the FBGs was simulated using a multilayer analysis, 

which is presented in section 2.1.3.2. This model was selected instead of the popular transfer 

matrix method of the coupled-mode theory (CMT-TMM) because it better represents the physical 

structure of FBGs made under the phase modulation approach. For example, when using the 

CMT-TMM, the first step is to discretize the grating profiles into many uniform subsections, 

which are then used for the calculation of the transfer matrix. However, when modulating the 

phase of the grating, the distance between each period is always varying, and the structure cannot 

be modelled as a stack of uniform FBGs described by the coupled-mode equations. For the 

multilayer analysis, the grating profile is first converted into a physical structure, consisting of a 

discrete array of distances between each grating plane. For the phase modulation method, these 

distances are calculated from the total phase of the grating, using Eq. (2.44) and (2.45). Then, this 

discrete physical structure is used to calculate the transfer matrix of the multilayer analysis, 

which is based on Fresnel equations instead of the coupled-mode equations. 
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3.8 Example of FBGs 

Here are some examples of standard FBGs made with the methodology presented in this chapter. 

It demonstrates the ability of the writing system to inscribe various types of structure by 

comparing their spectral response to simulations. Figure 3.8 shows a uniform grating of 30 mm 

and Figure 3.9 to Figure 3.11 shows non-uniform gratings made with the phase modulation 

approach (Gaussian apodized, sinc apodized and linearly chirped FBGs, respectively), all with a 

length of 50 mm. In all cases, the measured spectral response correspond well to the simulation 

and low insertion loss < 0.1 dB/cm are observed. PD is also very low and is discuss in the 

manuscript.  

Note this important detail: When a non-linear phase function is desired, such as for the chirped 

FBG of Figure 3.11, the amplitude of 𝜅𝜅𝑛𝑛 (normalized coupling coefficient) must be set to a 

value < 1. This is because the PSO feature can only send trigger signal at discrete values of the 

encoder position. For the translation stage that we use, the encoder resolution is set to 0.31 nm. 

This means that we can only increment the distance between each grating plane by this value, 

which is not enough to create chirped structures in a continuous manner. If we recall Eq. (2.43) 

the amplitude of the phase modulation is given by 𝐴𝐴(𝑧𝑧) = 𝐽𝐽0−1�𝜅𝜅𝑛𝑛(𝑧𝑧)�. When 𝜅𝜅𝑛𝑛 = 1, 𝐴𝐴 = 0. By 

setting 𝜅𝜅𝑛𝑛 < 1, we effectively “activate” the phase modulation since 𝐴𝐴 > 0. This trick allows to 

slightly modulate the distance between planes around the desired period, and the averaging effect 

of the modulation makes it possible to effectively induce continuous chirp. 

 

Figure 3.8: 30 mm uniform FBG, measured in transmission (a) and reflection (b). 
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Figure 3.9: 50 mm Gaussian apodized FBG. (a) Normalized coupling coefficient. (b, c) 

Transmission and reflection 

 

Figure 3.10: 50 mm sinc apodized FBG. (a) Normalized coupling coefficient. (b, c) Transmission 

and reflection 
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Figure 3.11: 50 mm linearly chirped FBG (0.02 nm/mm). (a) Normalized coupling coefficient 

and phase of the grating. A quadratic phase function is used to obtain a linear chirp. (b, c) 

Reflection and transmission. Note that the oscillations are expected since no apodization was 

applied. (d) Group delay. The slope is measured at -500 ps/nm, which corresponds to the design 

chirp of 0.02 nm/mm. 
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4.1 Foreword 

This chapter consists of the manuscript [15] that has been accepted for publication in 

Optics Express, July 26, 2022. The work was realized using the methodology outlined in 

CHAPTER 3 and consists of the main findings regarding the development of a direct-writing 

method which can be used to inscribe first-order high-quality FBGs with arbitrary complex 

apodization and phase profiles using FS laser direct-writing. 

4.2 Abstract 

Femtosecond laser direct-writing is an attractive technique to fabricate fiber Bragg gratings and 

to achieve through-the-coating inscription. In this article, we report the direct inscription of high-

quality first-order gratings in optical fiber, without the use of an index-matching medium. A new 

alignment technique based on the inscription of weak probe gratings is used to track the relative 

position between the focal spot and fiber core. A simple and flexible method to precisely control 

the position of each grating plane is also presented. With this method, periodic phase modulation 

of grating structures is achieved and used to inscribe arbitrary apodization and phase profiles. It is 

shown that a burst of multiple laser pulses used to inscribe each grating plane leads to a 

significant increase in the grating strength, while maintaining low insertion loss, critical for many 

applications. 
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4.3 Introduction 

With their abilities to photo-induce strong refractive index modification (RIM) in a wide variety 

of materials and through the coating of fibers, femtosecond (FS) lasers have enabled the 

fabrication of fiber Bragg grating (FBG) with an extensive number of functionalities [10, 53, 58]. 

The phase mask [6] and direct-writing method [8] are the two most widespread techniques to 

inscribe FBG using FS lasers. While the phase mask technique is excellent for its simplicity, 

stability, reproducibility, spectral quality, and for mass production, it does not provide the same 

flexibility attributed to direct-writing methods [40, 58]. In particular, the requirement of a custom 

apodized phase mask [64, 88] severely limits the potential to quickly prototypes various complex 

grating design, as they can be expensive, difficult to make and are limited in length. 

Instead of being imprinted in the phase mask, the grating parameters such as the Bragg 

wavelength, chirp, length, apodization profile or cladding mode coupling can be adjusted and 

reconfigured easily using direct inscription. However, several improvements are still needed to 

enhance the performance of the current fabrication methods. For instance, due to the small size of 

the laser focal cross-section, a highly accurate alignment between the focal spot and the fiber core 

is of crucial important to ensure a good overlap between the RIM and the mode field [39, 40]. 

Deviation from the core center can significantly reduce the coupling coefficient (𝜅𝜅), increase 

coupling to higher order modes and increase photo-induced birefringence [2, 39-42]. Alignment 

methods based on imaging the fiber core [52] can achieve good results, but often require some 

extra calibration steps for different types of fiber, which can yield variable result. Another 

attractive feature of direct-writing methods is their potential to fabricate any user defined 

structure. Even though many apodization [14, 65, 68] and phase control [14, 49, 67] schemes 

have been demonstrated, the ability to control amplitude and phase is not trivial, making it 

difficult to achieve high quality FBGs with true arbitrary complex profiles. Furthermore, despite 

the fact that FS direct-writing of first-order gratings have been demonstrated [40, 60, 89, 90], 

achieving high 𝜅𝜅 together with low insertion loss, low polarization dependency and low coupling 

to cladding mode has been difficult because of the tradeoff between pulse energy, grating 

visibility and scatter loss. To overcome these difficulties and the requirement of a sub-
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micrometer RIM, many have resorted to writing high-order gratings [14, 48, 68, 89] with larger 

periods. 

The aim of this article is to present a different approach that can be implemented with FS direct-

writing techniques to improve the ability to fabricate high-quality first-order gratings with 

arbitrary complex apodization and phase profile. First, a novel alignment technique is proposed 

and demonstrated with the inscription of multiple weak probe gratings to map the position of the 

fiber core with respect to the laser focus. Then, we show that a burst of multiples pulses can be 

used to significantly increase the grating strength while maintaining low insertion loss and high 

spectral quality. Finally, we present how apodization by periodic phase modulation [71] can be 

used to control the amplitude of the grating with high precision and with a spatial resolution 

down to a few grating periods. To precisely control the position of each grating plane, a simple 

and efficient phase control strategy based on position synchronized output (PSO) tracking [84] is 

demonstrated. 

4.4 Writing scheme 

4.4.1 Experimental setup 

The experimental setup used to fabricate FBGs by our direct-writing method is shown in Figure 

4.1. A plane-by-plane (Pl-b-Pl) writing scheme [40] was chosen, as it allows for a larger overlap 

between the RIM and the mode field, which helps to achieve lower broadband losses, smaller 

coupling to cladding modes and higher grating strength [39, 40, 91] compared to the point-by-

point (PbP) [8] or line-by-line (LbL) [59] techniques. 
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Figure 4.1: Experimental setup for direct-writing of FS FBGs. The beam passes through a beam 

expander to match the objective NA. A half waveplate (λ/2) and beam splitter are used to adjust 

the power. A cylindrical lens with a focal length of 1 m is placed before the objective (NA = 

0.55) to shape the focal spot into a plane. The fiber is held onto a 1D Aerotech stage with the help 

of clamps. The fabrication process is monitored using a Luna 4600 optical backscatter 

reflectometer (OBR). The polarization of the laser is perpendicular to the longitudinal axis (z). 

An 8 W Pharos laser from Light Conversion is used. The laser, operating at a wavelength of 1030 

nm, has a pulse duration of 250 fs and repetition rate of 606 kHz which can be tuned with a pulse 

picker. The beam is focused through a plano-convex aspheric lens (Newport, NA = 0.55) that is 

mounted on a 2D air-bearing Aerotech translation stage. The fiber is clamped on a high-precision 

1D air-bearing Aerotech stage which has a travel length of 1 m controlled by an interferometric 

laser-based encoder [12]. The inscriptions are performed over free-standing fibers and without 

index-matching oil. If needed, the coating can be removed using methylene chloride, followed by 

cleaning the fiber. A small tension (~150 g) is applied to the fiber to minimize its sag. A 1 m 

focal length cylindrical lens is placed before the objective to shape the focal spot into a planar 

stripe [40]. Much like the PbP approach, each plane is written in a single step, making the scheme 

faster than the LbL method [59, 60]. 

A multi-pulse approach is used, where each grating plane is formed with a burst of lower-energy 

pulses instead of a single high-energy pulse [5, 36-38]. The advantages of such method will be 

described in section 4.2. The writing speed is adjusted relative to the repetition rate and number 

of pulses per grating plane. It is set to keep the distance travelled by the stage during a single 

burst to a fraction of the grating period. Speeds of 0.03-0.3 mm/s are normally used. 

All the FBGs reported in this work are written in the first order. 
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4.4.2 Phase control strategy 

In order to fabricate gratings with complex spectral profiles, a precise control of the grating phase 

is required. For example, the method of apodization presented in this paper, i.e. phase 

modulation, requires a precise control over the position of each grating plane. For FS direct-

writing many phase control methods have been proposed, each of them having their own 

limitations. For instance, controlling the speed/acceleration profile of the stage [49, 74] is limited 

to continuous and slow-varying chirps, modulation of the laser repetition rate [14, 40] requires 

additional electronics and is also limited in terms of phase control, and the stop-and-go scheme 

used with LbL method [67] is slow compared to PbP. 

To address these limitations, the position synchronized output (PSO) feature of the motor 

controller is used to synchronize the triggering of a laser pulse (or burst of pulses for a multi-

pulse approach) with the position of the stage, as it moves at constant speed [84]. The PSO 

functionality is provided with most of Aerotech motion controllers. It uses direct feedback from 

the encoder of the stage to track the position of multiple axis, and it sends trigger signals very 

precisely at specified positions, allowing precise control of the phase which is critical for the 

apodization method described in this work. This enables the fabrication of uniform or arbitrary 

complex grating structures. 

4.5 Fiber core position mapping 

4.5.1 Alignment principle 

A common technique for fiber alignment is to image the core of the fiber with a camera system 

[39, 40, 52, 75]. With proper calibration and optical alignment, both the camera and laser can 

share the same optical path and focal point, but the ability to visualize the core ultimately 

depends on the focusing conditions and the fiber properties such as the core-cladding refractive 

index difference, the core size, the type of coating, etc. Using a V groove with a coverslip [49-

51], a drawing ferrule [14, 53], and index-matching oil can help to maintain a proper alignment 

and to visualize the core, but these methods require additional custom components, and oil 

immersion can degrade the fiber and requires the fiber to be cleaned after the inscription. 
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The indirect alignment technique proposed here is based on optimizing the position where the 

laser focal spot maximizes the coupling coefficient 𝜅𝜅 of a grating. To do so, a cascade of small 

uniform FBGs, called alignment probes, are written at various transverse displacements around 

the core of the fiber, as shown in Figure 4.2-A. The probes are evenly spaced along the 𝑧𝑧-axis, 

within a characterization section which is assumed to be relatively uniform. The strength of the 

probes is orders of magnitudes weaker than the final intended grating, hence they do not affect its 

spectral response nor degrade the fiber. The relative strength of each probe, proportional to 𝜅𝜅, is 

then measured using an optical frequency domain reflectometry (OFDR) system which can not 

only detect very weak scatter events, but also discriminate their positions along the fiber [87]. As 

the exposure is equal for all probes, variation in probe signal is proportional to the overlap 

between the focal spot and the mode field. Therefore, this signal should vary approximately as a 

Gaussian function of the transverse displacement [70]. 

 

Figure 4.2: A) Illustration of the alignment probes, consisting of several uniform FBGs. Each 

probe has a length of 0.1 mm and are spaced 0.1 mm from each other. B) Grid that represent the 

position of each probe in the transverse plane (𝑥𝑥-𝑦𝑦) of the fiber. The circle depicts the mode field 

diameter of an SMF-28 fiber. The numbers represent the longitudinal order (along 𝑧𝑧) in which 

they are inscribed. C) Spatial impulse response acquired by the OBR for one iteration of the 
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mapping process (25 probes). Each peak corresponds to one probe for which the amplitude is 

proportional to κ. D) The same data can be rearranged into a 2D map representing the normalized 

peak amplitude of each probe in the iteration, for which a Gaussian fit can be applied to find the 

center point. Each iteration takes about 20 seconds, repeated every 5 mm. 

Inscription of alignment probes in a single characterization section is shown schematically in 

Figure 4.2-A, where 25 alignment probes are written near what is thought to be the center of the 

fiber. The probes are 100 µm long and are separated from each other by 100 µm, resulting in a 

mapping resolution along the longitudinal axis of the fiber of 5 mm. To ensure uniform RIM and 

avoid a slight effective index modulation, exposure is kept constant even between the probes. 

Probes are switched ON/OFF by apodization, which is explained later in the article. The relative 

position of each probe forms a 2D grid which cover the whole core of the fiber, as shown in 

Figure 4.2-B. The spatial measurement of the strength of the probe FBGs by OFDR is shown in 

Fig. 2-C. The peak amplitude of each probe is then rearranged in 2D where a Gaussian curve can 

be fitted to find the position of best alignment, as shown in Fig. 2-D. This procedure is then 

repeated automatically with the help of an in-house software until the whole region of interest of 

the fiber is mapped. Note that the initial position of the focal spot must be within ~10 μm from 

the core position to get a signal. It can be found by inscribing trial probes over a larger area than 

the grid of Figure 4.2-B.  

4.5.2 Mapping result 

Using the alignment procedure and experimental setup presented in Figure 4.2, the fiber core 

position of both an uncoated and a polyimide coated SMF-28 fiber were mapped over a length of 

500 mm. Both fibers were free standing in air (no index-matching medium). Figure 4.3 shows the 

alignment position, where a low-pass filter is used to remove the noise in the position signal. 

In the case of an uncoated fiber (Figure 4.3-A), the geometry of the fiber is usually found to be 

very uniform along its length, and the core position varies smoothly with respect to the laser focal 

spot. The core can be tracked with sub-micrometer precision, as the residual standard deviation of 

the signal noise is below 0.1 µm for both the 𝑥𝑥 and 𝑦𝑦 axis. 
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Figure 4.3: Mapping of the core position of two different fibers. The mapping is presented as a 

relative deviation from the initial position of the focusing objective. The raw data is filtered with 

a low-pass filter. A) Uncoated SMF-28. B) Polyimide coated SMF-28 fiber. 

This high level of precision becomes critically useful with a coated fiber where strong 

oscillations of a few μm can be observed (Figure 4.3-B) as a function of the position. These are 

attributed to the inhomogeneous nature of the polymer coating, which is prone to significant 

thickness and curvature fluctuations along the fiber, thus creating optical aberrations of the focal 

spot shape and position. This is especially true in an air-based system, where the refractive index 

mismatch is large. Nevertheless, it is still possible to track the slow fluctuations of the core 

position of coated fibers with high accuracy. However, it should be noted that this tracking does 

not correct for focal spot shape distortion, which adds amplitude and phase noise to the grating 

while writing through a polyimide coated fiber, making it more difficult to inscribe high-quality 

grating over long lengths. 
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4.6 Grating fabrication 

4.6.1 Uniform grating 

 

Figure 4.4: Experimental (Exp.) and theoretical (dashed lines) spectra of the transmission and 

reflection of 10 mm long FBGs made in an uncoated (bare) SMF-28 fiber (A) and a polyimide 

coated fiber (B), the latter being written at the maximum energy without damage to the coating. 

To demonstrate the performance of our writing scheme, we start by showing the reflection and 

transmission spectra of uniform FBGs in Figure 4.4. Two first-order gratings were inscribed in 

both an uncoated SMF-28 (Figure 4.4-A) and a polyimide coated SMF-28 fiber (Figure 4.4-B). 

They had a length of 10 mm and a central wavelength of 1572 nm. The grating fabricated in the 

uncoated SMF-28 was written at a speed of 60 μm/s, using a laser repetition rate of 606 kHz, a 

pulse energy of 270 nJ (measured before the objective) and with a burst of 150 pulses/plane. The 

grating made through the polyimide coating was written at a speed of 15 μm/s, a laser repetition 

rate of 60.6 kHz, a pulse energy of 290 nJ and with a burst of 50 pulses/plane. When writing 

through the coating, a slower repetition rate is used to prevent heat accumulation effects, which 

degrade the coating and spectral response. The dashed lines show the theoretical response for a 

uniform grating, fitted to the data. 

The FBG spectra shown in Figure 4.4 are strong (𝜅𝜅𝜅𝜅 > 3), with a very symmetric and high-

quality spectral response, as can be seen from the excellent agreement between the experimental 

data and the theoretical fits to the spectra. The resulting coupling coefficients 𝜅𝜅 for both FBGs, 

calculated from their peak reflectivity [16], are respectively, 575 m-1 and 308 m-1. Out-of-band 

insertion loss of < 0.1 dB is measured for both the uncoated and coated grating. A more detailed 
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characterization of the insertion loss is given in the next section. As seen from Figure 4.4, strong 

coupling to cladding modes can be observed. This is expected as the laser focusing condition 

used in this work produces an asymmetrical RIM that does not cover the entire core cross section 

[39]. However, we believe coupling to cladding mode can be further decreased by modifying the 

focal spot geometry with additional beam shaping techniques [39, 45, 47, 48, 54]. 

Figure 4.5 shows the polarization dependence of a 10 mm FBG with a transmission dip of -25 

dB, made under similar conditions. The birefringence (Δ𝑛𝑛𝐵𝐵) is measured at 6.2 x10-6 RIU, which 

is near the intrinsic birefringence of SMF-28 (10-6 RIU), and therefore at the limit of our 

measuring capability. This confirms low polarization dependency of the Pl-b-Pl scheme. 

 

Figure 4.5: Polarization dependence of a uniform FBG made with the Pl-b-Pl scheme and a burst 

of 150 pulses/plane. 

4.6.2 Single-pulse vs. multi-pulse approach 

Multi-pulse approach has been widely used in the fabrication of Bragg gratings, waveguides, and 

the combination the two [5, 36-38]. It provides control over the physical size and the overlap of 

the RIM, the deposited energy, and cumulative effect allows for a smoother RIM, with stronger 

refractive index change and lower loss, while keeping the pulse energy well below the damage 

threshold. 

To understand how the multi-pulse approach affects the refractive index change, 𝜅𝜅 was measured 

as a function of the pulse energy and for different number of laser pulses per grating plane. This 

was done by writing several FBGs in both an uncoated SMF-28 fiber and a polyimide coated 

fiber, the results of which are shown in Figure 4.6-A-B. In all cases, 𝜅𝜅 grows with the pulse 

energy up to a certain threshold (indicated with dashed lines) where a local maximum can be 
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observed. This is followed by a local minimum (or small plateau as shown in the inset of Figure 

4.6-A). This type of transition was also observed in [38], but the exact mechanism responsible for 

it is still being investigated. When writing with pulse energies below the transition, high spectral 

quality and low insertion loss are observed, while writing above this transition yields lossy 

grating (several dB/cm), as shown in Figure 4.6-C-D, with a deterioration of the spectral response 

(See Figure D.1 in the supplementary material, found in Appendix D). We believe this threshold 

could be caused by a transition from type-I to type-II structures, usually associated with optical 

damage and high scattering loss of the sample [38]. 

To arrive at a better understanding of the losses induced by this writing scheme, Figure 4.6-C-D 

show the out-of-band insertion loss measured for FBGs written at pulse energies above and 

below the transition and for different number of laser pulses per grating plane. This was 

measured by subtracting a reference transmission spectrum from the sample spectrum and by 

evaluating the average loss for wavelengths above the Bragg wavelength. In both types of fiber, 

low insertion losses < 0.1 dB/cm were measured for pulse energies below the transition, which is 

in good agreement with the loss measured in [40], even for high 𝜅𝜅 value. 
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Figure 4.6: A) and B) Coupling coefficient for FBGs inscribed as a function of the pulse energy 

and the number of pulses per grating plane (N). The dashed lines indicate the pulse energy 

threshold where a transition between two writing regimes can be observed. C) and D) Out-of-

band insertion loss for FBGs inscribed above and below the transition pulse energy threshold as 

indicated by the dashed lines. The study was made using both an uncoated SMF-28 fiber (A and 

C), and a polyimide coated SMF-28 fiber (B and D). 

Most interestingly, this experiment suggests that the multi-pulse approach can increase the 

maximum 𝜅𝜅 value at which low-loss gratings can be inscribed compared to what is possible with 

a single pulse. With lower energy pulses, the focal region where the light intensity is just above 

threshold for RIM is reduced. Unfortunately, this also reduces the Fourier component of the 

fundamental period. With each additional pulse, the RIM region expands through nonlinear 

multiphoton absorption, as well as from the total fluence, increasing the 𝜅𝜅 value. This 

improvement emerges from the cumulative effect of multiple pulses. On the other hand, a single 

high intensity pulse being closer to the damage threshold of the fiber is more likely to lead to 
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Type-II grating very quickly. Further studies are in progress to clarify the physical mechanisms 

contributing to this improvement and will be reported on in a future publication. 

When writing through a polyimide coating, we note that it was not possible to obtain a 𝜅𝜅 value as 

strong as for the uncoated fiber before observing a degradation of the spectral response and 

higher losses. A different focusing arrangement may of course, be used to optimize the RIM 

cross-section or make a better overlap to begin with using a single pulse, and hence increase the 

kappa values even more. This could be achieved with advanced beam shaping techniques [39, 45, 

47, 48, 54]. 

4.7 Apodization by phase modulation 

4.7.1 Apodization 

For FS direct-writing, various amplitude apodization techniques were previously proposed. For 

instance, 𝜅𝜅(𝑥𝑥) can be controlled by varying the transverse position of the RIM [69, 70] or by 

pulse energy regulation [65, 66]. These ideas were also implemented with the LbL method [67, 

68], where apodization is achieved by adjusting the writing velocity, length, or transverse 

position of each line. Despite the progress, all these techniques induce a spatial variation in the 

average RIM which causes asymmetric non-linear chirp. Ideally, apodization should be 

performed by keeping the average RIM constant. This can be achieved by controlling the grating 

visibility instead of the exposure or RIM position. 

Towards that end, the technique of apodization by phase modulation [71-73] is proposed and 

applied to our direct-writing scheme. By simply modulating the phase of the grating, this 

technique enables apodization with constant laser power and exposure, hence maintaining a 

constant average RIM and mitigating the challenge of handling highly non-linear induced RIM vs 

laser power [65, 67]. Apodization by phase modulation is achieved by incorporating an additional 

periodic function with a slowly varying amplitude to the grating phase. Any periodic function can 

be used [71], but in this article, a sinusoidal function is chosen. The refractive index modulation 

of the grating can be expressed as: 
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 𝛥𝛥𝛥𝛥(𝑧𝑧) = 𝛥𝛥𝛥𝛥����(𝑧𝑧)�1 + 𝑣𝑣(𝑧𝑧) cos�
2𝜋𝜋𝜋𝜋
Λ𝑔𝑔

+ 𝜙𝜙𝑔𝑔(𝑧𝑧) + 𝐴𝐴(𝑧𝑧) sin�
2𝜋𝜋𝜋𝜋
𝛬𝛬𝜙𝜙

��� (4.1) 

where 𝑧𝑧 is the position along the fiber, Λ𝑔𝑔 is the grating period, Δ𝑛𝑛���� is the average refractive index 

change over Λ𝑔𝑔, 𝑣𝑣 is the visibility, 𝜙𝜙𝑔𝑔 is the grating phase and 𝐴𝐴(𝑧𝑧) sin�2𝜋𝜋𝜋𝜋/Λ𝜙𝜙� is the 

additional phase modulation function of period Λ𝜙𝜙 and amplitude profile, 𝐴𝐴(𝑧𝑧). Traditionally, 

apodization is achieved by controlling Δ𝑛𝑛����(𝑧𝑧) or 𝑣𝑣(𝑧𝑧) to modify the grating envelope. In a phase 

modulation scheme, both are kept constant, and the profile of 𝐴𝐴(𝑧𝑧) determines the grating 

apodization. By expanding Eq. (4.1) in a Fourier series, the refractive index modulation becomes 

[73]: 

 𝛥𝛥𝛥𝛥(𝑧𝑧) = 𝛥𝛥𝛥𝛥���� �1 + 𝑣𝑣� 𝐽𝐽𝑚𝑚�𝐴𝐴(𝑧𝑧)� cos�
2𝜋𝜋𝜋𝜋
Λ𝑔𝑔

+ 𝜙𝜙𝑔𝑔(𝑧𝑧) +  𝑚𝑚
2𝜋𝜋𝜋𝜋
𝛬𝛬𝜙𝜙

 �
∞

𝑚𝑚=−∞
�, (4.2) 

where 𝐽𝐽𝑚𝑚 is the 𝑚𝑚𝑡𝑡ℎ Fourier component, defined by a Bessel function of the same order. The 0𝑡𝑡ℎ 

Fourier component (𝑚𝑚 = 0) is related to the main Bragg resonance, and the ±𝑚𝑚𝑡𝑡ℎ are optical 

superlattice sidebands due to the periodic modulation. To ensure that these sidebands are outside 

of the optical operation band of the FBG, a sufficiently small period Λ𝜙𝜙 should be chosen [71]. 

Considering only the 0𝑡𝑡ℎ component of Eq. (4.2), 𝐽𝐽0�𝐴𝐴(𝑧𝑧)� acts as the envelope function of the 

grating, i.e. similar to the visibility. Hence, 𝐴𝐴(𝑧𝑧) is related to the normalized target apodization 

profile |𝜿𝜿𝒏𝒏(𝑧𝑧)| by an inverse Bessel function:  

 𝐴𝐴(𝑧𝑧) = 𝐽𝐽0−1(|𝜿𝜿𝒏𝒏(𝑧𝑧)|). (4.3) 

Note that for the following demonstration, the grating profile is represented with a complex 

coupling coefficient 𝜿𝜿𝒏𝒏(𝑧𝑧), where the amplitude specifies the normalized apodization profile and 

where 𝜙𝜙𝑔𝑔 is incorporated as the phase. 
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Figure 4.7: A) Example of a Gaussian apodization profile and quadratic phase profile that 

produces a linear chirp. B) To achieve apodization, a phase modulated signal, represented by the 

blue curve, is added to the total phase of the grating. The black curve represents the modulation 

amplitude. The sinusoidal function has a modulation period Λ𝜙𝜙 = 10 μm. C) Corresponding 

prescribed distance between each laser-inscribed modification as calculated by Eq. (4.4). 

To apply this phase modulation to our FS writing scheme, the total grating phase is mapped to the 

physical distance between every laser-induced modification by: 

 Δ𝑧𝑧𝑛𝑛 = Λ𝑔𝑔 �1 −
𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡�𝑛𝑛Λ𝑔𝑔� − 𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡 �(𝑛𝑛 − 1)Λ𝑔𝑔�

2𝜋𝜋
 �, (4.4) 

  𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡(𝑧𝑧) =  
2𝜋𝜋𝜋𝜋
Λ𝑔𝑔

+ 𝜙𝜙𝑔𝑔(𝑧𝑧) + 𝐽𝐽0−1(|𝜿𝜿𝒏𝒏(𝑧𝑧)|) sin�
2𝜋𝜋𝜋𝜋
Λ𝜙𝜙

�, (4.5) 

where Δ𝑧𝑧𝑛𝑛 is the 𝑛𝑛𝑡𝑡ℎ spacing between the grating planes. A more visual interpretation of the 

process described above is presented in Figure 4.7. which shows an example for a Gaussian 

apodization and an exaggerated linear chirp of 75 nm/mm. The modulation period was fixed at 

Λ𝜙𝜙 = 10 μm. The target apodization |𝜿𝜿𝒏𝒏(𝑧𝑧)| and phase 𝜙𝜙𝑔𝑔(𝑧𝑧) profiles are presented in Figure 

4.7-A. |𝜿𝜿𝒏𝒏(𝑧𝑧)| is used to compute 𝐴𝐴(𝑧𝑧) using Eq. (4.3), and the modulation signal is shown in 

Figure 4.7-B. The distance between each grating planes is computed from Eq. (4.4) and (4.5), and 

is illustrated in Figure 4.7-C. 
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4.7.2 Arbitrary complex apodization profile 

Combined with our high precision phase control strategy, the phase modulation apodization 

technique presented above allows the fabrication of arbitrary complex grating structures at very 

high spatial resolution, i.e. with very sharp phase and/or apodization change. To demonstrate our 

ability to write challenging apodized FBGs, we designed a structure that combines three non-

uniform FBGs typically used as a benchmark to show apodization performance, but all in a single 

structure written in a single pass. This includes a square-top FBG (sinc apodization), a linearly 

chirped Gaussian apodized (LCGA) FBG and a 𝜋𝜋 phase-shifted distributed feedback (DFB) FBG, 

each centered at different Bragg wavelengths. The LCGA FBG is centered at 𝜆𝜆𝐵𝐵 = 1568.7 nm 

and has a chirp rate of 1 nm/mm. The DFB and sinc apodized FBGs are shifted by ±20 nm, 

respectively. The maximum strength of the DFB was intentionally lowered to present a 

reflectivity spectrum with similar maximum reflectivity for the three sub-structures. Eq. (4.6) and 

(4.7) represent the total apodization profile of this design and Eq. (4.8) to (4.10) are the 

apodization and phase functions of each sub-structure. 

 𝜿𝜿𝒏𝒏(𝑧𝑧) = exp(𝑖𝑖𝐾𝐾0𝑧𝑧) �� �𝜿𝜿𝒏𝒏,𝑚𝑚(𝑧𝑧)� exp �𝑖𝑖 �Δ𝐾𝐾𝑚𝑚𝑧𝑧 + 𝜙𝜙𝑔𝑔,𝑚𝑚(𝑧𝑧)��
3

𝑚𝑚=1
� (4.6) 

  Δ𝐾𝐾𝑚𝑚 = −
4𝜋𝜋𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
𝜆𝜆𝐵𝐵2

Δ𝜆𝜆𝑚𝑚 (4.7) 

  𝑆𝑆 = sinc�
2𝜋𝜋𝑁𝑁0
𝐿𝐿

(𝑧𝑧 − 𝐿𝐿/2)� , �𝜿𝜿𝒏𝒏,1(𝑧𝑧)� = |𝑆𝑆|, 𝜙𝜙𝑔𝑔,1(𝑧𝑧) = 𝜋𝜋 �
sign(𝑆𝑆) + 1

2
� (4.8) 

  �𝜿𝜿𝒏𝒏,2(𝑧𝑧)� = exp�−
1
2 �
𝑧𝑧 − 𝐿𝐿/2
𝜎𝜎𝜎𝜎/2 �

2

 �  , 𝜙𝜙𝑔𝑔,2(𝑧𝑧) =
𝑐𝑐
2
𝑧𝑧2 (4.9) 

 �𝜿𝜿𝒏𝒏,3(𝑧𝑧)� = 0.12, 𝜙𝜙𝑔𝑔,3(𝑥𝑥) = �0 ; 𝑧𝑧 < 𝐿𝐿/2
𝜋𝜋 ; 𝑧𝑧 ≥ 𝐿𝐿/2 (4.10) 

Where 𝑚𝑚 is the sub-structure number, 𝐾𝐾0 is the central wavevector given by 2𝜋𝜋/Λ𝑔𝑔, Δ𝐾𝐾𝑚𝑚 and 

Δ𝜆𝜆𝑚𝑚 are the wavevector or wavelength offset, �𝜿𝜿𝒏𝒏,𝑚𝑚(𝑧𝑧)� is the normalized apodization profile 

amplitude, 𝜙𝜙𝑔𝑔,𝑚𝑚 is the grating phase, and 𝐿𝐿 is the length. In the case of the LCGA structure, 𝜎𝜎 =
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0.3, 𝑐𝑐 = (𝐾𝐾Λ𝑓𝑓 − 𝐾𝐾Λ𝑖𝑖)/𝐿𝐿. The parameter 𝑁𝑁0 for the sinc apodized structure is 𝑁𝑁0 = 6. The DFB 

has a 𝜋𝜋 phase shift located in the middle of the grating.  

 

Figure 4.8: Design of the apodization and phase profile used to demonstrate the ability to write 

arbitrary complex grating. The smallest feature has a periodicity of 20 µm. 

Figure 4.8 shows the resulting complex normalized coupling coefficient 𝜿𝜿𝒏𝒏(𝑧𝑧), calculated using 

Eq. (4.6). Designing the FBG with a large bandwidth yields a structure with some high frequency 

features, where the amplitude and phase profile oscillate with a period as small as 20 μm. The 

design proposed in Figure 4.8 was inscribed at first order in an uncoated SMF-28 fiber using the 

methods described above. The FBG had a length of 10 mm, was written at 50 μm/s and a burst 

of 175 pulses per grating plane was chosen. The laser pulse energy was 275 nJ which 

corresponded to a maximum 𝜅𝜅 of about 525 m−1. To resolve the small features, the period of the 

sinusoidal phase function was set to Λ𝜙𝜙 = 2.5 μm. 

Figure 4.9 shows the reflection spectra of this FBG along with its numerical simulation. The 

simulation was performed using a simple thin-film method [21]. The typical features of the three 

FBG sub-structures, covering a bandwidth of 40 nm, are clearly distinguishable: The sinc 

function FBG shows a square response with 6 obvious oscillations (associated with 𝑁𝑁0 = 6), the 

group delay of the LCGA FBG has a slope of -10.15 ps/nm, matching the designed chirp of 

1 nm/mm, and the DFB resonant mode is well centered with the main Bragg resonance. The first 

side lobe levels of the sinc function and DFB gratings are respectively -16 dB and -12.5 dB, 

slightly higher than the predicted level. However, considering the complexity of the design and 

the good agreement between the numerical simulation and the fabricated FBG, this result proves 
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the ability of the phase modulation method to perform apodization with high precision and high 

spatial resolution using a FS direct-writing method. It also shows that our phase control strategy 

based on PSO tracking is well adapted to precisely control the position of individual grating 

planes, even when their relative distance is aggressively modulated. The writing's imperfections 

are due to residual sources of noise such as high-frequency noise induced by the stage, vibrations, 

slight deviation from the core center, and laser power fluctuations. The effects of these can be 

observed as noisy and high-level side-bands straying from expected simulated profile. 

It should be noted that this method of apodization is well adapted to any direct-writing scheme 

(PbP, LbL or Pl-b-Pl) where it is possible to control the exact position of each laser induced 

modification. 

 

Figure 4.9: Simulated vs. experimental reflection spectra of the complex-apodized FBG written 

in a single pass using the function described in Figure 4.8. A) Broadband reflection spectrum. B) 

Zoom of the sinc function apodization response. C) Group delay of the linearly chirped and 

Gaussian apodized part. D) Zoom of the DFB response. 

4.7.3 Complex ultra-long FBGs 

To demonstrate the ability of our technique to maintain high quality over a longer distance, a 

phase-only filter, which requires a long FBG (>100 mm) to ensure a narrow spectral phase 

response, was designed [92] and successfully fabricated. 
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Figure 4.10-A shows the grating profile, which targets a square amplitude spectral response with 

a peak reflectivity of 50 % and a bandwidth of 50 GHz. It is designed to impart a rectangular 𝜋𝜋 

phase shift to the central frequency of the main stopband, with a bandwidth of just 2 GHz. The 

FBG was written in an uncoated SMF-28, with a length of 106 mm, a target 𝜅𝜅 of 362 m−1, and a 

modulation period of Λ𝜙𝜙 = 10 μm. Figure 4.10-B and C shows the simulated and measured 

spectral response (amplitude and phase) of this FBG. This result highlights the capacity of 

maintaining an excellent amplitude and phase control over a long distance, which is an essential 

requirement to achieve such narrow spectral phase response. The limitation toward even longer 

FBG may ultimately depends on the amplitude and phase error that can be tolerated. 

 

Figure 4.10: A) Design of the grating apodization and phase profile of a 106 mm long FBG. B) 

and C) Simulated vs. measured reflection and phase response of the filter. 

4.8 Conclusion 

This article proposed and demonstrated four different refinements that may be used together to 

enhance the capabilities for fabricating FBGs with direct-writing schemes based on FS lasers. 

Based on weak probe gratings measured by OFDR, a novel alignment procedure was 

implemented and successfully used to map the absolute core position of different types of fiber. 

This method is precise, flexible, and is non-destructive, i.e. a final strong and high-quality first 

order FBG can be written in the probed area. It can be seen as an alternative to the typical 

alignment method relying on an imaging system but requires the availability of an OFDR system. 
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For the writing scheme itself, a phase control strategy based on PSO tracking was used to 

precisely control the position of each of the grating planes. It was also demonstrated that a multi-

pulse approach provides a way to inscribe strong first-order grating with low insertion loss and 

high spectral quality. These writing methods made it possible to implement an apodization 

method based on phase modulation, allowing both phase and amplitude control within a few 

grating periods. This method of FS direct-writing can be used to fabricate long FBGs, with 

arbitrarily complex apodization and phase profiles, offering the potential for tailoring complex 

spectral functionalities over a large bandwidth. Our work now focuses on challenging 

applications that could not have been contemplated without our novel approach and which will be 

reported on in the future. 

Funding. Natural Sciences and Engineering Research Council (NSERC); Canadian Foundation 

for Innovation (CFI); Fonds de Recherche du Québec – Nature et Technologies (FRQNT). 

Disclosures. The authors declare no conflicts of interest. 

Data availability. Data underlying the results presented in this paper are not publicly available at 

this time but may be obtained from the authors upon reasonable request. 

Supplemental document. See Supplement 1 for supporting content. 

 

 

 



72 

 

CHAPTER 5 FABRICATION OF NOVEL FBG-BASED SENSORS AND 

FILTERS 

In the last two chapters, a method to inscribe high-quality FBGs using a FS direct-writing scheme 

was established. It was shown that complex apodization and phase profiles could be inscribed 

with high precision and accuracy by using a phase modulation approach and a PSO phase control 

strategy. The fabrication of a challenging ultra-long FBG was also demonstrated successfully. 

Moreover, our alignment method has proven to be quite effective at tracking the fiber core 

position accurately, in both coated and uncoated fibers. From that point, different types of FBG 

that could serve as real-life applications were realized.  

In this context, this chapter presents the additional research results for two practical applications 

that were successfully implemented. First, the fabrication of a distributed random FBG strain 

sensor and its potential use for a real-time 3D shape sensing is examined. Then, advanced phase 

filters for the realization of high-speed passive optical logic processing and for group-velocity 

dispersion compensation of telecom data signal are demonstrated.  

Please note that my involvement in these projects was limited to the fabrication and 

characterisation of the FBGs. The other development phases, such as the design, assembly, and 

testing of the devices, were done by other colleagues. Hence, even though a proper motivation 

and introduction to each project are given, the in-depth technical details on the working principles 

or experimental results of these applications are left as references to the interested reader, as they 

are beyond the scope of this thesis. The goal here is to show different examples of applications 

that were achieved with the FBG writing system presented in this thesis. These examples are used 

to show the full potential of this writing system as well as the performance of the fabricated 

FBGs in real-life conditions. 

5.1 Fiber optic shape sensing 

5.1.1 Introduction 

The technology of fiber optic 3D shape sensors (FOSS) can be used to track the shape and 

position of dynamic objects remotely and in real-time [93]. It has been used for many 

applications in the fields of civil, mechanical, aerospace, and biomedical engineering [93]. FOSS 
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are commonly based on either of the two following strain sensing technologies: FBG arrays [94] 

or OFDR distributed sensing [95, 96]. While FBG-based sensors provide large sensing length, 

high strain accuracy and high sampling rate, they are limited to just a few discrete measurement 

points of spectrally unique FBGs inscribed at different position in the fiber. The low spatial 

resolution offered by those sensors is generally not sufficient to reconstruct the shape of bodies 

with complex geometry, tight bend, twist, or high strain gradient. This is often the case in 

biomedical applications or instruments such as endoscope, catheter, or needle, where OFDR is 

the preferred approach to obtain high-resolution fully distributed strain measurements along the 

length of the sensor [93, 95, 97, 98]. Put simply, OFDR distributed measurement systems are 

based on the detection of the optical backscatter of the fiber, such as the Rayleigh, Brillouin, or 

Raman scattering [95, 96].  

Recently, our research group demonstrated different ways to increase the light scattering of 

optical fibers, either by exposing the fiber core to UV radiation [97] or by inscribing random 

gratings [98, 99], allowing to improve the signal to noise ratio of OFDR-based strain 

measurements. Additionally, it was shown that these fibers can be extruded as an optical fiber 

triplet to serve as a functional FOSS for minimally invasive surgery [100], as illustrated in Figure 

5.1. However, a technical challenge remained. Because the coating of the fiber must be removed 

to expose its core to UV light, the mechanical strength of the fiber is reduced, and they become 

difficult to extrude without breaking. A solution to this problem was to inscribe random FBGs 

with a FS laser directly through the coating of the fiber to preserve its mechanical strength. Thus, 

this section describes the fabrication of such FBG sensors, which were then extruded into a 

working prototype of a FOSS. 

 

Figure 5.1: Schematic illustration of an optical fiber triplet that can serve as a FOSS. Image 

reproduced with the permission of P. Lorre. 
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5.1.2 Through-the-coating inscription of random FBGs by femtosecond laser 

Random FBGs are based on a random fluctuation of the grating period or phase. This type of 

grating are designed to exhibit a weak reflectivity over a large bandwidth, which provides them 

with an enhanced Rayleigh backscattering level of several orders of magnitude higher than the 

backscattering of an unexposed SMF-28 fiber [99]. The distance between each grating planes is 

calculated from: 

 𝑑𝑑𝑛𝑛 = Λ𝑔𝑔(1 + Α) (5.1) 

  Λ𝑔𝑔 =
𝑚𝑚𝑚𝑚𝐵𝐵

2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
 (5.2) 

Where 𝑑𝑑𝑛𝑛 is the distance between the 𝑛𝑛𝑡𝑡ℎ and (𝑛𝑛 + 1)𝑡𝑡ℎ grating plane, Λ𝑔𝑔 is the grating period, 

𝜆𝜆𝐵𝐵 is the desired Bragg wavelength, 𝑚𝑚 is the grating order, 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the effective refractive index 

of the fiber and Α ~ U(−𝛼𝛼,𝛼𝛼) is a random uniform distribution whose outcome is bounded by a 

parameter 𝛼𝛼 that is defined as the randomness percentage of the grating. 

In order to achieve distributed sensing, several random FBGs were inscribed directly through the 

coating of a polyimide coated fiber using the FS Pl-b-Pl direct-writing scheme described in this 

thesis. They were made over a length of 0.5 to 1.5 m. The physical properties of this fiber are 

listed in Appendix C. Using the PSO phase control strategy described in Section 3.3, it is 

relatively easy to induce a random fluctuation of grating phase, since the position of each plane 

(calculated from Eq. (5.1)) can be directly fed into motor controller of the writing system, which 

then triggers the laser to emit a burst of pulse at each desired position. 

5.1.3 Results 

First, a study of the randomness (𝛼𝛼) of the FBGs and its effect on the bandwidth was undertaken 

to evaluate the control and precision of the writing system compared to a numerical simulation. It 

was performed by writing several 50 mm long FBGs through the coating of a polyimide coated 

fiber with 𝛼𝛼 varying from 1% to 6%. The reflection spectrum of the random FBGs for different 

randomness is shown in Figure 5.2 (a), from which the bandwidth can be calculated by using a 

Lorentzian fit. The experimental results agree well with the simulated bandwidth of random 
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FBGs as shown in Figure 5.2 (b), demonstrating excellent control during the fabrication process. 

A randomness of 4 % was found to be adequate for the sensing application giving a bandwidth of 

approximately 9 nm. 

 

Figure 5.2: (a) Reflection spectrum of random FBGs showing the evolution of the bandwidth as a 

function of the randomness (𝛼𝛼). (b) Experimental vs. simulated sensor bandwidth as a function of 

the randomness. 

Another important characteristic of these types of distributed sensors is the spatial distribution of 

the scattering along its length, which can be assessed from the time domain signal of the OFDR 

instrument, instead of the frequency spectrum. Ideally, the backscattering signal should be 

constant throughout the whole FBG to obtain a uniform response and sensitivity from every point 

in the sensor. To evaluate the scattering uniformity of the sensors, long FBGs of about 950 mm 

were written in both a polyimide coated fiber and an uncoated SMF-28 fiber for reference. As 

shown in Figure 5.3, the backscattering amplitude of both FBGs suffers from spatial fluctuations. 

In the case of an uncoated fiber, the signal is quite uniform, but severe fluctuations with an 

amplitude up to ~10-15 dB can be seen for the FBG made through the polyimide coating. This 

can be problematic when the amplitude of the fluctuation is larger than the dynamic range of the 

sensing instrument, causing dead zones in the sensing area. 

This issue was attributed to the polyimide coating being highly inhomogeneous in terms of 

thickness and shape along the fiber, distorting the focal spot. By optimizing and increasing the 

resolution of the alignment procedure to compensate for the coating inhomogeneity, it was 

possible to drastically improves the uniformity of the backscatter signal. For example, Figure 5.4 

(a) shows the backscatter amplitude for a 500 mm random FBG written through the polyimide 
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coating, after the alignment procedure was improved. Unfortunately, another big challenge was 

the reproducibility of such low spatial fluctuation during the fabrication process. The uniformity 

was also difficult to maintain over longer length. The example shown in Figure 5.4 shows one of 

the best performance possible with a polyimide coated fiber, as the coating of this specific fiber 

was probably very uniform. However, even if it is currently not possible to prevent the focal spot 

from being unevenly distorted by some shape variation of the fiber coating, these sensors can still 

be used for shape sensing, as long as the amplitude of the fluctuation remains within the dynamic 

range of the sensing instrument. 

 

Figure 5.3: Backscatter amplitude for FBGs written in an uncoated SMF-28 fiber and a polyimide 

coated fiber. 

 

Figure 5.4: (a) Backscatter amplitude of an improved 500 mm long FS random FBG. Note the 

improvement in the uniformity of the signal with length compared to Figure 5.3. (b) Spectrum of 

the sensor. 

Following the results presented above, random FBGs of 1.5 m in length were fabricated. Figure 

5.5 shows an example of the backscatter signal for two of those sensors. It can be seen from 

Figure 5.5 (a) that a uniform backscatter amplitude can be obtained over a long length, but 
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managing the fluctuations is still a challenge, as shown in Figure 5.5 (b). To fabricate the FOSS, 

these FBGs were extruded into fiber triplets using the extrusion procedure developed by P. Lorre 

[100]. An example of the final result is given in Figure 5.6 (a), which shows a microscope image 

of a fiber triplet cross-section, while Figure 5.6 (b) and (c) show an example of shape 

reconstruction. However, because the research objective of this thesis was focussed on the 

fabrication of the sensors, further details about the shape reconstruction algorithm and the sensor 

performance can be found J. Francoeur’s article [101]. 

 

Figure 5.5: Backscatter amplitude of two random FBGs. (a) shows a very uniform response, 

while (b) shows some residual amplitude fluctuations. 

 

 

Figure 5.6: (a) Cross-section of a fiber triplet as seen from a microscope. (b) Example of a shape 

that the sensor was placed into. (c) Reconstructed shape. Reproduced with the permission of 

P. Lorre and J. Francoeur (Polytechnique Montreal). 
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5.2 Phase-only filters 

This section presents the results of an ambitious project that was realized in collaboration with 

the research group led by José Azaña at the Institut national de la recherche scientifique (INRS). 

5.2.1 Introduction 

Optical linear spectral phase-only (or all-pass) filtering can be used to manipulate the phase of a 

complex waveform, while keeping its amplitude untouched [102]. Said to be passive, phase-only 

filters allow for an energy efficient filtering system, featuring high transmission and low-loss. 

They have been used in many fields of applications such as pulse shaping and arbitrary waveform 

generation [103-107], optical signal processing [72, 108-113], dispersion compensation [114, 

115], spectroscopy [116], and coherent control of quantum states [117, 118], to name just a few. 

Being linear filtering devices, FBGs have been studied to implement all sorts of passive linear 

optical filtering functionalities [108]. Compared to other solutions based on bulky free-space 

optical components [104] or time-domain filtering [106], FBGs have the advantage of low cost, 

low weight, low losses, small size and are compatible with fiber-optics systems. However, 

tailoring specific spectral response by customizing the apodization and phase profile of FBGs 

have often been constrained by practical fabrication limitations such as insufficient apodization 

resolution and dynamic range, or the ability to control the phase of the grating over a long length.   

In this context, this section presents the realization of two novel FBG-based phase-only filters 

employed for optical signal processing, which could be fabricated using the advanced capabilities 

of the FS direct-writing scheme presented in this thesis. The first is a discrete phase filter used for 

group-velocity dispersion (GVD) compensation of data signals passing through 70.56 km of a 

telecommunication link. The second filter has been realized to demonstrate the potential of 

passive ultrafast optical logic gates. It features a record spectral phase resolution of just 1 GHz, 

which was used to experimentally realize high-speed fully-passive NOT and XNOR logic gates. 

5.2.2 Group-velocity dispersion compensation of 70.56 km fiber-optic link 

Signal distortion induced by GVD in optical links can be compensated by different methods 

including digital signal processing, dispersion compensation fibers or linearly chirped gratings 
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[115]. Recently, S. Kaushal et al. proposed a discrete phase-only filter design to achieve GVD 

compensation of telecommunication data signals in fiber-optics links, while providing a 

significant reduction of the device length compared to linearly chirped grating [114]. By 

fabricating a waveguide Bragg grating (WBG) in a silicon-on-insulator platform, they 

experimentally demonstrated GVD compensation of a 24 Gbps non-return-to-zero on-off keying 

(NRZ-OOK) signal propagating through a 31.12 km fiber link, with a device length reduction of 

5x compared to an equivalent linearly chirped WBG [115]. Of course, this reduction in length is 

highly desirable to reduce the amount insertion loss, but also because the fabrication of long 

linearly chirped grating is technically difficult to realize due to fabrication limitations and phase 

error accumulation (true for both waveguide and fiber Bragg grating). 

Fortunately, this type of filter can be also implemented in an FBG, and the main objective of this 

research project was to evaluate the possibility of fabricating one using the FS direct-writing 

method presented in this thesis. Using a 6.9 cm FBG, GVD compensation of a 24 Gbps NRZ-

OOK signal over 70.56 km of fiber-optic link was experimentally demonstrated, with a device 

length 2.2x smaller than an equivalent linearly chirped FBG. For more information on the design 

and working principle of this filter, refer to [114]. 

Figure 5.7 (a) shows the target apodization and phase profile of the 6.9 cm long grating, 

calculated from the target spectral response of the grating (described in [114]) using an inverse 

layer peeling algorithm. As can be seen, this complex design requires to control the coupling 

coefficient and phase accurately, over a large dynamic range and with a very high spatial 

resolution, something that has been difficult to achieve using other conventional inscription 

methods. To achieve a maximum 𝜅𝜅 of 300 m−1 with low insertion loss, the FBG was written 

using 200 pulses/plane, a speed of 30 μm/s and a sinusoidal phase modulation with a period (Λ𝜙𝜙) 

of 10 μm. This filter’s design targets a reflectivity of 50 %, with a -3 dB bandwidth of 100 GHz, 

centered around a Bragg wavelength of 1550 nm. Figure 5.7 (b) compares the experimental 

spectral response (in reflection) to its simulation. The remarkable agreement between simulation 

and experiment clearly demonstrates the ability to inscribe high-quality complex FBG providing 

the required spectral phase response to achieve GVD compensation. Figure 5.8 (a) shows the 

experimental setup that was used to evaluate the performance of this filter. A 24 Gbps pseudo 

random bit sequence is generated with an arbitrary waveform generator and an intensity 
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modulator. The signal is dispersed through 70.56 km of SMF-28 fiber before being amplified and 

filtered by the FBG. Figure 5.8 (b), (c) and (d) shows the eye diagram of the signal before the 

fiber, after the fiber and after the filter. Comparing (b) and (c), the obvious eye opening reveals 

the ability for GVD compensation using this compact phase-only filter and proves the 

performance of the FS direct-writing method. The full results of this project have been accepted 

to the 2022 IEEE photonics conference [119] and a complete manuscript should be written in a 

near future. 

 

Figure 5.7: (a) Target coupling coefficient and grating phase, as calculated from an inverse layer 

peeling algorithm. (b) Simulated vs. measured reflectivity and phase spectral response. 

 

Figure 5.8: (a) Representation of the experimental setup to measure the dispersion compensation. 

A 24 Gbps pseudo-random bit sequence NRZ-OOK signal is generated from an arbitrary 
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waveform generator (AWG) and intensity modulator (IM). After dispersing through the fiber 

spool of 70.56 km, the signal is amplified by an erbium-doped fiber amplifier (EDFA) and is 

reflected from the FBG phase filter with a circulator. It is detected by a 50 GHz photodetector 

and electrical sampling oscilloscope (ESO). (b, c, d) Eye diagram measured at the input and 

output of the fiber, and after reflection from the FBG filter. (b, c, d) Reproduced with the 

permission of S. Kaushal (INRS). 

5.2.3 Ultrafast passive optical logic processing based on phase-only filter 

Since logic gates based on electronic transistors are reaching their fundamental physical 

limitations, progressing towards devices with higher processing speed and lower energy 

consumption has become difficult with today’s technologies. Alternative solutions based on 

photonic devices have been explored for some time, but most of the proposed methods have yet 

to show better, or even similar performance, compared to electronic logic gates [110]. This is 

because most photonic gates are based on nonlinearity or interferometric methods to achieve 

computing tasks, making them slow and/or energy inefficient, which limits their practical range 

of applications. Recently, an implementation of the NOT operation was proposed and realized 

using passive spectral phase-only filtering, and inversion of a high-speed (640 Gbps) return-to-

zero on-off-keying (RZ-OOK) data signal was demonstrated [110]. The working principle of this 

type of passive logic gate is explained in [110], but the basic idea is that the energy contained in 

the signal can be redistributed between the “0” and “1” bits by selectively inducing a 𝜋𝜋 phase 

shift to the frequency clock components of the data signal (the carrier frequency and the different 

harmonics spaced by the modulation frequency). Hence, by manipulating the phase of the 

incoming signal instead of its amplitude, the energy is preserved during the bit inversion process 

(except for insertion loss). Naturally, FBGs can be used to target specific phase responses, and 

the first FBG implementation of such a passive gate was demonstrated in 1997 for the generation 

of a dark soliton pulse train [120, 121]. However, in most applications, phase filtering is achieved 

by using commercial waveshapers based on free-space diffraction, which are bulky device that 

can be limited in terms of frequency resolution (~12 GHz) [110]. This constraint on frequency 

resolution has severely limited the minimal speed at which this passive NOT operation could be 
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achieved, and 640 Gbps is nowhere near the standard bit rate used in a single channel of most 

telecom devices (~10-40 Gbps). 

Hence, the goal of this project was to extend the ideas introduced in [110] towards an all-fiber 

based solution. By implementing a fully passive and linear NOT gate using a unique FBG design, 

it was possible to experimentally demonstrate the inversion of a 45 Gbps NRZ-OOK data signal 

with 127 random bit sequence (RBS). Moreover, the FBG involved in this work features an 

extremely small spectral phase resolution of just 1.2 GHz, which represents a 10x improvement 

compared to commercial waveshapers. This improved resolution was the key to achieving an 

efficient NOT operation at bit rates in the range of 10-40 Gbps. 

The working principle of the NOT gate for an NRZ-OOK signal is illustrated in Figure 5.9, 

where the output signal of the phase filter (c) is the inverse of the input (b). This can be achieved 

by imparting a 𝜋𝜋 phase shift only to the carrier frequency of the signal. Figure 5.9 (a) shows the 

target spectral response of the filter, superimposed to a representation of the power spectrum 

density (PSD) of the data signal. The sidebands of this signal correspond to the spectral 

components of the data bits and should not be phase shifted for optimal operation. A lower bit 

rate implies that the sidebands get closer to the carrier frequency, which is why a very narrow 

phase shift is required for inversion at 45 Gbps. More specifically, the filter targets a spectral 

response centered at a Bragg wavelength of 1550 nm, with a flat-top super-Gaussian amplitude 

profile, a peak reflectivity of 50% and a -3 dB bandwidth of 50 GHz. The target spectral phase 

response is a rectangular 0 − 𝜋𝜋 phase shift with a -3 dB bandwidth of 1 GHz. 

 

Figure 5.9: (a) Target spectral response of the phase-only filter used for NOT operation. The 

reflectivity covers a large bandwidth of 50 GHz, which contains most of the spectral components 
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of the NRZ-OOK data signal. The PSD of such signal is represented in gray. The inset shows that 

a 𝜋𝜋 phase shift should be applied only to the carrier frequency, which can be done with a narrow 

bandwidth of 1 GHz. (b) Illustration of the input data signal. (c) Output signal after reflection on 

the FBG filter. 

However, targeting such a narrow 𝜋𝜋 phase shift is very difficult because it requires an FBG 

length of ~20 cm, and an accurate control of the apodization and phase profile. For instance, 

Figure 5.10 (a) shows the required apodization and phase profile calculated from the target 

spectral response shown in Figure 5.9 (a) using an inverse layer peeling algorithm. Specifically, 

this FBG design has a length of 213.6 mm, and the coupling coefficient requires to be controlled 

over a large dynamic range (0.08 < 𝜅𝜅 < 378 m−1), with sharp transitions that demand an ultra-

high spatial resolution. Despite this stringent requirement, it was possible to inscribe this 

challenging structure successfully in an uncoated SMF-28 by using the high spatial resolution of 

FS direct-writing scheme, the high dynamic range provided by phase modulation apodization, the 

high coupling coefficient offered by the multi-pulse approach, and the accurate tracking of the 

fiber core position. The inscription parameters were 150 pulses/plane, a writing speed of 30 μm/s, 

and a sinusoidal phase modulation with a period of 12.5 μm. Figure 5.10 (b) compares the 

experimental spectral response of the fabricated FBG to its simulation, which was computed from 

the target apodization profile. As can be seen, a precise 𝜋𝜋 phase shift with a -3 dB bandwidth of 

1.2 GHz could be achieved, and the agreement between the simulation and experimental result 

demonstrates excellent fabrication capabilities in the case of an ultra-long complex FBG. 

 

Figure 5.10: (a) Target coupling coefficient and phase profile. (b) Simulated vs. measured 

reflectivity and phase spectral response. 
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Nevertheless, note that FBGs of this length are prone to phase error accumulation during the 

writing process and are also extremely sensitive to environmental perturbations during their 

manipulation in the real-world. For this length of FBG, any local temperature or strain variation 

can significantly distort the spectral phase response of the filter. Therefore, instead of fighting 

against environmental perturbations and the unpredictable imperfections occurring naturally 

during the fabrication process, a prototype of a temperature controller based on a resistive heating 

array was designed and built at Polytechnique Montreal to compensate for phase errors. Figure 

5.11 (a) shows a rendered image of this controller, where a series of 19 small resistors is placed 

under a 3D printed support that includes a V-groove to hold the fiber. To adjust the local phase of 

the grating, the power dissipated by each resistor can be controlled individually using a 

microcontroller. Of course, this prototype has many limitations, but it was found to be adequate 

to maintain the desired spectral phase response of the filter in real-world conditions. For example, 

Figure 5.11 (b) shows the phase response of the FBG with and without heating. 

Finally, the performance of the passive NOT gate was evaluated at INRS using a similar setup as 

the one shown in Figure 5.8 (a), except for the 70.56 km of dispersive fiber. Figure 5.12 shows 

the input/output, as well as the eye diagram for the 45 Gbps 127 RBS data signal. Clearly, the 

inversion process is demonstrated, and an estimated energy consumption of just 34 fJ/bit is 

reported. Further details about the full result and performance of this filter can be found in the 

paper presented by S. Kaushal at the Signal Processing in Photonic Communications conference 

[122], and a full manuscript has been submitted for publication in a near future [123]. This 

manuscript includes an experimental demonstration of a passive XNOR gate, which could be 

realized using the same phase filter, but was not covered in the present section. 
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Figure 5.11: (a) Illustration of the temperature controller based on an array of resistive element 

incorporated in a 3D printed with a V-groove. (b) Spectral phase response of the phase filter with 

and without temperature control. Note that this controller was designed and built by the author of 

this thesis.  

 

 

Figure 5.12: (a) 45 Gbps NRZ-OOK data signal with an RBS of 127 bits measured at the input 

and output of the phase filter. (b) Eye diagram corresponding to a single bit period. Reproduced 

with the permission of S. Kaushal (INRS) [123]. 
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CHAPTER 6 GENERAL DISCUSSION AND RECOMMANDATIONS 

The primary purpose of the research presented in this thesis was to develop and implement a FS 

direct-writing system for the fabrication of advanced FBGs. To get there, the limitations of 

existing direct-writing methods were studied and addressed by proposing new solutions. Overall, 

a complete system for the direct-writing of FBGs with FS laser was successfully established. This 

is demonstrated in the article published by Optics Express, where different methods used to 

inscribe high-quality FBGs with arbitrary complex apodization or phase profile are described. 

The results of this study indicate that the combination of a Pl-b-Pl scheme and a multi-pulse 

approach can produces FBGs with strong RIMs, low IL, and low PD. The study also 

demonstrates that the concept of apodization by phase modulation can be practically 

implemented in direct-writing systems by using PSO tracking, allowing the inscription of 

arbitrary complex structures. Moreover, it is shown that the alignment technique based on OFDR 

and weak probe gratings can track the fiber core position with high accuracy, and without the use 

of a camera system. Together, these key findings were used to realize advanced FBG-based 

sensors and filters, opening the doors to many new applications. 

To put things into perspective, the rest of this chapter discusses about different features of the 

writing system and the meaning and significance of the findings. Recommendations for further 

improvement are also given. 

6.1 Refractive index modifications: Beam shaping and multi-pulse 

exposure 

As it was exposed throughout this thesis, the characteristics of the RIMs induced by tightly 

focussed FS pulses greatly impact the physical properties of the resulting FBGs (𝜅𝜅, IL, PD, …). 

In this work, a Pl-b-Pl approach based on astigmatic focussing was used to maximize the overlap 

between the RIM and the mode field of the fiber, which, according to the literature [40], should 

help to achieve strong coupling, low IL, and low PD, while minimizing the effect of astigmatism 

caused by the fiber curvature. Furthermore, the effects of a multi-pulse exposure were studied to 

understand how it impacts the grating properties. 
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With this approach, it was found that FBGs with high spectral quality and IL < 0.1 dB/cm can be 

inscribed in both an uncoated SMF-28 fiber or a polyimide coated fiber, without the use of index-

matching oil compensation techniques. The study about multi-pulse exposure have shown that a 

burst of many lower-energy pulses allows for stronger coupling and lower IL than with a single-

pulse, and a pulse energy threshold delimiting the formation of type-I vs. type-II FBGs was 

established. Even though multi-pulse exposure has been extensively studied in the field of FS 

laser processing and WBG writing [5, 36-38], there is only a few reports in the literature about 

the use of this type of exposure for the fabrication of FBGs. Hence, this study contributed to a 

clearer understanding of the physical mechanisms involved in the formation of FBGs with 

multiple pulses. However, type-II FBGs were not studied in detail during this research, and a 

further characterization is needed to understand the properties of FBGs made in this regime, with 

this setup. 

In the low-loss (type-I) regime, 𝜅𝜅 value of up to 600 m−1 and 325 m−1 were demonstrated for an 

uncoated fiber and polyimide coated fiber, respectively. In previous studies [54, 60, 124], the 

ratio of the coupling coefficient to the scattering loss coefficient (𝜅𝜅/𝛼𝛼) was identified as a good 

figure of merit to determine the maximum reflectivity of a grating. 𝛼𝛼 (m−1) is defined by: 

 𝛼𝛼 =
ln(𝑇𝑇𝐼𝐼𝐼𝐼)
−2𝐿𝐿

, (6.1) 

where 𝑇𝑇𝐼𝐼𝐼𝐼 = 10−IL(db)/10 is the out-of-band transmission loss (in linear scale) and 𝐿𝐿 is the length 

of the FBG. A higher ratio of 𝜅𝜅/𝛼𝛼 indicates a stronger grating, with higher reflectivity and lower 

IL. For 𝜅𝜅 = 600 m−1 and using a conservative value for IL of 0.1 dB/cm, this ratio can be 

evaluated to 𝜅𝜅/𝛼𝛼 = 521. This result compares well with other similar writing schemes. For 

instance, a maximum value of 𝜅𝜅/𝛼𝛼 = 70 was reported for a standard PbP method [124], 𝜅𝜅/𝛼𝛼 =

172 was reported for Pl-b-Pl method using a slit beam shaping [54], and 𝜅𝜅/𝛼𝛼 = 720 was 

reported for a LbL method [60]. Gratings made with the same beam shaping technique [40] than 

in this thesis have 𝜅𝜅/𝛼𝛼 = 1500. However, in this case, very low IL < 0.02 dB/cm were reported, 

but they do not discuss the uncertainty of the IL measurement, which is usually in the same order 

of magnitude. As it was shown in Figure 4.6 of the manuscript, IL in the order of ~ 0.02 dB/cm 



88 

 

 

could also be measured, but since the measurement of very low IL is sensitive many sources of 

errors, it seems better to report IL bounded by the value of < 0.1 dB/cm. 

The FBGs made during this work were also found to have low PD, as illustrated in Figure 4.5, 

where the birefringence (Δ𝑛𝑛𝐵𝐵) is measured at 6.2 x 10−6 RIU. This value is at least one order of 

magnitude better than most PbP schemes [45] and is in good agreement with the best 

performance shown in [54], where a slit beam shaping method is used. 

Overall, these findings illustrate that a Pl-b-Pl method with a multi-pulse exposure is well suited 

for applications that requires high coupling, low IL, and low PD. However, further improvements 

could still be made to reach an even higher 𝜅𝜅/𝛼𝛼 ratio and lower PD. For example, a different 

focusing arrangement could by used to optimize the RIM’s cross-section. Instead of using a 

single cylindrical lens to realize astigmatic focussing, a cylindrical lens telescope with additional 

degrees of freedom could be installed before the focussing objective [45, 47]. This could greatly 

improve the ability to control the shape of the focal spot and to fine tune the astigmatism. To 

better characterize and understand the shape of the RIMs, a microscope system should also be 

implemented. For example, imaging techniques based on differential interference contrast (DIC) 

microscopy are commonly used to see the structure of a grating or to study FS modifications [5].  

In the case of a polyimide coated fiber, the repetition rate of the laser was set to just 60.606 kHz 

to avoid degradation of the coating by thermal accumulation, making it impractical to inscribe 

FBGs with more than 50 pulses/plane, as the process become slow. Increasing the NA of the 

focussing lens could help to reduce the power density at the coating and the coating degradation. 

If fabrication time is not a constraint, it might be also possible to further increase the maximum 𝜅𝜅 

value for through-the-coating writing by using a higher number of pulses. 

Finally, since FS laser processing is based on nonlinear absorption, small variations of the laser 

power can cause significant variations in the coupling coefficient, reducing the spectral quality of 

the FBG. Thus, finding a way to reduce those power fluctuations could help to improve the 

uniformity of the writing process. 
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6.2 Direct-writing apodization and phase control 

Apodization by phase modulation has proven to be a valuable tool for the fabrication of arbitrary 

complex FBGs with advanced spectral functionalities. During this thesis, many apodized gratings 

were successfully fabricated, with their spectral responses closely matching the simulations. To 

test the full capabilities and limitations of this technique, a challenging design was proposed in 

Section 4.7. The results clearly demonstrate the ability of this method to inscribe complex 

apodization profiles with high accuracy and resolution, over a large dynamic range and with a 

spatial resolution of only a few μms (limited by the period Λ𝜙𝜙 of the phase modulation). In this 

example a period of Λ𝜙𝜙 = 2.5 μm was used to realize a structure with stringent resolution 

requirements, but in most situation, a period of Λ𝜙𝜙 = 10 μm was found to provide sufficient 

resolution and adequate spacing between the Fourier components of the grating. By leveraging 

this high spatial resolution, FBGs that were previously impossible to inscribe using conventional 

UV techniques could be realized. Even though many apodization methods have been used for the 

direct-writing of FBGs (see Section 2.4), the ability to maintain a constant average RIM using the 

phase modulation approach offers superior performances in terms of spectral response and avoids 

the need to calibrate 𝜅𝜅 as a function of the pulse energy, the lateral displacement or other 

experimental parameters. Overall, these key attributes provide an efficient and reliable way for 

FBGs apodization with direct-writing methods. 

These advancements were only possible because of the PSO tracking feature of the Aerotech 

translation stage motor controller. The phase control strategy developed around this feature has 

shown to be capable of controlling the exact position of each RIM with great precision, which is 

a crucial requirement for phase modulation. Note that the concept of phase modulation could be 

also implemented with a LbL method, where the translation stage stops at each RIM position 

before triggering the laser, but LbL is significantly more time consuming compared to PbP or Pl-

b-Pl. However, it would make it possible to avoid the necessity of PSO tracking.  

Clearly, the full potential of PSO tracking has yet to be evaluated, and this feature should bring 

many new opportunities for the development of advanced photonic devices. For instance, further 

investigations could probably exploit PSO tracking to inscribe FBGs using a multi-pass approach 

[81], which could improve their spectral qualities and the reproducibility of the writing process. 
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6.3 Fiber core position mapping 

An important aspect of every direct-writing system is the procedure used to track the core 

position of the fiber. The novel alignment method proposed in this thesis has shown that it is 

possible to track the fiber core position with sub-micrometer accuracy (in the transverse plane), 

using nothing but probe FBGs and an OFDR system to measure their individual reflectivity. It 

was found that this procedure can map the core position of different types of fibers such as a 

polyimide coated fiber or an uncoated SMF-28 fiber. 

However, since the OFDR method is fundamentally different from a camera system, it has many 

distinct characteristics. For example, it does not need to visually distinguish the boundaries of the 

core to locate its position, allowing to track the core position of special fibers in which it might 

be difficult to clearly see the core using a simple microscope setup, such as fiber with thick 

coating, small core, low core-cladding RI difference, multiple cores, etc. This features also allows 

to avoid the need for oil index-matching compensation techniques, which are sometimes 

employed just to get a better picture of the core. However, further investigations are needed to 

confirm the extent of this capability, as the study was only conducted for two types of fiber. 

This alignment method can also be described as “absolute”, since the optimal position returned 

by the procedure is not relative to anything else than the core center. This is not the case for a 

camera system, as the core position is relative to the offset between the focal spot of the laser and 

camera, which needs to be calibrated. Thus, the OFDR method is calibration-free. 

Some limitations were also identified for the OFDR method. Primary, it requires to have an 

OFDR system with a high-dynamic range. Because several probes need to be inscribed to find the 

optimal position, it has a low longitudinal resolution compared to what is possible with a camera 

system. It is also relatively slow, taking up to 25 seconds for each iteration of the process. In the 

case of coated fibers, variations of the coating thickness or curvature can induce large 

fluctuations of the focal spot position, which can be difficult to track depending on the amplitude 

and frequency of the fluctuation. Nevertheless, this new method provides an alternative to the 

camera method, and it has some unique attributes. It could be worth to implement a camera 

system just to carry out an exhaustive comparison between both types of system. Perhaps the 

combination of the two could be used to collect more data about the core position, which could 
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improve the performance of the mapping process even more. Alternatively, a better fibre coating 

uniformity could significantly improve mapping using the method discussed in this thesis. 

Furthermore, even though no oil compensation techniques were used during the study, it might be 

valuable to design a modular V-groove glass plate that could be clipped on-and-off the translation 

stage to help mitigating situations where the coating geometry exhibits large fluctuations. Finally, 

an interesting study would be to test the possibility of tracking the position of an individual core 

in a multicore fiber, with potential for advanced sensor applications [125-127]. 
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CHAPTER 7 CONCLUSION 

This research aimed at developing and implementing a versatile FS direct-writing system that is 

capable of inscribing advanced FBGs. Based on a thorough analysis of contemporary direct-

writing methods, various solutions were proposed and demonstrated to solve existing challenges. 

Not only did the findings enable the fabrication of advanced FBGs with high spectral qualities, 

but they also contributed to some improvements in this research field. Apodization by phase 

modulation certainly fills a gap in the pool of apodization methods suitable for FS direct-writing 

schemes, and PSO tracking offers an elegant way to control the position of the RIMs. The multi-

pulse approach has shown great potential towards the realization of FBGs with higher reflectivity 

and lower losses, and the novel alignment technique has provided an alternative approach to track 

the fiber core position. By publishing the results in Optics Express, the ideas that were explored 

during this work will hopefully contribute to the advancement of direct-writing fabrication 

methods.  

In CHAPTER 5 of this thesis, the full potential of the developed direct-writing system was shown 

by the realization of FBG-based sensors and filters, which may lead to important applications in 

the fields of distributed sensing and optical signal processing. Using the excellent capabilities of 

the writing system, many other applications may now be considered. For example, it opens doors 

to the development of novel filters which could be used in telecommunication systems for signal 

processing, wavelength division multiplexing, or dispersion compensation. The possibility to 

inscribe high-quality FBGs using a FS direct-writing system also allows for new opportunities in 

many other fields of application, such as fiber sensors, biomedical instruments, fiber lasers, 

astronomical filters, and many more.  
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APPENDICES 

APPENDIX A FOCAL SPOT SIMULATIONS 

This section describes the model used to calculate the parameters and the intensity profile of the 

Gaussian beam as it propagates through the optical system used to shape the focal spot of the 

laser into a planar stripe, as illustrated in Figure 3.2 (a). 

 

Figure A.1: The ABCD matrix transforms the input ray (𝑟𝑟1,𝜃𝜃1) to the output (𝑟𝑟2,𝜃𝜃2) ray. 

To calculate how the different optical elements affect the laser beam, a ray transfer matrix 

analysis is considered. This method, shown in Figure A.1, describes the effect of an optical 

element or system by a 2x2 matrix, which relates the incoming light ray to the outgoing one by 

the following equation: 

 �
𝑟𝑟2
𝜃𝜃2� = 𝑻𝑻 �

𝑟𝑟1
𝜃𝜃1� ;       𝑻𝑻 = �𝐴𝐴 𝐵𝐵

𝐶𝐶 𝐷𝐷�, (A.1) 

where 𝑟𝑟 and 𝜃𝜃 are the distance and angle of the light ray relative to the reference optical axis. 

A system which involves a cascade of multiple components can be describe by a single transfer 

matrix 𝑻𝑻, obtained by multiplying the matrices of each element: 

 𝑻𝑻 = 𝑻𝑻𝑵𝑵 ⋅ 𝑻𝑻𝑵𝑵−𝟏𝟏 ⋅ … ⋅ 𝑻𝑻𝟐𝟐 ⋅ 𝑻𝑻𝟏𝟏. (A.2) 

The same ABCD matrices can also be used to calculate how the optical components affect the 

propagation of a Gaussian beam. To do so, it is possible to define a complex beam parameter, 𝑞𝑞, 

which containing information about the beam waist size and its curvature: 

 
1
𝑞𝑞

=
1
𝑅𝑅
− 𝑖𝑖

𝜆𝜆
𝜋𝜋𝜋𝜋𝜔𝜔2 ;       𝑞𝑞 = (𝑦𝑦 − 𝑦𝑦0) + 𝑖𝑖𝑦𝑦𝑅𝑅 (A.3) 

where 𝑅𝑅 is the curvature, 𝜆𝜆 the wavelength, 𝑛𝑛 the refractive index, 𝜔𝜔 the waist size, 𝑦𝑦 the position 

along the optical axis, 𝑦𝑦0 the position of minimal waist size, and 𝑦𝑦𝑅𝑅 the Rayleigh range. Note that 
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the 𝑦𝑦-axis has been chosen for the direction of propagation to be consistent with the rest of this 

thesis. 

The effect of an optical components on the 𝑞𝑞 parameter is described by: 

 𝑞𝑞2 =
𝐴𝐴𝑞𝑞1 + 𝐵𝐵
𝐶𝐶𝑞𝑞1 + 𝐷𝐷

;      
1
𝑞𝑞2

=
𝐶𝐶 + 𝐷𝐷/𝑞𝑞1 
𝐴𝐴 + 𝐵𝐵/𝑞𝑞1 

 (A.4) 

The diagram representing the optical system used to shape the beam and focus it down the core of 

an optical fiber is shown in Figure A.2, and the ABCD matrices corresponding to each optical 

element are given in Table A.1. 

 

Figure A.2: Diagram of the optical system used to shape the focal spot of the laser beam into a 

plane. Since a cylindrical lens is used, the system is astigmatic, and this diagram illustrates the 

beam propagation in both the 𝑥𝑥𝑥𝑥 (solid line) and 𝑧𝑧𝑧𝑧 (dashed line) planes. The beam can be fully 

described by calculating the complex 𝑞𝑞 parameter after each optical element. 

Table A.1: ABCD transfer matrices for the optical components contained in Figure A.2 

Optical element ABCD matrix Definition 

Free space propagation �1 𝑑𝑑
0 1� 

𝑑𝑑: Distance 

Thin lens � 1 0
−1/𝑓𝑓 1� 

𝑓𝑓: Focal length (𝑓𝑓 > 0 for converging lens) 

Refraction at a flat 
interface �1 0

0 𝑛𝑛1/𝑛𝑛2 � 
𝑛𝑛1,𝑛𝑛2: Input/output refractive index 
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Refraction at a curved 
interface �

1 0
𝑛𝑛1 − 𝑛𝑛2
𝑅𝑅𝑛𝑛2

𝑛𝑛1
𝑛𝑛2

 � 
𝑛𝑛1,𝑛𝑛2: Input/output refractive index 
𝑅𝑅: Curvature radius (𝑅𝑅 > 0 when convex) 

The transfer matrices describing the beam propagation in the 𝑥𝑥𝑥𝑥-plane and 𝑧𝑧𝑦𝑦-plane of this 

system are given by: 

𝑻𝑻𝒙𝒙𝒙𝒙 = �
1 0

𝑛𝑛2 − 𝑛𝑛1
−𝑅𝑅𝑛𝑛1

𝑛𝑛2
𝑛𝑛1

 � �
1 𝑑𝑑
0 1� �

1 0
𝑛𝑛1 − 𝑛𝑛2
𝑅𝑅𝑛𝑛2

𝑛𝑛1
𝑛𝑛2

 � �
1 𝑑𝑑2
0 1 � �

1 0
−1/𝑓𝑓2 1� �

1 𝑑𝑑1
0 1 � �

1 0
−1/𝑓𝑓1 1� (A.5) 

𝑻𝑻𝒛𝒛𝒛𝒛 = �1 0
0 𝑛𝑛2/𝑛𝑛1 � �

1 𝑑𝑑3
0 1 � �

1 0
0 𝑛𝑛1/𝑛𝑛2 � �

1 𝑑𝑑2
0 1 � �

1 0
−1/𝑓𝑓2 1� (A.6) 

Using Eq. (A.3) to (A.6), the complex 𝑞𝑞 parameter can be calculate after each optical element, 

from which the parameters describing the Gaussian beam can be extracted (𝜔𝜔,𝑦𝑦0,𝑦𝑦𝑅𝑅). The focal 

waist size (𝜔𝜔0) is related to Rayleigh range (𝑦𝑦𝑅𝑅) by: 

 𝑦𝑦𝑅𝑅 =
𝜋𝜋𝜔𝜔0

2𝑛𝑛
𝜆𝜆

 (A.7) 

Finally, these parameters can be used to calculate the intensity profile of the focal spot with Eq. 

(2.32) to (2.34). Different examples are shown in Table A.2 and A.3. 

Despite being simple, the ABCD matrix method is based on the paraxial approximation which 

requires the angle between the beam and optical axis to stay small for the calculations to be 

accurate. In our case, the maximal NA value for which the paraxial approximation is still valid is 

ambiguous, and care should be taken when interpreting the simulation results for NA > 0.6. 

Perhaps the next step to answer this question could be to evaluate the effect of ABCD 

transformations on beam paraxiality following the work of Vaveliuk et al. [128-130], or explore 

another non-paraxial vectorial beam propagation model. Another limitation of this model is that it 

does not consider some optical aberrations. This being said, the paraxial model presented above 

is still a good tool to understand the underlying principles of the beam shaping techniques used to 

fabricate FBGs with a Pl-b-Pl writing scheme, and it is useful to analyse how different 

experimental parameters can affect the beam propagation. 
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Table A.2: Cross-sections of the normalized intensity profile of the focal spot over the transverse (𝑥𝑥𝑥𝑥) and longitudinal (𝑧𝑧𝑧𝑧) planes of 

the fiber, considering different focussing conditions. The objective can have different values of NA (0.5, 0.65 and 0.8) or clear 

aperture. The beam diameter can be adjusted to be equal or below the clear aperture. When equal, the NA of the objective is said to be 

“matched”, but a smaller beam diameter decreases the NA of the focussed beam. The astigmatism induced by the fiber curvature is 

also considered. 
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Table A.2: Continued 
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Table A.3: (Upper row) Illustration of the beam waist as it propagates through the fiber for different distances between the cylindrical 

lens and the focussing objective. (Lower row) Corresponding normalized intensity profile of the focal spot. It is possible to notice that 

changing the position between the lens by a few cm only slightly affects the shape of the focal spot, where a small expansion of its 

width can be observed when reducing the distance.  



   109 

 

APPENDIX B OFDR ALIGNMENT METHOD 

Mathematically, this process of the alignment method can be explained from the overlap integral 

definition of 𝜅𝜅, given in Eq. (2.13): 

 𝜅𝜅(𝑧𝑧) =
𝑣𝑣𝑣𝑣
4

�𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥,𝑦𝑦, 𝑧𝑧) 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑥𝑥,𝑦𝑦, 𝑧𝑧) 𝑒𝑒𝑘𝑘𝑘𝑘(𝑥𝑥,𝑦𝑦) 𝑒𝑒𝑗𝑗𝑗𝑗∗ (𝑥𝑥, 𝑦𝑦) 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑
∞

−∞

. (B.1) 

For single mode operation (𝑘𝑘 = 𝑗𝑗), we understand from Eq. (B.1) that 𝜅𝜅 is only maximized when 

Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�������� and the mode field overlap perfectly, and any misalignment of the beam position causes a 

reduction of 𝜅𝜅. Exploiting this fact, the alignment process is best described by expressing the 

coupling coefficient of each probe (𝜅𝜅𝑖𝑖) as a function of the transverse displacement (𝛿𝛿𝑥𝑥𝑖𝑖 , 𝛿𝛿𝑦𝑦𝑖𝑖): 

 𝜅𝜅𝑖𝑖(𝛿𝛿𝑥𝑥𝑖𝑖 , 𝛿𝛿𝑦𝑦𝑖𝑖) =
𝑣𝑣𝑣𝑣𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

4
�𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒��������(𝑥𝑥 − 𝛿𝛿𝑥𝑥𝑖𝑖 , 𝑦𝑦 − 𝛿𝛿𝑦𝑦𝑖𝑖) 𝑒𝑒(𝑥𝑥, 𝑦𝑦) 𝑒𝑒∗(𝑥𝑥, 𝑦𝑦) 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑
∞

−∞

, (B.2) 

where 𝑖𝑖 is the alignment probe number. This equation tells us that the signal obtained from 

measuring 𝜅𝜅 as a function of the displacement is proportional to the cross-correlation between the 

RIM’s cross-section and the mode field. Therefore, by assuming that the focal spot can be 

modelled as a Gaussian beam and does not suffer from substantial optical distortions, 𝜅𝜅𝑖𝑖 should 

varies approximately as a Gaussian function of the transverse displacement. 

The grid that contains the position of transverse displacement (𝛿𝛿𝑥𝑥𝑖𝑖 , 𝛿𝛿𝑦𝑦𝑖𝑖), the number of probes 

and the length of the characterization section can be adjusted depending on the type of fiber being 

used and the shape of the focal spot. 

To illustrate the accuracy of the method, as well as the sensitivity to misalignment, several weak 

uniform FBGs of 1 mm (𝜅𝜅𝜅𝜅 < 3) were inscribed in an uncoated SMF-28 with a small transverse 

misalignment relative to the mapping result. Figure B.1 shows their normalized coupling 

coefficient 𝜅𝜅 as a function of the deviation from the core center. As expected, the strongest 

gratings are produced when the objective is well-centered with the mapping result, suggesting 

low systematic error. It can also be seen that 𝜅𝜅 drops rapidly when the laser focal spot deviates by 

just a few μm from the core central position, but the sensitivity to misalignment is reduced over 

𝑥𝑥-axis. This can be explained by two factors. First, because of refraction, it can be shown that 
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moving the objective by 1 mm toward the fiber (𝑦𝑦-axis) induces a displacement of the focal spot 

by about 1.6 mm inside the glass medium. Secondly, Figure 3.2 (e) showed that the simulated 

RIM’s cross-section is slightly asymmetric and elongated along the 𝑥𝑥-axis. Even though this 

minor elongation cannot explain the difference in sensitivity by itself, it should be noted that the 

geometry of the focal spot is extremely sensitive to variation in beam diameter (see 0), and a 

wider than expected beam could result in a wider focal spot (along 𝑥𝑥), hence a lower sensitivity 

to misalignment. 

 

Figure B.1: Normalized coupling coefficient for weak uniform FBGs as a function of the 

transverse deviation from fiber core center, as measured with the OFDR alignment technique. 

The inscription was performed in an uncoated SMF-28 fiber, and the deviation was applied along 

the 𝑥𝑥 and 𝑦𝑦 transverse axis independently.  
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APPENDIX C PHYSICAL PROPERTIES OF THE FIBERS 

Table C.1 Important physical and geometrical properties of the fibers that were frequently used 

during this thesis. The coating of the SMF-28 fiber [82] was usually removed before inscribing 

an FBG, while the SM1250(10.4/125)P polyimide coated fiber [83] was mainly used for through-

the-coating inscriptions.  
 

SMF-28 SM1250(10.4/125)P 
Manufacturer Corning Fibercore 
Coating type Dual acrylate Polyimide 
Coating diameter (µm) 242 ± 0.5 155 ± 5 
Cladding diameter (µm) 125 ± 0.7 125 ± 2 
Core diameter (µm) 8.2 - 
Coating-cladding concentricity (µm) < 12 - 
Core-cladding concentricity (µm) ≤ 0.5 ≤ 0.75 
Effective refractive index @1550nm 1.4682 - 
Mode field diameter @1550nm (µm) 10.4 ± 0.5 10.4 ± 0.8 
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APPENDIX D FEMTOSECOND LASER DIRECT-WRITING OF HIGH 

QUALITY FIRST-ORDER BRAGG GRATINGS WITH ARBITRARY 

COMPLEX APODIZATION BY PHASE MODULATION: 

SUPPLEMENTAL DOCUMENT 

This appendix contains the supplemental document that was submitted to Optics Express along 

article 1 presented in CHAPTER 4. 

Spectral quality of FBGs made above and below the threshold 

In Section 4.6.2 of the manuscript, it was mentioned that writing FBGs with pulse energy below 

the transition (highlighted by the dashed lines on Figure 4.6) leads to a high-quality spectral 

response, while writing with pulse energy above this threshold causes a deterioration of the 

spectral response. Figure D.1 illustrates the difference between the two regimes by showing the 

transmission curves of different FBGs, made with pulse energy either above or below the 

threshold. The FBGs were inscribed in both an uncoated SMF-28 fiber and a polyimide coated 

fiber, and they were made with a number of pulses per grating plane that ranges from 1 to 200, as 

indicated in the legend. 

 

Figure D.1: Illustration of the difference between the spectral response for FBGs written with 

pulse energy below (A) or above (B) the transition threshold, indicated by the dashed lines of 

Figure 4.6. The study was performed in both an uncoated SMF-28 fiber and a polyimide coated 

fiber. N indicates the number of pulses per grating plane that was used for the inscription. 
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