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Abstract 

The advancement of photonics has transformed the fields of communication and 
sensing, allowing for outstanding improvements in transmission speed, accu-
racy, miniaturization, and scalability. This Ph.D. thesis reports the design and 
fabrication of Mid-InfraRed (Mid-IR) devices tailored for Internet of Things 
(IoT) applications, focusing on the use of optical fibers based on soft glasses. 
The research encompasses various optical components, including Bragg gratings 
inscribed on flat fibers and planar substrates, and optical fiber devices based on 
stretching and heating fabrication technique such as combiners, couplers, pho-
tonic lanterns, long period gratings (LPGs), non-adiabatic tapers, and S-tapers. 
Additionally, the modelling and design of a Praseodymium-doped laser is ex-
plored to enhance Mid-IR light generation. 

The initial section of this thesis concentrates on the design, fabrication, and 
characterization of innovative Bragg gratings. These are wavelength-selective 
mirrors, essential for the construction of laser cavities. Moreover, they can be 
used as sensors exploiting the Bragg wavelength shift to measure various physi-
cal parameters, such as strain, curvature, and temperature. These results were 
achieved in collaboration with the University of Southampton (Optoelectronic 
Research Centre - ORC, UK) and the University of Bristol (School of Civil, Aer-
ospace and Design Engineering, UK). 

Considering the increasing interest in the Mid-IR spectral range, the second 
part of the thesis investigates the design, fabrication, and characterization of 
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Mid-IR optical fiber components based on soft glasses, mainly operating within 

the wavelength range from Ā = 0.5 āă to Ā = 5.5 āă. Optical fiber combiners 
and couplers are key building blocks in communication and sensing systems, 
serving for spectral splitting/combining and the increasing of optical power. 
Photonic lanterns offer an efficient interface between multi-mode and single-
mode waveguides, proving beneficial in astrophotonics where <every photon 
counts=. LPGs and tapers enable sensing capabilities in the Mid-IR, spectral 
range that allows to identify the typical bonds of many molecules. In 
collaboration with Le Verre Fluoré (Bruz, France), the development of a 
specialized manufacturing process for soft glasses permitted the fabrication and 
characterization of these devices. 

Finally, Bragg gratings in combination with some of the developed building 
blocks allow the fabrication of all-in-fiber Mid-IR amplifiers, and lasers systems. 
In this context, optical fiber lasers, emitting in the Mid-IR wavelengths, can be 
employed for novel communication and sensing schemes. Therefore, the design 
and optimization of a Mid-IR continuous wave (CW) laser based on Praseodym-
ium, is reported in the last part of the Ph.D. research work.  

Some of the findings from this research have been published in International 
Journals and presented at National and International Conferences, as detailed in 
the list at the end of the thesis. 
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Introduction 

Mid-IR technology is increasingly being recognized for its potential in novel 
communication schemes and IoT applications. The unique properties of Mid-IR 

wavelengths, particularly in the wavelength range from Ā = 3 āă to Ā = 5 āă, 
make them highly suitable for various communication and sensing applications, 
exploiting the low-loss atmospheric window [1]. This capability is particularly 
advantageous in environments with natural or artificial obscurants, as Mid-IR 
wavelengths can penetrate these barriers effectively, enhancing communication 
range and reliability. Systems utilizing Mid-IR wavelengths are also character-
ized by eye-safe operation, high bandwidth, and resistance to jamming, making 
them ideal for secure communications in hostile environments [1]. The ability to 
operate effectively in various weather conditions makes Mid-IR an attractive op-
tion for IoT devices deployed in diverse environments [2]. Furthermore, in spec-
troscopy, the Mid-IR wavelength range is garnering considerable scientific at-
tention because most molecules exhibit rotational-vibrational absorption lines 
within this spectrum, resulting in a distinctive fingerprint [3]. Mid-IR sensors 
can detect specific gases and pollutants by identifying their unique absorption 
fingerprints. This capability is essential for environmental monitoring applica-
tions, where real-time data on air quality and other parameters are crucial for 
public health and safety [4]. Mid-IR sensing is useful in other applications, 
which include imaging, medical diagnosis, and therapy [5], [6], [7]. Conse-
quently, there is a strong demand for the development of Mid-IR components. 



    Introduction 2 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Despite the growing interest and potential of Mid-IR technology, its maturity 
remains inadequate due to the lack of sufficiently developed building blocks re-
quired for laser and amplifier systems operating in this spectral range. Compo-
nents such as couplers, combiners, and splitters, which are fundamental for Mid-
IR applications, are still in the early stages of development and require further 
advancements to enable widespread adoption of this technology [8]. Mid-IR op-
tical fibers are typically produced using chalcogenide glasses, which include el-
ements such as sulfur, selenium, and tellurium, as well as fluoride glasses, such 
as zirconium fluoride and indium fluoride. These materials are usually employed 
for their superior transmission properties in the Mid-IR spectrum, contrary to the 
commonly used silica glass which is not continuously transparent beyond the 

wavelength Ā = 2 āă [9]. Chalcogenide optical fibers have been extensively 
studied due to their broad range of low-attenuation, high nonlinear coefficient, 
and the potential to create active optical fibers by doping with rare-earth ele-
ments [9]. Fluoride optical fibers share some advantages with chalcogenide fi-
bers and offer extremely low Rayleigh scattering and attenuation. Additionally, 

they can guide light continuously within the transmission windows of Ā =0.3 āă to Ā =  4.5 āă for zirconium fluoride glass and Ā =  0.3 āă to Ā =5.5 āă for indium fluoride glass [10], [11]. Moreover, fluoride optical fibers 
show lower Fresnel losses than chalcogenide ones at the interface with air or 
silica [12]. In contrast to silica glass, fluoride glasses present several challenges 
due to their significantly lower glass transition temperatures, i.e. approximately ăą = 275°ÿ for indium fluoride (InF3) and around ăą = 265°ÿ for zirconium 

fluoride (ZBLAN). Additionally, these materials have a steep viscosity-temper-
ature profile near the glass transition temperature and are brittle. These charac-
teristics can lead to thermal instabilities during fabrication processes such as 
splicing and tapering, complicating the production of high-quality optical fibers 
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devices [13]. Optical fiber devices with Mid-IR transparent glasses, such as com-
biners and couplers, have been designed, fabricated, and characterized to effi-
ciently combine or split optical signals into and from a single optical fiber. The 
integration of these devices eliminates the need for bulk optics, facilitating the 
development of industrial all-fiber lasers operating in the Mid-IR. Moreover, 
photonic lanterns made from fluoride glass have been fabricated to serve as ef-
fective interfaces between multi-mode and single-mode waveguides in the Mid-
IR spectral range, where stars are bright. The fabrication procedure has been then 
optimized to fabricate LPGs via micro-tapering technique. These are fundamen-
tal for equalization in amplifiers, suppression of unwanted lasing emissions, and 
sensing applications. Lastly, all-fiber Mach-Zehnder interferometers have been 
proposed, based on non-adiabatic taper and S-taper geometries. The research ac-
tivity on Mid-IR fiber baser components lies in the framework of the European 
project H2020-ICT-37-2020 <Photonic Accurate and Portable Sensor Systems 
Exploiting Photo-Acoustic and Photo-Thermal Based Spectroscopy for Real-
Time Outdoor Air Pollution Monitoring 3 PASSEPARTOUT= n. 101016956, 
with a strict collaboration with the company Le Verre Fluoré (Bruz, France).  

Bragg gratings are essential components for the development of laser sources. 
This Ph.D. research has investigated their operating mechanism, particularly 
with reference to sensing applications using innovative optical fiber geometries. 
In other words, the research has explored the employment of Bragg gratings in 
unconventional optical platforms, such as flat optical fibers and all-glass flexible 
planar platforms. Flat optical fibers can be manufactured adopting the same tech-
nique of standard cylindrical optical fiber, making them more cost-effective 
compared to traditional planar waveguides. Furthermore, the research focused 
on developing all-glass flexible photonic platforms, demonstrating the feasibility 
of fabricating ultra-thin and conformable sensors for bending detection 
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applications. These novel solutions were developed through a collaborative ef-
fort with the University of Southampton (Optoelectronic Research Centre 
(ORC), UK) and the University of Bristol (School of Civil, Aerospace and De-
sign Engineering, UK). 

As already mentioned, Bragg gratings are wavelength-selective structures 
that can be utilized for multiplexing optical signals or for constructing laser cav-
ities. In this context, a CW laser has been designed and optimized using praseo-
dymium-doped indium fluoride optical fiber to achieve Mid-IR emission at the 

wavelength Ā = 4 āă with a low pump power threshold. This laser has the po-
tential to be applied in optical communication systems and in novel sensing ap-
plications. 
The obtained results are illustrated by following this organization: 

• Chapter 1 introduces the state of the art about fiber Bragg gratings, 
Mid-IR optical fiber devices, and optical fiber lasers. 

• Chapter 2 reports the operating principles, and the theory employed 
for the designs of: i) Bragg grating sensors, ii) Mid-IR optical fiber 
components, and iii) Mid-IR optical fiber laser. 

• Chapter 3 focuses on Bragg gratings in non-conventional optical 
platforms. In particular, Section 3.1 describes the design of an em-
bedded microstructured flat optical fiber in composite materials for 
triaxial stress monitoring; Section 3.2 describes the curvature re-
sponse of a flexible Bragg grating with off-axis core, including the-
oretical and experimental details; Section 3.3 describes the design, 
fabrication and characterization of a few-mode flexible photonic sen-
sor which has the advantage to exploit also ratiometric power (in ad-
dition to Bragg wavelength shift), making it possible to achieve 
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multi-parameter monitoring, inferring, for instance, curvature and 
temperature simultaneously. 

• Chapter 4 describes Mid-IR optical components developed via fused 
tapering. In particular, Section 4.1 describes the design, fabrication 
and characterization of an end-pump optical fiber combiner based on 
indium fluoride optical fibers and capillaries; Section 4.2 describes 
the design, fabrication and characterization of a 2×2 fluoride optical 
fiber coupler and reports the excess losses/coupling ratios obtained 
for symmetrical coupler fabricated with single-mode, few-mode and 
multimode fibers; Section 4.3 describes the design, fabrication and 
characterization of an indium fluoride photonic lantern, capable of 
mode-group selectivity; Section 4.4 describes the design, fabrication 
and characterization of LPGs inscribed in zirconium fluoride optical 
fiber via micro-tapering technique; Section 4.5 describes the design, 
fabrication and characterization of all-fiber-interferometers based on 
non-adiabatic taper and S-taper geometries. 

• Chapter 5 focuses on a Mid-IR CW optical fiber source. In particular, 
the design of the Mid-IR laser based is based on a Pr3+-doped indium 

fluoride optical fiber emitting up to Ā = 4 āă. 
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1 Optical fiber devices for Mid-IR 

applications 

This chapter introduces the state-of-the-art about all the topics considered in the 
Ph.D. research activity, i.e. Bragg gratings based on flat optical fibers, and ultra-
thin glass substrates for real-time monitoring of strains, Mid-IR optical fiber de-
vices as combiners, couplers, photonic lanterns, sensors, and Mid-IR optical fi-
ber lasers for environmental sensing or novel communication systems.  

1.1 Fiber Bragg gratings 

Fiber Bragg gratings (FBGs) are structures inscribed within optical fibers that 
reflect specific wavelengths of light while transmitting others, typically adopting 
fabrication techniques based on ultraviolet (UV) light [14]. The grating is usually 
accomplished by inducing periodic refractive index changes in the optical fiber 
core, creating a dielectric mirror with selective reflectivity [14]. FBGs are ex-
tensively used in various applications, such as sensing, multiplexing optical sig-
nals, filtering, and for building laser cavities. Their ability to accurately measure 
physical parameters like temperature and strain makes them relevant in structural 
health monitoring applications [15]. Indeed, they are characterized by i) high 
sensitivity, capable of detecting minute changes of the considered physical pa-
rameters, ii) lightweight and compact size, iii) multiplexing capability, allowing 
for the simultaneous monitoring of multiple parameters over long distances, and 
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iv) durability and resistance, as FBGs are resistant to electromagnetic interfer-

ence and can function in harsh environments [16]. The Bragg wavelength Āþ is 
defined as the specific wavelength of light that is reflected by the grating. This 
wavelength is determined by the periodic structure of the grating. The relation-
ship between the Bragg wavelength, the effective refractive index of the re-

flected mode ĄăĄĄ, and the grating period Λ can be approximated by the equation Āþ = 2ĄăĄĄΛ [17]. This equation shows that the Bragg wavelength is propor-

tional to the effective refractive index guided in the optical fiber and to the grat-
ing period of the periodic refractive index change. Therefore, any external fac-
tors that change either the refractive index or the grating period will cause a shift 

in the Bragg wavelength Āþ [18]. In this way, the signal reflected from the grat-
ing can undergo a red- or blue-shift, depending on the type of external perturba-
tion. Systems utilizing tunable lasers or broadband light as optical sources and 
spectrometers or optical spectrum analyzers as detectors can be used as FBGs 
interrogation schemes [19]. In this way, the Bragg wavelength shift can be pre-
cisely detected, allowing for accurate monitoring of strain, temperature and sur-
rounding refractive index variations (if the evanescent field of the interacting 
modes is sensitive to the environment) [20]. 

1.1.1 Fiber Bragg gratings embedded in CFRP 

FBGs are increasingly employed in structural health monitoring applications, 
especially surface-mounted or embedded in carbon fiber reinforced polymers 
(CFRP). CFRP materials are broadly used in aerospace, automotive, and civil 
engineering because of their high strength-to-weight ratio and superior mechan-
ical properties [21]. However, the challenge is effectively monitoring the struc-
tural integrity of these materials, particularly under dynamic loading conditions 
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[22]. Integrating FBGs into CFRP offers an effective method for real-time strain 
measurement and damage detection, while having a negligible effect on the 
structural integrity due to the compact size of the FBGs. Optical fiber sensor 
technology stands out as a fundamental approach for assessing the internal strain 
conditions of composite materials like CFRP [23], utilizing a non-destructive 
sensing method for identifying failures in CFRP like cracks and delamination 
[24], [25], [26], [27], [28]. It is worthwhile noting that CFRP is generally brittle 
in the transverse direction and embedded FBG sensors are capable of detecting 
both static and dynamic strain fields [29], [30].  

Regarding multiparameter detection, especially in the context of multiaxial 
strain monitoring, high birefringent FBGs (such as microstructured, panda, or 
bow-tie designs) have been suggested as viable options [31], [32]. Birefringence 
disrupts the circular symmetry of the optical fiber, resulting in two principal 
transmission axes, referred to as the fast and slow axes. Each polarization of the 
fundamental mode guided in the optical fiber travels with different velocity, i.e. 

possesses a different effective refractive index ĄăĄĄ. This phenomenon generates 

two reflection peaks in the FBG, each characterized by different sensitivities that 
can be used to measure distinct parameters. Although high birefringent FBGs 
are suitable for multiparameter detection, they necessitate precise alignment with 
the composite material structure. Consequently, any errors in the orientation as-
sessment may result in inaccurate estimations of the strain field [33]. Using flat 
optical fibers, instead of the standard cylindrical optical fibers, for embedding is 
more suitable, as it helps address issues related to resin-rich regions and fiber 
orientation within the composite material, due to its peculiar cross-section ge-
ometry. A flat optical fiber is primarily composed of a slab waveguide and a 
surrounding cladding layer [34]. Generally, it allows multimode propagation in 
two lateral elliptical core areas, referred to as "eyelets," while allowing single-
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mode propagation in the central core region, thanks to the presence of a thin, flat 
core layer [35]. Single-mode waveguides can be fabricated by introducing addi-
tional refractive index changes, through direct UV writing (DUW) or femtosec-
ond laser inscription, in both the eyelets and the central core layer of the flat 
optical fiber [36]. Numerous passive devices have been developed for flat optical 
fibers, including gratings, interferometers, microfluidic channels, resonators, 
and splitters [37]. Flat optical fiber sensors can detect damage resulting from 
impacts, delamination, or debonding by comparing the spectrum before and after 
such events and employing detection algorithms for pattern recognition [38], 
[39].  

In this thesis, an innovative microstructured flat optical fiber has been de-
signed for multiparameter monitoring [40]. Specifically, this sensor is intended 
to perform triaxial strain monitoring with high precision. To facilitate the fabri-
cation, an alternative methods have been suggested, based on grooved/sloping 
cladding region [41], [42]. 

1.1.2 Fiber Bragg gratings for flexible photonics 

Flexible photonics is a promising research field contributing to the development 
of optical devices and systems that can bend, stretch, or adapt to different shapes 
and surfaces. This technology is beneficial in scenarios where conventional rigid 
optical components are not employable. Applications include enabling mini-
mally invasive medical procedures, improving soft robotic systems, and detect-
ing shape changes in composite materials [43], [44]. Various materials, both or-
ganic and inorganic, can be utilized to create flexible substrates. The incorpora-
tion of materials such as polymers, hydrogels, and other flexible substrates has 
facilitated the development of lightweight and adaptable photonic devices. 
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While the focus in flexible photonics has largely been on polymers and other 
soft materials, all-silica substrates are gaining reputation due to their distinctive 
properties. Indeed, silica glasses are recognized for their excellent optical per-
formance (e.g. possibility to obtain high core/cladding index contrast), low loss, 
high thermal stability, and compatibility with FBGs. Recent advancements have 
produced flexible silica substrates that retain these aspects while also improving 
bendability. It is worthwhile noting that the maximum curvature of these sub-
strates is influenced by the thickness of the glass and the presence of surface 
defects, associated with the fabrication process [45]. Various operational princi-
ples have been proposed for designing one-dimensional curvature sensors: 
Bragg gratings in off-axis core [46], eccentric Bragg gratings [47], [48], tilted 
Bragg gratings [49], [50], long period gratings [51], [52] and in-line interferom-
eters [53], [54], [55]. Multidimensional curvature monitoring is also investi-
gated, and multicore fibers are crucial in this context [56], [57], [58]. To achieve 
this, three non-aligned cores that are positioned off-axis relative to the curvature 
have been utilized, with each core containing a Bragg grating. The presence of 
multiple cores enhances the reliability of the measurements [59]. The shape 
change monitoring relies on the strain measurements obtained from each Bragg 
grating.  

In this thesis, the curvature effect on the reflection spectrum for an off-axis 
few-mode core has been investigated and reported for an ultra-thin silica planar 
Bragg grating [60]. Moreover, a new method has been proposed to monitor the 
degree of bending using this platform, relying on ratiometric power variation in 
a few-mode optical waveguide [61]. To demonstrate the feasibility of the latter, 
three Bragg gratings on a single planar platform, slightly offset from the neutral 
axis, have been designed, fabricated, and characterized. 
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1.2 Optical fiber devices for Mid-IR based on stretch-

ing and heating fabrication technique 

The development of Mid-IR optical systems is accompanied by challenges, pri-
marily due to the lack of standard components readily available for silica fibers. 
While silica optical fibers benefit from a robust infrastructure that includes var-
ious components like couplers, combiners, and splitters optimized for the visible 
and near-infrared ranges, comparable components for fluoride/chalcogenide 
glasses operating in the Mid-IR range are still immature. This gap highlights the 
need for significant research and innovation to create compatible optical ele-
ments for Mid-IR applications. Fluoride glasses were first discovered in 1974 
and have undergone extensive research and development. Today, fluoride 
glasses are recognized as a well-established technology capable of transmitting 
light across a wide spectral range, including UV, visible, near-infrared (NIR), 
and Mid-IR regions [62]. As a result, research efforts have concentrated fiber 
components specifically designed for the Mid-IR spectrum, ensuring their effec-
tive integration into future optical systems and applications. However, fluoride 
glasses are susceptible to devitrification, a process in which the amorphous glass 
structure converts to a crystalline state [11]. Crystallization can happen during 
processing or at high temperatures, resulting in a decrease in optical transparency 
and performance. The propensity for crystallization is linked to the heavy metal 
content and the specific composition of the glass, which can create conditions 
conducive to the nucleation and growth of crystalline phases. The typical method 

for assessing devitrification involves measuring the crystalline fraction ā. If ā <1025, the glass remains largely transparent with minimal scattering losses and 

can be categorized as vitreous [63]. If the glass becomes excessively softened, it 
can develop a grainy appearance due to crystallization [11]. To address this 
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problem, precise control of the glass composition and processing conditions is 
crucial. In addition, fluoride glasses are more susceptible to moisture and envi-
ronmental degradation compared to silica glasses [64]. The presence of fluoride 
ions can make the glass more prone to hydrolysis, which can compromise the 

structure and impact optical performance. The glass transition temperature ăą of 

fluoride glasses is considerably low if compared to the widely employed silica 

glass. For instance, for indium fluoride (InF3) glass ăą = 275°C, while for zir-

conium fluoride (ZBLAN) glass, it is approximately ăą = 265°C. [10]. In con-

trast, the glass transition temperature of silica glass is much higher, typically 

around ăą = 1200°ÿ. Furthermore, fluoride glasses exhibit a steep viscosity-

temperature relationship close to the transition point. This indicates that even a 
slight change in temperature can lead to a significant variation in viscosity, mak-
ing the material more sensitive to thermal fluctuations. As the temperature nears ăą, the viscosity decreases sharply, resulting in greater mechanical fragility and 

thermal instability. This steep viscosity-temperature profile complicates the fab-
rication of fluoride glass optical fibers, especially during splicing and tapering 
[65]. Custom fusion workstations operating at low temperatures have been em-
ployed to manufacture a limited number of components, such as optical couplers 
and combiners, for chalcogenide glasses [11], [66], [67], [68], [69], [70]. Re-
garding fluoride glass, couplers based on single-mode and multimode optical 

fibers have been recently introduced, with excess losses as low as āĀ = 0.35 dB; 
additionally, optical fiber combiners utilizing end-pumping and side-pumping 
configurations have been developed for fluoride glass [71], [72], [5], [73], [74]. 
LPGs and FBGs have been inscribed on fluoride optical fibers using various 
techniques involving femtosecond lasers, either through the use of phase masks 
or through line-by-line direct inscription [75], [76], [77]. Finally, sensors 
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utilizing non-adiabatic tapered and side-polished fluoride optical fibers have also 
been reported recently [78], [79]. 

1.2.1 Optical fiber combiners and couplers 

Optical fiber combiners can be designed according to different operating princi-
ples: i) combining the optical beams from several input fibers into a single output 
fiber, ii) splitting the optical beam from one input fiber into multiple output fi-
bers, and iii) coupling the optical beam from a tapered fiber that is laterally 
spliced with a signal fiber. The operation of optical fiber combiners can be cat-
egorized into three distinct types: i) end-pump combiners, ii) end-pump and sig-
nal combiners, and iii) photonic lanterns [80], [81], [82], [83], [84]. The first two 
categories are used for power delivery in rare-earth doped optical fibers, while 
the third category fits well in application in which it is necessary to combine the 
signal of N single mode fibers into a single multimode output and viceversa [85], 
[86]. In the end-pump configuration, N multimode pump fibers are fused to-
gether, and typically, the waist region of the device is spliced with an output 
multimode optical fiber or with a double-cladding rare-earth doped fiber [87], 
[88]. The end-pump and signal combiner consists of a signal optical fiber encir-
cled by N pump multimode optical fibers. All the fibers are fused together, al-
lowing the pump power to be coupled with the signal optical fiber, resulting in 
a (N+1)×1 combiner [89]. The photonic lantern is composed of N single-mode 
(or few-mode) optical fibers fused together to produce a single multimode out-
put. This device can be utilized for spatial division multiplexing (SDM) applica-
tions and in astronomy and spectroscopy applications, to perform spectral filter-
ing in single mode optical fibers [90], [86]. Side-pumping involves directly cou-
pling a pump optical fiber with a signal optical fiber through side power 
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coupling. Typically, coreless optical fibers or thin cladding optical fibers are pre-
tapered (to reduce the confinement of the electromagnetic field) and side-spliced 
with the signal optical fiber with the final goal to deliver high optical power into 
an activated medium [91]. The 2×2 optical fiber coupler is a key component in 
many optical fiber systems, commonly utilized for multiplexing and demulti-
plexing, combining signals and pumps, as well as in ring cavities and filters [92]. 
In the 1990s, experiments were carried out on couplers that utilized optical fibers 
made from soft glasses for the first time [93]. Following that, research primarily 
concentrated on chalcogenide couplers for broadband, nonlinear, and wave-
length-dependent applications [8], [70], [94], [95]. Fused biconical tapering and 
side-polished bonding techniques have been employed as fabrication techniques 
for zirconium fluoride couplers [72], [5]. The fused biconical tapering technique 
is thought to be better than side-etching and side-polishing in terms of reliability 
and repeatability when fabricating optical fiber couplers [66]. 

In this thesis, a 3×1 end-pump optical fiber combiner based on indium fluo-
ride optical fibers has been designed, fabricated and broadband characterized in 
the Mid-IR spectral range [73]. Moreover, different 2×2 optical fiber couplers 
based on multi-mode, few-mode, and single-mode indium fluoride optical fibers 
have been developed and tested in the Mid-IR [71], [96], [97]. A mode-group 
selective photonic lantern has been designed and fabricated, demonstrating the 
the selectively excitation of the LP01 or of the LP11 mode group at the multi-mode 
end of the device, depending on the optical fiber excited at the single-mode end 
of the device. 
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1.2.2 Long period gratings 

LPGs were first demonstrated in the late 1990s by means of the exposure to UV 
laser radiation [98], [99], [100]. Typically, LPGs can be used to couple the 
guided modes in the core of an optical fiber to the co-propagating cladding 
modes at specific resonant wavelengths, dependent on the grating geometry. 
This coupling leads to mode conversion and, usually, to dips in the transmission 
spectrum because of the attenuation of the cladding modes [101], [102]. LPGs 
have been widely studied in the field of optical communications [103], [104], 
[105]. In addition, in the field of sensing, they can mainly be engineered to iden-
tify temperature, strain, torsion, pressure, surrounding refractive index, and bio-
chemical substances [106], [107], [108], [109]. While the UV-based fabrication 
method for fabricating LPGs is a well-established technology, it necessitates 
complex and time-consuming processes [101]. Moreover, this technique is un-
suitable for non-photosensitive fibers, as zirconium fluoride fibers [110]. In re-
cent years, alternative writing techniques for fabricating LPGs, mainly based on 
thermal effects, have been reported [111], [101], [112], [113], [114], [115], 
[116]. The mechanisms that contribute to the formation of gratings include geo-
metrical alterations, relaxation of residual stress, diffusion of dopants, structural 
changes in the glass matrix, etc. [117], [118], [119]. Among these novel tech-
niques, micro-tapering can be considered cost-effective and capable of obtaining 
pronounced transmission dip [120]. Until now, only femtosecond laser and cor-
rugated rod have been employed for fluoride LPGs fabrication [76], [121], [75], 
[122]. 

In this thesis, LPGs based on single-mode zirconium fluoride optical fibers 
have been designed by means of coupled mode theory, fabricated via micro-
tapering technique and characterized via broadband source in the Mid-IR 
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spectral range, demonstrating a large resonance occurring because of the cou-
pling between the fundamental mode, i.e. LP01 mode, and the first symmetrical 
cladding mode, i.e. LP02 mode.  

1.2.3 All-fiber interferometers  

All-fiber interferometers have garnered significant interest due to their high sen-
sitivity, low fabrication cost, and compact size [123], [124]. An implementation 
of all-fiber interferometers is based on non-adiabatic tapered optical fiber. The 
abrupt tapers excite cladding modes, and the device exploits the different optical 
path lengths of the electromagnetic modes in the waist region to produce a comb 
spectrum at the output, which shifts in response to external variations [125], 
[126]. Mach-Zehnder and Michelson interferometers for refractive index (RI) 
sensing have been proposed using non-adiabatic tapered optical fibers, produced 
through cost-effective processes employing the heat-and-pull method [127], 
[128], [129]. As already mentioned, optical fiber sensors that utilize tapering 
provide several benefits, including a simple design, ease of manufacturing, and 
cost-effectiveness [124], [130]. However, these tapered fiber sensors often ex-
hibit relatively low RI sensitivities, and the length of the waist region is typically 
in the range of tens of millimeters, rendering them less suitable for compact in-
tegrated applications and making them more fragile [127]. In contrast, S-tapered 
optical fiber (STOF) can be considered an enhanced, miniaturized version of a 
fiber Mach-Zehnder interferometer [127]. This structure was firstly developed 
in 2011 for RI and strain detection [131]. In 2013, a novel refractive index sensor 
based on S-tapered photonic crystal fibers was introduced. This sensor was also 
proposed in combination with a hybrid long period grating to enable simultane-
ous measurement of both refractive index and temperature [132], [133]. 
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Different geometries have been explored, particularly focusing on double S-ta-
pers, different types of optical fiber cascading [134], [135], S-taper fiber coated 
with SiO2 nanoparticles [130], and graphene oxide [136], [137]. Due to the small 
size and easy fabrication, the STOF has attracted research interests for the meas-
urement of physical and biochemical parameters [138], including magnetic field 
[139], refractive index [135], temperature [133], humidity [136] and antigen3
antibody interaction [140] etc.  

In this thesis, a non-adiabatic tapered interferometer and a STOF have been 
developed on single-mode zirconium fluoride optical fiber, paving the way for a 
next-generation of optical fiber sensors which can benefit from the properties of 
the Mid-IR spectral range [78]. 

1.3 All-fiber Mid-IR optical fiber sources 

Mid-IR emitting sources have collected significant attention in recent years, par-
ticularly for optical communications, environmental monitoring, and sensing 
[141], [142], [143]. Fiber lasers can be fabricated using diverse optical fiber ma-
terials, including chalcogenide and fluoride glasses. These optical fibers can be 
activated by doping or co-doping with a variety of rare-earth ions, such as dys-
prosium, erbium, thulium, holmium, neodymium, and praseodymium. By incor-
porating these ions, fiber lasers can be engineered to emit light at specific wave-
length ranges, enabling their use in various applications that require targeted 
wavelengths [144], [145], [146], [147], [148], [149]. Fluoroindate fibers are par-

ticularly well-suited for applications in the 3 2 5 āă Mid-IR spectral region due 
to their exceptional optical transparency in this wavelength range. Many air pol-
lutants and biomolecules exhibit characteristic light absorption peaks within this 
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window, making fluoroindate fibers valuable for sensing and spectroscopic ap-
plications targeting these molecules. The broad transparency window, combined 
with the low phonon energy of fluoroindate glasses, makes them promising can-
didates for the development of Mid-IR fiber lasers and amplifiers [150], [151], 
[152]. Erbium-, dysprosium-, and holmium-doped fluoroindate fibers have gar-
nered significant interest due to their specific emission wavelengths [153], [154], 

[155]. In [156], the tunable laser emission at wavelengths near Āĉ =  2.31 āă 
in a Tm3+ doped single-mode fluoride fiber laser has been reported. In [157], an 

Er3+-doped ZBLAN fiber laser emitting around Āĉ =  2.7 āă, pumped at ĀĆ =980 Ąă, has been reported. In [158], a Ho3+/Pr3+ co-doped fluoride fiber laser 

with an output power ÿĉ =  7.2 Ć has been demonstrated at wavelengths close 

to Āĉ = 2.9 āă. Recently, holmium-doped fluoroindate fibers have been char-

acterized, and CW lasers emitting at Āĉ  =  3.92 āă [153], with pumping at ĀĆ  =  888 Ąă, was obtained. Regarding the pulsed operation, lasing emissions 

at wavelength Āĉ  =  2.106 āă and Āĉ  =  3 āă have been obtained [159], 
[160]. 

In this thesis, a CW optical source is designed employing commercially avail-

able Pr3+-doped fluoroindate fibers [161]. The pumping wavelength is ĀĆ =1550 Ąă and the emission is Āĉ = 1550 Ąă with a pump power threshold as 

low as ÿĊ/ = 0.007Ć. 
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2 Theoretical principles 

In this chapter, the theory useful for the design of Bragg gratings, Mid-IR optical 
fiber components, and optical fiber Mid-IR laser discussed in this Ph.D. thesis, 
is briefly reviewed. 

2.1 Coupled Mode Theory: generic perturbation 

Coupled Mode Theory (CMT) is a technique used to examine light propagation 
in perturbed or weakly coupled waveguides. Initially, the modes of the unper-
turbed or uncoupled structures are identified and solved. Subsequently, a linear 
combination of these modes is employed as a trial solution to Maxwell's equa-
tions for more complex perturbed or coupled structures. The general expression 
of Maxwell's equations is presented here [162]:  { Ā × ā = 2ĀÿāĄ  Ā × Ą = ĀÿĀā + Āÿÿ (2.1) 

The orthogonality of the modes enables us to represent any given field distribu-
tion as a superposition of waveguide modes. By doing this, it is only needed to 
consider the transverse field components. Assuming initially that only forward 
propagating modes are present in a given field with the transverse components āĊ(ā, Ă) and ĄĊ(ā, Ă) at a longitudinal position ă [163], [164]: 
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āĊ(ā, Ă) =∑∑þāĀāāĀ(ā, Ă) + ∫∫ þ(Ă, ā)∞

0Āā ā(Ă, ā, ā, Ă)āĂāā
ĄĊ(ā, Ă) =∑∑þāĀĄāĀ(ā, Ă) + ∫∫ þ(Ă, ā)∞

0Āā Ą(Ă, ā, ā, Ă)āĂāā 
(2.2) 

The summation here covers the discrete and finite set of guided modes, while 
the integration spans the continuous spectrum of radiation modes. The discrete 
spectra in these expressions are analogous to those found in hollow metal wave-
guides, and the continuous spectrum resembles the angular spectrum of plane 
waves in free space. 

It is convenient to normalize the modal fields by means of the cross power ÿ̄ 

[165]: ÿ̄ = 2∫∫ āāĀ × ĄāĀ∗+∞
2∞ āāāĂ = ÿāāÿĀĀÿ̄ = 2∫∫ ā(Ă, ā) × Ą∗(Ă̄, ā̄)+∞
2∞ āāāĂ = ÿ(Ă 2 Ă̄)ÿ(ā 2 ā̄) (2.3) 

The ÿ in the first equation are known as Kronecker deltas, while in the second 

equation they are called Dirac deltas. Then, it is possible to obtain þāĀ [164]:  þāĀ = 2∫∫ āĊ ×+∞
2∞ ĄāĀ∗ āāāĂ = 2∫∫ āāĀ∗ ×+∞

2∞ ĄĊāāāĂ (2.4) 

In the same way, it is possible to obtain þ(Ă, ā) for radiating modes: þ(Ă, ā) = 2∫∫ āĊ ×+∞
2∞ ĄāĀ∗ (Ă, ā)āāāĂ = 2∫∫ āāĀ∗ (Ă, ā) ×+∞

2∞ ĄĊāāāĂ (2.5) 
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Using this notation, it is possible to consider the mode expansion of a field 1 that 
includes both forward- and backward-propagating modes [164], [165]. 

            {ā1Ċ =∑(þā + ÿā)āĊāĄ1Ċ =∑(þā 2 ÿā)ĄĊā (2.6) 

where þā are the coefficients of the forward waves and ÿā are the coefficients of 
the backward waves. For the field 2, it is possible to focus on copropagating 
mode: {ā2 = āĀĂ2Ā�ÿĐĄ2 = ĄĀĂ2Ā�ÿĐ (2.7) 

Substituting and considering the ă component uninfluential [164], [165]: ĀĀă∫∫ (∑(þā + ÿā)āĊā ×ĄĀ∗Ă+Ā�ÿĐ+∞
2∞ + āĀ∗Ă+Ā�ÿĐ ×∑(þā 2 ÿā)ĄĊā)ĐāāāĂ == 2Āÿ∫∫ ÿ ⋅ āĀ∗Ă+Ā�ÿĐāāāĂ+∞

2∞  

(2.8) 

Expanding the derivative on the left-hand side and noting that the integral is not 

zero only when ÿ = ā, we have: 
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ĀĀă (∑þā∫∫ āĊā × Ąā∗Ă+Ā�ĀĐāāāĂ+∞
2∞+∑ÿā∫∫ āĊā × Ąā∗Ă+Ā�ĀĐāāāĂ+∞

2∞ ++∑þā∫∫ āĊā × Ąā∗Ă+Ā�ĀĐāāāĂ+∞
2∞2∑ÿā∫∫ āĊā × Ąā∗Ă+Ā�ĀĐāāāĂ+∞

2∞ )Đ == 2Āÿ∫∫ ÿ ⋅ āā∗Ă+Ā�ĀĐāāāĂ+∞
2∞  

 

(2.9) 

 ĀĀă (þĀĂ+Ā�ÿĐ (2∫∫ āĊĀ × ĄĀ∗āāāĂ+∞
2∞ )Đ)= 2Āÿ∫∫ ÿ ⋅ āĀ∗Ă+Ā�ÿĐāāāĂ+∞

2∞ĀĀă (þĀĂ+Ā�ÿĐ) = 2Āÿ∫∫ ÿ ⋅ āĀ∗Ă+Ā�ÿĐāāāĂ+∞
2∞  

(2.10) 

The term þĀ = þĀ(ă) depends on ă and it is possible to derive with respect to ă: þ′Ā + ĀþĀĂĀ = 2Āÿ∫∫ ÿ ⋅ āĀ∗āāāĂ+∞
2∞  (2.11) 

Now, assuming the field with two counterpropagating modes, thus with a posi-
tive phase constant, it is possible to obtain: 
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{ā2 = ā2ĀĂĀ�ÿĐĄ2 = Ą2ĀĂĀ�ÿĐ (2.12) 

By developing parallel steps to those just used, the expression for ÿ can be de-

rived: ÿ′Ā 2 ĀÿĀĂĀ = +Āÿ∫∫ ÿ ⋅ ā2Ā∗ āāāĂ+∞
2∞  (2.13) 

It is possible to express the terms þ and ÿ according to the following relations: {ÿĀ = þĀĂ+Ā�ÿĐþĀ = ýĀĂ2Ā�ÿĐ (2.14) 

Substituting: 

{  
  ý′āĂ2Ā�āĐ 2 ĀĂāý′āĂ2Ā�āĐ + ĀĂāý′āĂ2Ā�āĐ = 2Āÿ∫∫ ÿ ⋅ āā∗āāāĂ+∞

2∞þ′āĂ+Ā�ĀĐ + ĀĂāþ′āĂ+Ā�āĐ 2 ĀĂāþ′āĂ+Ā�āĐ = +Āÿ∫∫ ÿ ⋅ ā2ā∗ āāāĂ+∞
2∞

 (2.15) 

 

{  
  ý′Ā = 2Āÿ∫∫ ÿ ⋅ āĀ∗Ă+Ā�ÿĐāāāĂ+∞

2∞þ′Ā = +Āÿ∫∫ ÿ ⋅ ā2Ā∗ Ă2Ā�ÿĐāāāĂ+∞
2∞

 (2.16) 

If there are no sources within the guiding structure, the derivatives of the coeffi-

cients þ and ÿ are zero [164]. Consequently, the amplitudes remain constant, 
indicating no interaction between the analysed fields. In the following section, 
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simplifying assumptions will be made to obtain a more manageable mathemati-
cal model, which will still maintain the generality and validity of the model. 

2.1.1 Coupled Mode Theory: dielectric perturbation 

The behaviour of a dielectric material in the presence of an electric field is de-
scribed by a physical quantity known as electric permittivity in electromag-
netism and solid-state physics. A material is classified as <dielectric= if it can 
store energy when subjected to an electric field. Electric permittivity quantifies 
the material tendency to resist the intensity of the electric field within it. The 
value of electric permittivity depends on the material propensity to polarize 
when exposed to an electric field. The quantities that describe this phenomenon 
are the polarization vector and electric susceptibility. Electric permittivity varies 
with the orientation of the electric field and is therefore represented by a tensor. 
However, for a linear, homogeneous, and isotropic material, electric permittivity 
becomes a scalar quantity. In this case, it is referred to as the dielectric constant. 
When expressed in scalar form, the dielectric constant resembles a tensor that is 

a 3×3 matrix [164], [165]:  

Ā = [Ā11 Ā12 Ā13Ā21 Ā22 Ā23Ā31 Ā32 Ā33] (2.17) 

If the material is not homogeneous, linear, and isotropic, the permittivity de-
pends on additional factors such as position within the medium, or the frequency 
of the applied field. The imaginary part of the permittivity accounts for losses in 
cases where the electric field is slightly perturbed compared to the lossless sce-

nario. The relationship connecting the dielectric constant Ā, the electric field ā, 
and the polarization vector ÿ is given by [166]: 
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ÿ = ĀĀā (2.18) 

The variation in the dielectric constant ĀĀ can be induced by creating periodic 
structures within the fiber, which facilitate signal coupling  [14], [167].  

{āĊ =∑(þā + ÿā) āĊāĄĊ =∑(þā 2 ÿā)ĄĊā (2.19) 

The field equations along the longitudinal axis are derived using Maxwell's 
equations. 

ĀĊ × ĄĊ = [  
 ā̂ Ă̂ ă̂ĀĀā ĀĀĂ 0ĄĎ Ąď 0]  

 = (ĀĄďĀā 2 ĀĄĎĀĂ ) ă̂ (2.20) 

Substituting: ĀÿĀāĐ + ĀÿĀĀāĐ = ĀĊ × ĄĊ → āĐ = ĀĊ ×ĄĊĀÿ(Ā + ĀĀ) →→ ÿĐ = ĀĀ(Ā + ĀĀ)∑(þā 2 ÿā) āĐā 
(2.21) 

The relationship for the longitudinal polarization vector ÿĐ is: ÿĐ = ĀĀĀ(Ā + ĀĀ)∑(þā 2 ÿā) āĐā (2.22) 

It is possible to derive the expression for the propagating field: ý′Ā = 2Āÿ∫∫ (ĀĀ∑(þā + ÿā) āĊā ⋅ āĊĀ∗ ) Ă+Ā�ÿĐāāāĂ ++∞
2∞2Āÿ∫∫ ( ĀĀĀ(Ā + ĀĀ)∑(þā 2 ÿā) āĐāāĐĀ∗ ) Ă+Ā�ÿĐāāāĂ+∞

2∞  
(2.23) 
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þ′Ā = +Āÿ∫∫ (ĀĀ∑(þā + ÿā) āĊā ⋅ ā2ĊĀ∗ ) Ă2Ā�ÿĐāāāĂ ++∞
2∞+Āÿ∫∫ ( ĀĀĀ(Ā + ĀĀ)∑(þā 2 ÿā) āĐāā2ĐĀ∗ ) Ă2Ā�ÿĐāāāĂ+∞

2∞  
(2.24) 

Similarly, it is possible to derive the expressions for the counterpropagating 
field: ý′Ā = 2Āÿ∫∫ (ĀĀ∑(þā + ÿā) āĊā ⋅ āĊĀ∗ ) Ă+Ā�ÿĐāāāĂ ++∞

2∞2Āÿ∫∫ ( ĀĀĀ(Ā + ĀĀ)∑(þā 2 ÿā) āĐāāĐĀ∗ ) Ă+Ā�ÿĐāāāĂ+∞
2∞  

(2.25) 

 þ′Ā = +Āÿ∫∫ (ĀĀ∑(þā + ÿā) āĊā ⋅ āĊĀ∗ ) Ă2Ā�ÿĐāāāĂ ++∞
2∞2Āÿ∫∫ ( ĀĀĀ(Ā + ĀĀ)∑(þā 2 ÿā) āĐāāĐĀ∗ ) Ă2Ā�ÿĐāāāĂ+∞

2∞  
(2.26) 

To simplify the previous expressions and to make them more compact, we can 
introduce the following transverse and longitudinal coupling coefficients, which 
take on the following expressions: 

{  
  ÿāĀĊ = ÿ∫∫ ĀĀāĊā ⋅ āĊĀ∗ āāāĂ+∞

2∞ÿāĀĐ = ÿ∫∫ ĀĀĀ(Ā + ĀĀ) āĐāāĐĀ∗ āāāĂ+∞
2∞

 (2.27) 

The derivatives of the coefficients ýĀ and þĀ can be rewritten: 

{ý′Ā = 2Ā∑{ýā(ÿāĀĊ + ÿāĀĐ )Ă2Ā(�Ā2�ÿ)Đ + þā(ÿāĀĊ 2 ÿāĀĐ )Ă2Ā(�Ā+�ÿ)Đ}þ′Ā = 2Ā∑{ýā(ÿāĀĊ 2 ÿāĀĐ )Ă2Ā(�Ā+�ÿ)Đ + þā(ÿāĀĊ + ÿāĀĐ )Ă2Ā(�Ā2�ÿ)Đ} (2.28) 
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Eq. (2.28) provides a general formulation of the problem. In reality, the modes 
to consider are not infinite but are rather a limited number, which simplifies and 
makes the practical treatment much more effective. As previously noted, a non-
zero derivative arises if there is a perturbation, which is included in the definition 

of the coupling coefficients. Specifically, if ĀĀ is zero, the derivative would be 
zero. Additionally, from (2.28), it can be observed that the coupling depends on 
both transverse and longitudinal modes, including both counterpropagating- and 
forward-propagating modes.  

2.1.2 Coupled Mode Theory: fiber gratings 

Generally, the inscription of a grating via UV writing in an optical fiber induces 

a refractive index change in the core along the length of the fiber Ąāą(ă) [168], 

[167], [169], [170]. The cladding refractive index ĄāĂ and the refractive index of 

the surrounding environment, usually air, ĄÿÿĈ remains unchanged [169]: 

Ą = {Ąāą {1 + �(ă) [1 + ăĀąĀ (2ÿă�(ă))]}ĄāĂĄÿÿĈ  
  { ÿ f ÿāąÿāą < ÿ f ÿāĂÿ > ÿāĂ  (2.29) 

where Ąāą is the unperturbed refractive index, ă is the longitudinal direction, �(ă) is the slowly varying envelope of the grating, ă is the fringe modulation, �(ă) is the grating period, ÿāą is the core radius, ÿāĂ is the cladding radius [39]. Ąāą�(ă) is the average dc induced refractive index change in a grating period 
[169]. Only the transverse coupling coefficients can be considered since the lon-
gitudinal field components are negligible with respect to the transverse field 
components [168], [170]: 
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ÿČĀ(ă) = āČĀ(ă) [1 + ăĀąĀ ( 2ÿă�(ă))] (2.30) 

 āČĀ(ă) = ÿĀ0Ąāą2 �(ă)2 ∬ āČ(ā, Ă, ă) ∙�� āĀ∗(ā, Ă, ă)āāāĂ (2.31) ā is the transverse electric field, Ωc is the core area (i.e. where the grating is 

written), ÿ is the angular frequency, Ā0 is the vacuum permittivity.  

2.2 Opto-mechanical modelling 

The refractive index tensor for dielectric materials in cartesian coordinates can 
be expressed as follows; since the tensor is symmetric, it is represented by six 
components, instead of nine [171]: 

Ą = [ĄĎĎ ĄĎď ĄĎĐĄďĎ Ąďď ĄďĐĄĐĎ ĄĐď ĄĐĐ] = [Ą1 Ą6 Ą5Ą6 Ą2 Ą4Ą5 Ą4 Ą3]  
(2.32) 

The photo-elastic and thermo-optic effects are described by introducing a die-
lectric permittivity tensor [172]: 

{þÿ = 1Ąÿ2 ,   ÿ = 1,2,3þÿ = 0,      ÿ = 4,5,6 

 

(2.33) 

By neglecting the second-order terms, the change in the impermeability tensor 

(Δþÿ), due to the applied strain (photo-elastic effect) and temperature (thermo-
optic effect), is obtained by [173], [174]: Δþÿ = ĀÿΔă + ĆÿĀāÿĀ,     ÿ, Ā = 1&6  (2.34) 
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[Ć] is the strain-optic tensor and, for an isotropic material, it is defined as [171]: 

Ć =
[  
   
Ć11 Ć12 Ć12 0 0 0Ć12 Ć11 Ć12 0 0 0Ć12 Ć12 Ć11 0 0 00 0 0 (Ć11 2 Ć12)/2 0 00 0 0 0 (Ć11 2 Ć12)/2 00 0 0 0 0 (Ć11 2 Ć12)/2]  

    
 

(2.35) 

ā are the elements of the strain tensor: ā = [ā1 ā6 ā5ā6 ā2 ā4ā5 ā4 ā3]  
(2.36) 

For optically isotropic materials [171]: 

Δþÿ = ā ( 1Ąÿ2)āă Δă 2 ĆÿĀāĀΔă + ĆÿĀāÿĀ ,     ÿ, Ā = 1&6 
(2.37) 

 {āĀ = ā,       ÿ = 1,2,3āĀ = 0,       ÿ = 4,5,6 
 

(2.38) 

Substituting, it is possible to obtain the refractive index change due to tempera-

ture variation Δă and strain ā [171]: 
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  ΔĄ1 = 2Ą132 (Ć11ā1 + Ć12(ā2 + ā3)) + āĄāă Δă + Ą132 (Ć11 + 2Ć12)āΔăΔĄ2 = 2Ą232 (Ć11ā2 + Ć12(ā1 + ā3)) + āĄāă Δă + Ą232 (Ć11 + 2Ć12)āΔăΔĄ3 = 2Ą332 (Ć11ā3 + Ć12(ā2 + ā1)) + āĄāă Δă + Ą332 (Ć11 + 2Ć12)āΔăΔĄ4 = 2Ą434 (Ć11 2 Ć12)ā4ΔĄ5 = 2Ą534 (Ć11 2 Ć12)ā5ΔĄ6 = 2Ą634 (Ć11 2 Ć12)ā6

 

 

(2.39) 

To study the effect of curvature on refractive index, conformal mapping method 
can be considered. In particular, a curved optical waveguide, with a cross-sec-

tional refractive index distribution Ą, can be mapped into a straight one. In case 

of large curvature radius ā (with respect to the size of the device), the equivalent 
straight optical waveguide can be described by a cross-sectional refractive index 

distribution Ąĉ [175]: Ąĉ = Ą(1 + ÿāĆĈąĀ) (2.40) ÿ =  1/ā is the curvature and āĆĈąĀ  =  ÿĀąĀ(Ā) is the projection of each point 

of the optical waveguide over the plane perpendicular to the neutral plane, as 
shown in Figure 2.1. The modified cross-sectional refractive index distribution Ąĉ is affected by strain components: ā2 = ā3 = 2ÿā1 (2.41) 
 ā1 = ÿāĆĈąĀ  (2.42) 
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They alter the cross-sectional refractive index distribution Ą which needs to be 
evaluated by considering the stress-optic relations: Ą = Ą0 + ΔĄ = Ą0 2 (Ą032 ) (Ć12 2 ÿĆ12 2 ÿĆ11)ÿāĆĈąĀ  

(2.43) 

where Ą0 is the refractive index distribution of the optical waveguide without 

curvature, Ć11 and Ć12 the components of the photo-elastic tensor. For silica 

glass, Ć11 = 0.121, Ć12 = 0.27, ÿ = 0.16 [60]. 

 

 

Figure 2.1 (a) 3D-sketch of a curved waveguide. (b) 2D-sketch of the straight optical waveguide. 
(c) 2D-sketch of the curved optical waveguide with positive (left) and negative (right) 
curvature C (green colored line for tensile strain, yellow colored line for compressive 
strain) [60]. 
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2.3 Optical fiber taper 

As previously described, the method for tapering optical fibers involves partially 
melting the fiber and applying a tensile force to stretch and thin it. The outcome 
of this process is a structure like that depicted in Figure 2.2, i.e. a fused biconical 

taper. According to this sketch, āāĂ is the original fiber cladding diameter and āāĂ2č is the cladding diameter of the narrowest part of the taper (i.e. waist re-

gion) having a length Āč. Each transition region has a length ý0 and the profile 

depends on the decreasing radius function ÿāĂ(ă) = āāĂ(Đ)/2, where ă is the lon-

gitudinal coordinate. Let us define Ă the elongation undergone by the fiber and Ā0 the starting length that is heated and stretched [176]. The radius profile ÿč can 
be defined as [177], [178]: 

ÿč(Ă) = ÿ02( �2�0) (2.44)

Moreover: 2ý0 = Ă + Ā0 2 Āč (2.45) 

Then, considering Āč = Ā0: ÿāĂ(ă) = ÿāĂ2( ��0) (2.46) 

Propagation losses in optical fiber devices are caused by scattering, which in-
volves light being radiated from the fiber core, and by the coupling of core modes 

to cladding radiation modes [179]. Scattering losses are negligible if Ā/ĄāĂ  f ý0, where Ā is the wavelength in vacuum of the light signal and ĄāĂ is the refrac-
tive index of the fiber cladding. On the other hand, the modal coupling losses are 

negligible if ý0  f  ýā, with ýā = 2ÿ/ǀĂ1  2  Ă2ǀ being the beat length [129]. 
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Here, Ă1 is the propagation constant of the core mode and Ă2 is the propagation 

constant of the cladding mode closest to Ă1. Considering both criteria:  Ā/ĄāĂ f ý0 f ýā (2.47) 

In a tapered optical fiber, the above condition is met when the tapering angle Ω 
between the fiber axis and any point on the interface between the core and the 
cladding in the transition region is sufficiently small [180]: Ω f ÿāą(ă)2ÿ |Ă1 2 Ă2| (2.48) 

 

 
Figure 2.2 Sketch of a taper on a single-mode optical fiber. 
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2.3.1 Optical fiber combiner 

The optical fiber combiner, typically, features the following interfaces, as shown 
in Figure 2.3: 

• On one end, there is a fiber that should be connected to a specific type of 
active fiber, often through fusion splicing. Sometimes, an additional pas-
sive fiber can be included between these two sections, e.g. an FBG, if it 
cannot be incorporated into the active fiber. 

• On the other end, the combiner has several input multimode fibers that 
can be connected to fiber-coupled pump laser diodes. Additionally, there 
is often another fiber (either single-mode or few-mode) through which 
signal light can be injected or extracted. For a fiber laser, the signal light 
is not injected, and the laser light is extracted from the other end. 

In addition to the adiabatic criterion to bridge the two ends, to avoid significant 
losses, the beam brightness, proportional to transmitted optical power, should be 

maintained [97], [158]. In other words, the brightness ratio þā allows to estimate 
the transmission loss of the designed combiner: þā ≃ ĀąċĊ2 ĂýąċĊ2ĂĀÿĄ2 ĂýÿĄ2 g 1 (2.49) 

where Ă defines the number of input fibers, ĂýÿĄ and ĂýąċĊ defines numerical 

apertures of input fibers and output fiber, and ĀąċĊ and ĀÿĄ are the core diameters 

of output and input fibers. If the brightness principle is respected, i.e. if þā > 1, the intensity launched into the input ports is equal to the intensity of the beam 

at the combiner output. þā <  1 means a loss of the beam brightness, i.e. the 
beam intensity at the output is lower than at the input. 
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2.3.2 Optical fiber coupler 

Optical fiber couplers can be manufactured using the fused biconical tapering 
method. In the case of symmetric couplers, two identical optical fibers are placed 
in proximity (twisted or inside a low-refractive index glass capillary) and then 
heated and stretched over a short length. Power coupling between the electro-
magnetic modes happens in the waist region, where the characteristic periodic 
exchange of power between the modes occurs, as shown in Figure 2.4. CMT is 
typically used in electromagnetic design to describe the co-directional coupling 

for the Ąā11 mode [8], [181]. By considering that Ă11 = Ă12 = Ă1, Ă12 = Ă21 = 

Figure 2.3 Sketch of a taper on an optical fiber combiner; different multi-mode optical fibers are 
inserted in a capillary and then tapered down.  
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Ă2, ÿ12  =  ÿ21  =  ÿ, a simplified form of coupled mode equations, derived 
from CMT, can be employed [8], [181]: āý1āă = 2Āý2ÿ122Ā(�22�1)Đ (2.50) āý2āă = 2Āý1ÿ212Ā(�22�1)Đ (2.51) 

The solution of these differential equations is: ý1(ă) = ý0ĀąĀ (āă) (2.52) 
 ý2(ă) = ý0sin (āă) (2.53) 

Considering ÿ0 = ý02 as the input power in one of the two legs of the coupler, 
the output power at each output port can be calculated as [8], [181]: ÿÿ(Āč) =  ÿĂsin2(ÿĀč)  (2.54) 
 ÿÿ(Āč) = 1 2 ÿÿ(Āč) = ÿĂcos2(ÿĀč) (2.55) 
 ÿ =  ÿ0 (�ĀĈ��1)Ą2ā0Ąāą(ÿāą1ąÿ1(Ć)) 2 (2.56) 

 Ą = ÿāą1√Ąāą2 ā02 2 β2 (2.57) 
 Ć = ÿāą1√β2 2 ĄāĂ2 ā02 

 
(2.58) Āč is the waist length, ÿ the coupling coefficient, ÿāą1 the core radius in the waist 

region, Ā the core-to-core distance in the waist region, Ąāą the core refractive 

index, ĄāĂ the cladding refractive index, ÿ0, and ÿ1 the Bessel functions of the 

second kind (respectively evaluated at ĆĀ/ÿāą1 and Ć), ą the normalized fre-

quency, ā0 the wave number, β the propagation constant.  
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Excess loss is calculated as āĀ = 10log (ÿ0/(ÿÿ(Āč) + ÿÿ(Āč)) ), while the 

coupling ratio ÿā is dependent on the optical power coming from each output 
port divided by the total output power [182]: ÿāÿ = ÿÿ(Āč)/(ÿÿ(Āč) + ÿÿ(Āč)) (2.59) 
 ÿāÿ = ÿÿ(Āč)/(ÿÿ(Āč) + ÿÿ(Āč)) (2.60) 

The coupling ratio ÿā and its spectral dependence are strongly influenced by the 
geometry of the optical fiber coupler, e.g. waist diameter and length. The excess 

loss āĀ is affected by the quality and the geometry of the transition. To prevent 
coupling of higher-order cladding modes, the transition must be adiabatic, al-
lowing the mode to be treated as a series of local versions of the excitation [182].   

Figure 2.4 Sketch of an optical fiber combiner; two optical fibers in a low refractive index ca-
pillary are tapered and a periodic exchange of power among them is obtained in the 
waist region. 
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2.3.3 Photonic lantern 

Typically, a photonic lantern consists of an optical device that links a single 
multi-mode core to an array of identical waveguides, each supporting fewer 
modes (usually single-mode) [84], [183]. During the transition, the core diame-
ters are reduced, corresponding to a decreasing in optical field confinement. For 
small photonic lantern diameters, the individual waveguides are coupled among 
each other, resulting in the formation of non-degenerate mode groups. Specifi-
cally, for three identical optical fibers, as shown in Figure 2.5, light launched 
into one or more fibers at the Single-Mode End (SME) excites multiple propa-
gation modes at the Multi-Mode End (MME), i.e. the LP01 mode and the LP11 
mode [84]. In the reverse direction, light excites the array of optical fibers at the 
SME based on the transverse distribution of mode amplitudes and phases in the 
transition region where the cores are weakly coupled [184], [185]. In spatial di-
vision multiplexing/demultiplexing, each propagation mode functions as a sep-
arate channel [186]. Therefore, mode control and selectivity are necessary to 
prevent mode scrambling. To achieve this control, different single-mode optical 
fibers are used [186]. This enables the propagation mode guided in one of the 
optical fibers at SME to be directed into specific mode groups LP, at MME. 
Thus, for this operation, a 3-mode photonic lantern requires the handling of the 
LP01 and of the LP11 modes [186]. This can be obtained employing three optical 

fibers, one with a propagation mode with phase constant Ă1 larger than Ă2 of the 
propagation modes pertaining to the other two identical optical fibers. The mode 

guided by the first fiber (with phase constant Ă1) evolves into the first propaga-
tion mode at the MME, i.e. LP01 of the photonic lantern mode. The modes having 

phase constant Ă2 evolve into an orthogonal combination of the spatial modes 
(odd and even) of the LP11 mode group at the MME [186].  
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By considering three optical fibers, each with a different normalized frequency ą, the propagation mode guided in one of the optical fibers at the SME can also 
be forced to evolve into specific spatial modes. However, this solution is rarely 
used, because of mode-mixing in multi-mode fibers [187], [188]. It is worth-
while noting that the mode-selective behaviour of photonic lanterns can be en-
hanced by using a higher number of optical fibers.  

It is crucial to achieve low loss in both directions. Losses are ascribed to the 
reduction in mode number, and the mode-order changing [189], [191], [190]. In 
case of light incoherently distributed among the excited modes, the number of 

modes at the MME ĂĀĀā  should be equal to the number of modes at the SME ĂþĀā  to obtain a bidirectional device, in agreement with the brightness theorem 

Figure 2.5 Sketch of a photonic lantern; different single-mode optical fibers are inserted in a 
capillary and the whole structure is tapered down. 
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of optics [191], [192]. In particular, the loss related to mode number changing is ĀĀ(āþ) = 10| ĂąĄ10(ĂþĀā/ĂĀĀā) | [84]. Mode-order changes can lead to ad-
ditional losses because, in symmetric structures, propagation modes might alter 
their modal order along the tapered region [90]. To prevent this issue, the cores 
must be positioned to overlap and sample the electromagnetic field adequately 
at the MME [90]. 

2.3.4 All-fiber interferometers 

Tapering an optical fiber implies reducing the core and cladding diameters by 
heating and stretching the fiber until a waist region is formed [193]. In a non-
adiabatic taper, the power of the fundamental mode LP01, propagating through 
the transition and waist regions, is coupled into higher-order modes (usually of 
the same symmetry), due to sharp transitions, as shown in Figure 2.6. Due to the 
varying optical paths of the electromagnetic modes, a Mach-Zehnder interfer-
ometer effect is produced, resulting in a comb-like spectral pattern at the output 
[139]. The two-beam optical interference equation allows to estimate the output 
intensity [194], [195]: ą = ą1 + ą2 + 2√ą1ą2 cos (Δ�) (2.61) 

  Δ� = 2ÿΔĄăĄĄĀăĄĄĀ  (2.62) ą1, ą2 are the core and cladding mode intensities respectively, ΔĄăĄĄ is the effec-

tive refractive index difference between the core and cladding modes, Δ� is the 

phase difference between the core and cladding modes, ĀăĄĄ is the effective 

length of the taper, Ā is the wavelength. External quantities can induce a variation 
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of both ΔĄăĄĄ and ĀăĄĄ and thus change the spectral properties of the device 

[194], [195].  
Similar to the non-adiabatic tapered sensor, the main concept behind the S-

tapered fiber structure is to combine both interference arms within a single fiber 
[194]. Figure 2.7 illustrates a schematic diagram of the S-tapered fiber, consist-
ing of two abrupt bends and a straight section [196]. The presence of the initial 
S-tapered region excites high-order cladding modes [195], [197]. The fundamen-
tal core mode and the high-order cladding modes propagate through the straight 
section until they reach the second bend. At this point, the high-order cladding 
modes recouple and interfere with the fundamental core mode [130].  In other 
words, light is initially coupled from the fiber core to the cladding in the first 
bending section, and then it is partially coupled back from the cladding to the 
core in the second bending section [127].  

 Figure 2.6 Sketch of a non-adiabatic taper. 
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In the waist section, the cladding mode field extends outside the fiber and inter-
acts with the surrounding environment, acting as the sensing arm, while the core 
mode remains confined within the fiber core, serving as the reference arm [196]. 

2.4 Mid-IR fiber source based on Pr3+-doped fluoroin-

date fiber 

The praseodymium-doped glass emitting at Āĉ  =  4 āă when pumped at ĀĆ  = 1550 Ąă can be modelled by a 5-level scheme, as illustrated in Figure 2.8. It 
considers: i) pumping (bold black arrow), ii) stimulated emission (bold red ar-
row), iii) radiative and non-radiative emissions, iv) Excited State Absorption 

 

Figure 2.7 Sketch of S-tapered optical fiber. 
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(ESA), v) cross-relaxation (CR) phenomena [161]. By considering the well-
known rate equation approach, the following nonlinear system can be solved to 

evaluate the ion populations Ă1, & , Ă5: ĀĂ1Āā  =  2Ć14Ă1  +  Ć41Ă4  +  ý51Ă5  +  ý41Ă4  + ý31Ă3 + ý21Ă2  + Ćāý21Ă2 2 Ćÿýā1Ă5 + Ćāý51Ă5  
(2.63) 

 ĀĂ2Āā  =  2Ć25Ă2  +  Ć52Ă5  2 1�ý2Ă2  +  ý52Ă5  +  ý42Ă4  +  ý32Ă3  +  Ćÿýā1Ă5  +  Ćāý32Ă3 2 Ćāý21Ă2  

(2.64) 

  ĀĂ3Āā  =  2Ć34Ă3  + Ć43Ă4  2 1�ý3Ă3  +  ý53Ă5  +  ý43Ă4 2 Ćāý32Ă3 
 

(2.65) 

  

 

 

 

Figure 2.8 Energy levels scheme, including pumping (bold black arrow), stimulated emission 
(bold red arrow), radiative (dotted arrows) and nonradiative (lightning arrows) emis-
sions, Excited State Absorption (ESA) (blue bold arrow), and cross-relaxation (CR) 
(green dashed arrows) phenomena. 
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 ĀĂ4Āā  =  Ć14Ă1  2  Ć41Ă4  2  Ć43Ă4  +  Ć34Ă3  2 1�ý4Ă4 + ý54Ă5  +  Ćÿýā1Ă5  

(2.66) 

 ĀĂ5Āā  =  Ć25Ă2  2  Ć52Ă5  2 1�ý5Ă5  2  Ćÿýā1Ă5 2 Ćāý51Ă5 
 

(2.67) 

where ýÿ,Ā  = �ÿ,Ā�ÿ  are the radiative decays, �ÿ are the ÿ 2th level lifetimes, Ăÿ,Ā are 

the branching ratios, Ćÿý is the cross relaxation rate, and Ćāý,ÿĀ are the non-

radiative decay rates. The ion population condition ĂăĈ  =  Ă1  +  Ă2  +  Ă3  + Ă4  +  Ă5 is considered. The coefficients ĆÿĀ are the transition rates for ÿ →  Ā 
transition defined as: Ćÿ,Ā  = �ÿ,Ā(ĀĆ/ĉ)/ĂĆ/ĉýĂ ÿĆ/ĉÿĆ/ ĉ  

(2.68) ÿĆ the pump power, ÿĉ the forward signal power, �ÿ,Ā(ĀĆ/ĉ) is the emission/ab-

sorption cross section at the wavelength ĀĆ/ĉ for the transition ÿ →  Ā,  / is the 

Planck constant, ÿĆ/ ĉ the overlap coefficients of pump and signal beams with 

the doped area ýĂ, i.e. the core area, ĂĆ/ĉ the pump/signal frequency. The power 

propagation along the fiber, for the pump ÿĆ and for the signal ÿĉ, is modeled by 

considering: ĀÿĆĀă  =  [ĄĆ(ă) 2  ā]ÿĆ(ă)  

(2.69) 
 Āÿĉ±Āă  =  ±[Ąĉ(ă) 2  ā]ÿĉ±(ă) 

  

(2.70) 
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where ā is the glass attenuation, and ĄĆ and Ąĉ are the pump and signal gains: ĄĆ(ă)  =  [2�14(ĂĆ)Ă1(ă) + �41(ĂĆ)Ă4(ă)]ÿĆ+ [2�25(ĂĆ)Ă2(ă) + �52(ĂĆ)Ă5(ă)]ÿĆ  
(2.71) 

 Ąĉ(ă)  =  [2�34(Ăĉ)Ă3(ă) + �43(Ăĉ)Ă4(ă)]ÿĉ 
  (2.72) 

The following boundaries conditions are imposed: ÿĆ(0)  =  ÿĆ 
 

(2.73) 
 ÿĉ  +(0)  =  āÿĄÿĀ 2(0)  

(2.74) 
 ÿĉ 2(Ā)  =  āąċĊÿĀ+(Ā)  

(2.75) 

where ă =  0 and ă =  Ā represent the ends of the laser cavity, āÿĄ and āąċĊ are 

respectively the input and output mirror reflectivity, and ÿĆ is the input pump 

power. The initial conditions for level populations are also imposed as follows: Ă1(0)  =  ĂĆ 
 

(2.76) 
 Ă2(0)  =  Ă3(0)  =  Ă4(0)  =  Ă5(0)  =  0 

 
(2.77) 
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3 Fiber Bragg Gratings with non-

conventional optical platforms 

The advancement of optical sensors utilizing Bragg gratings has been induced 
by the demand for compact, affordable devices capable of delivering non-inva-
sive, real-time, and highly accurate measurements of different quantities. This 
chapter presents the findings from the Ph.D. research related to Bragg gratings, 
which can be also employed as mirrors in laser cavities. 

3.1 Design of Microstructured Flat Optical Fiber for 

Stress Monitoring in Composite Materials 

In this Section, an innovative Microstructured Flat Optical Fiber (MFOF) is de-
signed in order to achieve multiaxial strain sensing capabilities in the context of 
composite material monitoring. The sensing regions are the two eyelets of the 
MFOF where Bragg gratings can be inscribed, via DUW. To allow sensing in 
multiple directions, an optimized longitudinal air hole pattern (i.e. microstruc-
ture) is proposed near one of the Bragg gratings/eyelets. The effect of the strain 
field is evaluated via a 3D-FEM approach and is exploited to calculate the 
change of the refractive index. The electromagnetic modal analysis and the CMT 
theory are then exploited to investigate the Bragg wavelength shift for the slow 
and fast axis fundamental modes, guided in the two eyelets and determining the 
sensitivity. The designed MFOF can be embedded in composite materials 
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reducing the drawbacks related to both orientation and excess resin and may al-
low sensing performance higher than that obtainable with the cylindrical optical 
fibers. The following paragraphs are organized as follows: in Section 3.1.1, the 
advantages, and the MFOF description, in Section 3.1.2 the simulation approach 
and the model validation; in Section 3.1.3, the geometrical and physical param-
eters of both the CFRP and the MFOF; in Section 3.1.4, the numerical results; 
in Section 3.1.5, the conclusion. 

3.1.1 Geometry and advantages of the flat optical fiber 

The flat optical fiber design is ideal for embedding in composite materials, ad-
dressing issues related to resin-rich regions and orientation thanks to its geome-
try. This fiber is essentially a slab waveguide with a surrounding cladding and 
can support multimode propagation in the lateral elliptical core regions, namely 
"eyelets," as well as single-mode propagation in the central core region due to 
its thin and flat core layer [198], [199]. Single-mode waveguides can be fabri-
cated in both the eyelets and central core layer using DUW or femtosecond laser 
inscription [198]. Flat optical fiber sensors are employed to detect damage, such 
as impact, debonding, or delamination, by comparing spectra before and after 
damage [35], [36], [37]. An innovative MFOF has been designed for multipa-
rameter monitoring, offering a novel solution for triaxial strain measurement 
with high accuracy. The strain transfer from the host material to the sensor is 
carefully considered in simulations, considering the differences in mechanical 
 r  erties (e.g.,  ensity, Y ung’s m  u us, P iss n’s r ti ) bet een the   ti    
fiber and composite material [38]. Bragg gratings inscribed in both eyelets pro-
vide different transverse strain sensitivities due to a pattern of air holes in one of 
the eyelets [23], [200], [201]. The Bragg wavelength shift caused by the applied 
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stress enables the monitoring of internal strain in CFRP composites. The pro-
posed flat optical fiber sensor is illustrated in Figure 3.1(a), showing the DUW 
waveguides in the eyelets, the central core layer, and the microstructure with air 
holes. Figure 3.1(b) depicts the uncoated MFOF sensor embedded in the sixth 
layer of a CFRP lamina, which consists of eight unidirectional layers. The sensor 
can be embedded in different layers due to the unidirectional nature of the com-
posite. The flat optical fiber can be fabricated using modified chemical vapor 
deposition (MCVD).   

 

 

Figure 3.1 Sketch of the MFOF with air holes close to one eyelet along the x axis (a). Sketch of 
the simulated CFRP lamina (grey) with the embedded MFOF sensor (blue). The lam-
ina is unidirectional, and it is composed of eight layers [40].  
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Previous fabrication methods resulted in cylindrical preforms collapsing into 
planar shapes without microstructures [198]. To incorporate the microstructure, 
the preform must collapse before the drawing stage. An ultrasonic mill can then 
form the holes directly in the preform, or appropriate silica canes can be stacked. 

3.1.2 Design approach and model validation 

The design approach is outlined as follows: i) 3D- FEM model using COMSOL 
Multiphysics to simulate the mechanical interaction and the strain transfer of the 
CFRP lamina with the embedded MFOF; ii) 2D-FEM mode analysis of the 
MFOF considering the strain of i); iii) application of the transfer matrix method 
(TMM) to assess the impact of strains on the reflection spectra of the gratings. 
The CFRP is modelled using micromechanical analysis of the unit cell, which 

leads to the computation of the elasticity matrix [ā]ă [202]. The resulting strains 

are used to determine the refractive index variation ĀĄ of the optical guiding 

structure [202]. The effective refractive index of the fundamental modes ĄăĄĄ 

guided in the two waveguides is obtained via 2D-FEM mode analysis and em-

ployed as input for the computation of the Bragg wavelength Āþ shift through 
TMM [167].  

The model for simulating the embedded optical fiber sensor in CFRP laminate 
has been validated. Specifically, both the mechanical analysis of the composite 
lamina and the electromagnetic modal analysis of the MFOF have been validated 
taking into account literature results [203] for a CFRP lamina (Toray 
T800H/3631, Toray Industries, Inc.) with eight cross-ply layers [02/904/02]. The 
physical properties of this laminate are detailed in [204], [205], [206]. Each com-

posite lamina layer is characterized by a thickness ăÿ  =  0.15 ăă, a length Āÿ  =  120 ăă, and a width Ćÿ  =  20 ăă. A micromechanical analysis of a 
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single unit cell, consisting of carbon fiber and resin (with a carbon fiber-resin 

volume fraction ÿĄ  =  0.6), has been performed to compute the elasticity matrix [ā]ă of the layer [2]. The stress �Ď as a function of strain āĎ, measured using a 
strain gauge, is compared with simulation results. Figure 3.2 shows a comparison 

between the simulated tensile stress �Ď  versus strain āĎ (purple dashed curve) 
and the measurements (yellow curve) reported in [203], demonstrating excellent 
agreement. Figure 3.3 presents the simulated reflection spectra, with no external 

loading (āĎ =  0%, dotted blue curve) and with transverse cracks having a crack 

density Ā =  7 Āă⁻¹ (āĎ  =  0.42%, orange curve), for a uniform silica FBG 

with core diameter āāą  =  10 āă, cladding diameter āāĂ  =  125 āă, and grat-

ing period � =  530 Ąă.  

 

 

Figure 3.2 Tensile stress �Ď versus strain āx; comparison between the 3D-FEM model (purple 
dash dotted curve) and the experimental results (yellow curve) [40]. 
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The results match well with [203], confirming that the overall model and simu-
lation approach are validated for an embedded uncoated FBG under uniaxial 
non-uniform strain conditions such as transverse cracks [203]. 

3.1.3 Design of the embedded microstructured flat optical fiber 

The mechanical and electromagnetic analysis for the embedded sensor design 
realistically considers the geometry and physical properties of both the optical 
fiber and the CFRP. Specifically, parameters for the carbon fiber and epoxy resin 

(with a carbon fiber-resin volume fraction of ÿĄ  =  0.6) are detailed in Tables 

3.1 and 3.2 [42]. The proposed MFOF sensor for structural health monitoring is 
designed to achieve efficient triaxial strain discrimination, which is closely re-
lated to the arrangement of air holes along the optical fiber length. This pattern 

 

Figure 3.3 Simulated reflection spectra in absence of external loading ( āx =  0%, dotted blue 
curve) and in presence of transverse cracks with crack density Ā =  7 Āă21 ( āĎ  = 0.42%, orange curve) for uniform silica FBG with core diameter āāą  =  10 āă, 
cladding diameter āāĂ  =  125 āă and grating period � =  530 Ąă [40].
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can be optimized by varying the diameter, pitch, and position of the air holes in 
the MFOF cross-section. However, it is important to note that the range of these 
variations is limited by mechanical robustness, which decreases as the air filling 
fraction increases. The physical properties of the MFOF are reported in Table 
3.3, and the cross-section of the MFOF is shown in Figure 3.4. The geometrical 
parameters and physical properties of the MFOF, such as the height of the central 

layer Ąÿ, the height of the cladding ĄāĂ, the height of elliptical eyelets Ąăďă, and 

the length of the cladding ĀāĂ, are detailed in Table 3.4 [42]. These parameters 
are realistic as they pertain to a fabricated flat optical fiber without microstruc-
ture [42]. DUW can be employed along the length of the flat optical fiber in the 
eyelets to avoid light propagation in the central core layer, thereby guiding light 
only in the eyelets. While the presence of air holes reduces the total UV light 
flux at the fiber core, a periodic interference can still be achieved with longer 
exposure times [207], [208]. The cladding is pure silica, while the eyelets and 
central core layer are doped with germanium/boron [199]. The refractive index 

change in the eyelets with respect to the central core region is ĀĄĀĀ�  = 5 ×  10⁻³  [199].  

 

TABLE 3.1 GEOMETRICAL PARAMETERS OF THE CFRP LAMINA [40]. 

Parameter Symbol Value 

Layer thickness ăÿ 0.3 ăă 

Layer length Āÿ 150 ăă 

Layer width Ćÿ 40 ăă 
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The refractive index is Ąăďă  =  1.4595 for the eyelets, Ąāā =  1.4590 for the 
central core regions, and ĄāĂ  =  1.4439 for the cladding at a wavelength of Ā = 1560 Ąă. 
 

 

 

TABLE 3.2 PHYSICAL PARAMETERS OF THE CFRP LAMINA [40]. 

Parameter Symbol Value carbon fiber Value epoxy Unit 

 
Y ung’s modulus ā 

āĂ  ăÿþ 

 
Shear modulus 

 ă 

āĂĂă 
 2 

 ăÿþ 

 
P iss n’s ratio 

 ÿ 

āĂĂă 

 
 

 2 

 
Density 

 Ā  
 

 
 āĄ ă  

 

TABLE 3.3 PHYSICAL PARAMETERS OF THE CFRP LAMINA [40]. 

Parameter Symbol Value Unit 

Y ung’s 
modulus 

ā  ăÿþ 

P iss n’s 
ratio 

ÿ  2 

P  ke ’s 
coefficient 

Ć11  2 

P  ke ’s 
coefficient 

Ā12  2 

 



    Fiber Bragg Gratings with non-conventional optical platforms 54 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

For a flat optical fiber with no microstructure and without external stress, with 
the aforementioned optical and geometrical parameters, the simulated effective 

refractive index of the fundamental mode guided in the eyelet is ĄăĄĄ  = 1.4579, which matches perfectly with measurements [42]. The design strategy 
focused on refining the microstructure to achieve the desired sensor response. 
The optimized microstructure was obtained through multiple simulations, in-
volving both mechanical and electromagnetic investigations, in agreement with 
the previously described design approach. The design criterion aimed to maxim-
ize the sensitivity of one eyelet to applied loads. This can be seen in Figure 3.5, 

which reports the strain distribution �ď in the MFOF cross-section embedded in 

the CFRP lamina under a tensile stress �ď  =  35 āÿþ along the y-axis. The air 

holes cause a more intense strain field in the microstructured eyelet. Therefore, 

 

Figure 3.4 Cross-section of the proposed MFOF [40]. 
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the designed pattern increases the birefringence þ of the microstructured eyelet 

when subjected to stress along the y-axis �ď. Birefringence arises since the two 

polarizations of the fundamental mode are guided with different velocities, i.e. 

with effective refractive indices: ĄăĄĄ,ĄÿĉĊ for the mode polarized along the fast 

axis and ĄăĄĄ,ĉĂąč for the mode polarized along the slow axis. ĀĀþ between the 

two Bragg peaks increases with increasing birefringence. On the other hand, for 

stress applied along the z-axis �Đ, the strain field distribution in the microstruc-
tured eyelet has lower values compared to the stress applied to the eyelet without 
microstructure. Figure 3.6 reports the electric field norm distribution of the fun-

damental modes for the two eyelets at a wavelength of Ā =  1560 Ąă; the sim-

ulated effective refractive index of the fundamental mode is ĄăĄĄ  =  1.4579 in 

the unperturbed scenario.  

 

TABLE 3.4 GEOMETRICAL PARAMETERS OF THE MFOF [40]. 

Parameter Symbol Value Unit 

Length of the cladding ĀĀĂ  āă 

Distance between the air holes ĀĆÿāĀ/  āă 

Diameter of the air holes Ā/ąĂĂ āă
Height of elliptical eyelets ĄĂĂĂ āă
Height of the central layer ĄĀ āă

Height of the cladding ĄĀĂ āă
Vertical distance between holes Ą/ąĂĂ  āă 
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Figure 3.5 Strain distribution āď in the MFOF cross-section embedded in the CFRP lamina, for 
a tensile stress �ď  =  35 āÿþ along the y axis [40]. 

 

 

Figure 3.6 Electric field norm distribution of the fundamental modes for the microstructured 
eyelet and the eyelet without microstructure, at Ā =  1560 Ąă  [40].
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Uniform FBGs with a refractive index profile change of ĀĄĂþă  =  3 ×  10⁻t 
are considered in both eyelets. The other parameters of the gratings are grating 

period � =  0.5349 āă, refractive index modulation ∆ĄĂþă  =  3 × 10‒4, 

grating length Ā =  2000 āă. 

3.1.4 Sensitivity: numerical results 

The refractive index change due to applied stress was calculated according to 
[202]. The reflection spectra as a function of stress were evaluated for both the 
eyelets, for both polarizations (i.e. fast and slow axes). Four different 

sensitivities were calculated by the ratio ĀĀþ/Ā�ÿ, where the subscript ÿ = ā, Ă, ă indicates the stress direction. They are the fast axis propagation mode of 

the microstructured eyelet ÿÿ,Ąă, the slow axis propagation mode of the 

microstructured eyelet ÿÿ,ĉă, the fast axis propagation mode of the eyelet 

without microstructure ÿÿ,Ą, the slow axis propagation mode of the eyelet 

without microstructure ÿÿ,ĉ. The longitudinal stress analysis along the x-axis 

considered the range from �Ď  =  0 āÿþ to �Ď  =  90 āÿþ. The influence of air 

holes was negligible in the case of longitudinal stress �Ď and the sensitivities to 

stress along the x-axis �Ď are reported in Table 3.5.  

Figure 3.7 shows the Bragg wavelength Āþ as a function of �ď for both the 

microstructured eyelet and the non-microstructured eyelet. The graph displays 
the fast axis propagation mode for the microstructured eyelet (solid blue line), 
the slow axis propagation mode for the microstructured eyelet (orange dashed 
line), the fast axis propagation mode for the non-microstructured eyelet (yellow 
dash-dotted line), and the slow axis propagation mode for the non-
microstructured eyelet (purple dotted line). The behavior of the slow and fast 
axes in the microstructured eyelet differs from that of the non-microstructured 
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eyelet. The air holes in the microstructured fiber alter the internal stress 
distribution within the cross-section. In materials with holes, internal stress 
focuses on the surface perpendicular to the applied load and passes through the 

hole center. When stress is applied along the y-axis �ď, internal stress becomes 

concentrated along the z-axis in the microstructured region, as depicted in Fig. 
3.5. This leads to a notable refractive index change, which influences the 

propagation mode properties and shifts the Bragg wavelength Āþ 

Figure 3.8 shows the Bragg wavelength Āþ as a function of �Đ for the four 
reflected peaks. In this scenario, the sensitivity of the fast and slow axes for the 
non-microstructured eyelet is greater than that of the microstructured eyelet. 
This is because the air holes focus the internal stress distribution on the surface 

perpendicular to the direction of the applied stress �Đ, causing the stress to be 
distributed outside the microstructured region, with the air holes acting as a 
buffer. The sensitivities to transverse stresses for each polarization in the 
designed MFOF are summarized in Tables 3.6 and 3.7. 

 

TABLE 3.5 SENSITIVITY TO STRESS ALONG x AXIS �Ď [40]. 

Parameter Symbol Value Unit 

Fast axis 
eyelet without microstructure 

ÿā ă  Ćă āÿþ 

Fast axis 
microstructured eyelet 

ÿā ăă  Ćă āÿþ 

Slow axis 
eyelet without microstructure 

ÿā Ā  Ćă āÿþ 

Slow axis 
microstructured eyelet 

ÿā Āă  Ćă āÿþ 
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The substantial variation in sensitivity along the transverse directions allows 
for effective detection of triaxial stress. The interaction between the double 

grating and birefringence þ, induced by the applied transverse stresses, results 
in the appearance of four distinct peaks or dips in the reflection/transmission 
spectrum, potentially enabling the monitoring of an additional physical 

TABLE 3.6 SENSITIVITY TO STRESS ALONG y AXIS �ď [40]. 

Parameter Symbol Value Unit 

Fast axis 
eyelet without microstructure 

ÿĂ ă  Ćă āÿþ 

Fast axis 
microstructured eyelet 

ÿĂ ăă  Ćă āÿþ 

Slow axis 
eyelet without microstructure 

ÿĂ Ā  Ćă āÿþ 

Slow axis 
microstructured eyelet 

ÿĂ Āă  Ćă āÿþ 

 
TABLE 3.7 SENSITIVITY TO STRESS ALONG z AXIS �Đ [40]. 

Parameter Symbol Value Unit 

Fast axis 
eyelet without microstructure 

ÿă ă 23.42 Ćă āÿþ 

Fast axis 
microstructured eyelet 

ÿă ăă 22.19 Ćă āÿþ 

Slow axis 
eyelet without microstructure 

ÿă Ā 26.48 Ćă āÿþ 

Slow axis microstructured eyelet ÿă Āă 23.85 Ćă āÿþ 
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parameter. The proposed device exhibits sensitivity to stress from all directions. 
In particular, to perform triaxial stress detection, the linear model proposed in 
[209], [210] can be used. This way, the stresses in the host material can be 

derived from measured wavelength shifts ĀĀþ using the stress transfer matrix 
and sensitivity matrix [209], [210]. The longitudinal strain sensitivities along the 
x-axis of the sensor proposed in this paper are consistent with high-performance 

solutions in the literature [209], [211], ĂĎ  =  1.24 Ćă/āă for both eyelets, 
slightly higher than those reported in [29].  

 

 

 

 

Figure 3.7 Simulated Bragg wavelength Āþ versus the transverse stress �ď; fast axis microstruc-
tured eyelet (continuous blue), slow axis microstructured eyelet (orange dashed), fast 
axis eyelet without microstructure (yellow dash dotted), slow axis eyelet without mi-
crostructure (purple dotted). Grating characteristics: � =  0.5349 āă, ∆ĄĂþă  = 3 ×  10‒4, Ā =  2000 āă [40].
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In literature, different approaches were proposed to this aim: i) multiple sensors 
embedded in the composite material or different positioning of sensors for 
longitudinal, in-plane, and out-of-plane monitoring [32], [212]; ii) multiple 
FBGs in a single polarization-maintaining optical fiber, one shielded by a 
capillary to reduce transverse strains [211]; iii) multiple FBGs operating at 
different wavelengths [209]. In such cases, the need for precise control over fiber 
rotation or mode polarization orientation during embedding reduces practicality. 
The strength of the proposed microstructured flat optical fiber lies in its ability 
to function without requiring exact orientation control. In addition, by inscribing 
a series of FBGs, it becomes possible to map strains with high spatial resolution 

 

Figure 3.8 Simulated Bragg wavelength Āþ versus the transverse stress �Đ; fast axis microstruc-
tured eyelet (continuous blue), slow axis microstructured eyelet (orange dashed), fast 
axis eyelet without microstructure (yellow dash dotted), slow axis eyelet without mi-
crostructure (purple dotted). Grating characteristics: � =  0.5349 āă, ∆ĄĂþă  = 3 ×  10‒4, Ā =  2000 āă [40]. 
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through wavelength division multiplexing. As a result, the microstructured flat 
fiber offers a practical solution for multiaxial structural health monitoring. 

3.1.5 Conclusions 

A novel MFOF has been designed for multiparameter sensing in CFRP 
lamina. The air hole microstructure pattern in one eyelet modifies the strain 
transfer between the composite lamina and the guiding region. This strain-
transfer, combined with electromagnetic modal analysis, allows for the 
calculation of different transverse sensitivities for the two FBGs written in the 
eyelets. The key advantage of the designed microstructure is its impact on the 

slow and fast y-axis sensitivities: ÿď,Ą  =  12.89 Ćă/āÿþ, ÿď,Ąă  = 21.06 Ćă/āÿþ, ÿď,ĉ  =  5.02 Ćă/āÿþ, and ÿď,ĉă =  7.22 Ćă/āÿþ, 

enabling high sensitivity triaxial strain detection. Additionally, the flat optical 
fiber shape facilitates the embedding process, reducing issues related to resin-
rich regions of circular optical fibers and the orientation of high birefringent 
optical fibers. 
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3.2 Effects of Curvature on Flexible Bragg Grating in 

Off-Axis Core: Theory and Experiment 

A flexible Bragg grating based on planar technology using silica glass has been 
designed, manufactured via flame hydrolysis deposition, and experimentally 
tested for monitoring high curvatures. Both theoretical and experimental 
investigations clarify the sensing mechanism when the core is slightly offset 
from the center. Conformal mapping, modal analysis, and CMT are employed to 
examine the electromagnetic behavior of the proposed sensor. Experimental 
results show different sensitivities to positive and negative curvatures. The 
reflection spectrum of the planar Bragg grating sensor and the relationship 
between its resonant wavelengths and curvature have been measured for a wide 

curvature range up to ± 33ă21. The following paragraphs are organized as 
follows: in Section 3.2.1, the simulation details; Section 3.2.2, the sensor 
electromagnetic design; Section 3.2.3, the sensor fabrication and 
characterization; Section 3.2.4, the prospects, and conclusion. 

3.2.1 Simulation approach 

Generally, standard optical FBG sensors have negligible sensitivity to curvature. 
Introducing non-symmetrical configurations, such as an off-axis core, 
significantly increasing the Bragg grating spectral response to curvature. Indeed, 
curvature induces stress distribution within an optical waveguide, altering its 
refractive index distribution (due to stress-optic effects), and shifting the 
electromagnetic mode field profile. Both these effects lead to changes in the 
interaction between the optical modes coupled by the Bragg grating. Conformal 
mapping and the well-known CMT can be exploited to study the interaction 

between propagating modes. The modified refractive index distribution Ąĉ is 
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employed to assess the electromagnetic field distributions of the fundamental 
and higher-order propagating modes via 2D-FEM. The transverse 
electromagnetic field distributions are calculated for both straight and curved 
waveguides. Consequently, the electromagnetic field profile of the propagating 
modes shifts toward the region with higher refractive index [212]. The 

relationship between the Bragg grating spectral response and the curvature ÿ can 
be explained using CMT. Before solving the coupled mode equations, the 

transverse coupling coefficients ÿĊ(ă) are calculated for all propagating modes 
[212]. Moreover, since Bragg grating is located outside the neutral plane, the 

nominal Bragg grating pitch �0 changes to � =  �0(1 + āĐ). Generally, for 

calculating āĐ, āĆĈąĀ corresponds to the distance between the center of the Bragg 

grating and the neutral plane, defined as core offset ā (more details in Section 

2.2) [213], [214]. However, when the distance ā is small, for an accurate 
estimation, the shift of the electromagnetic field profile toward the region with a 
greater refractive index should be considered [214], [215]. The simulation 
approach employed for the design is summarized as follows: conformal mapping 
method for refractive index computation of the equivalent waveguide, 2D-FEM 
to obtain the electromagnetic mode profile and effective refractive index in the 

equivalent waveguide, coupling coefficient ÿĊ(ă) calculation [216], and 
implementation of the CMT as a boundary value problem. This procedure is 

iterated for each wavelength Ā and for each curvature value ÿ.  

3.2.2 Design of the sensor 

An opto-mechanical design is carried out to investigate the response of a 
curvature sensor with a slightly off-axis core position. Planar technology is 
selected to avoid considering the effect of torsion.  
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The geometric and physical parameters are feasible with available technology, 
e.g. flame hydrolysis deposition and physical machining [217]. The effect of 
electromagnetic mode profile shift is emphasized by choosing a few-mode 
waveguide. Figure 3.9 presents a sketch (not to scale) of the designed sensor. 

The core width is Āā = 14.5āă, smaller than the core thickness āā = 19.5āă, 
leading to a substantial electromagnetic mode shift along the x-axis, as shown in 

Figure 3.10. Other geometric parameters include thickness āĆ = 57āă, width ĀĆ = 1 ăă, and core offset ā = 1.2āă. The underclad and overclad are made 

of pure silica glass and have identical compositions with a refractive index ĄāĂÿĂ = 1.444 at the wavelength Ā = 1570 Ąă. A step-index profile is assumed 
for both the core layer and the waveguide. Specifically, the refractive index of 

the core layer is ĄāąĈă,Ă = 1.4633 and the refractive index of the waveguide is Ąč = 1.4713 at the same wavelength Ā = 1570 Ąă. Wavelength dispersion is 
modeled via the Sellmeier equation for silica glass [218]. The effective refractive 
indices and electromagnetic field profiles of all propagating modes are simulated 
via FEM and considered in coupling coefficients and CMT equations. The 

effective refractive index of the fundamental mode is ĄăĄĄ = 1.4712 at the 

 

Figure 3.9 Sketch of the designed planar Bragg grating sensor. The waveguide in which the grat-
ing is inscribed (blue colored) is written in the central core layer and it is slightly off-
axis with respect to the neutral axis [60]. 



    Fiber Bragg Gratings with non-conventional optical platforms 66 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

wavelength Ā = 1570 Ąă when no curvature ÿ is applied. The uniform Bragg 

grating has a sinusoidal modulation with amplitude ĀĄþă = 2 × 1024 and a 

length Ā = 12 ăă. The nominal grating period is �0 = 0.534āă. This value 

allows to obtain the resonant coupling around the wavelength Ā = 1570 Ąă. As 

already mentioned in Section 2.2, curvature ÿ shifts the electromagnetic field of 
the propagating modes towards the waveguide region with high refractive index. 

Figure 3.10 shows the shift of the electric field norm ā of the fundamental mode 

for curvature ÿ = [0ă21, ±33ă21]. The simulation is computed in the 

wavelength range from Ā = 1565 Ąă to Ā = 1574 Ąă with a sampling step ĀĀ = 5 Ćă. The simulated reflection spectrum when no curvature is applied is 
shown in Figure 3.11. 

 

 

Figure 3.10 Norm of the electric field ā of the fundamental mode for: (a) Curvature ÿ =  233 ă21, (b) Curvature ÿ =  33 ă21, (c) Curvature ÿ =  0 ă21 [60]. 
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The UV-written waveguide is few-mode and four propagating modes interact 
with the Bragg grating, inducing four resonant wavelengths, marked as ÿ1, ÿ2, ÿ3, ÿ4, corresponding to the spatial modes ā11, ā21, ā31, ā32, respectively. 
For shortness, only one of the nearly degenerate orthogonal polarizations is 
shown in the inset of Figure 3.11. 

 

 

Figure 3.11 Simulated reflection spectrum of the planar Bragg grating sensor when 
no curvature ÿ is applied; length of the Bragg grating Ā =  12 ăă, refractive 
index modulation of the Bragg grating ĀĄþă  =  2 ×  1024. In the inset, the 
y component of the electric field for y polarized modes ā11ď , ā21ď  , ā31ď , ā32ď  [60]. 
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3.2.3 Fabrication and characterization of the sensor 

Flame Hydrolysis Deposition (FHD) is performed on a sacrificial p-doped [1 0 
0] silicon wafer, depositing three doped silica layers4overclad, core, and 
underclad. Then, the silicon is removed through physical machining, leading to 

a flexible glass substrate with nominal thickness of 57 āă. Figure 3.12 reports 
a cross-sectional image of the planar sensor captured with a CCD camera and 
the three layers are clearly visible. DUW is used to inscribe the few-mode 
waveguide and the uniform Bragg grating in the core layer simultaneously. The 
reflection spectrum of the planar Bragg grating, measured with an optical 
spectrum analyzer, is shown in Figure 3.13. The planar sensor is butt-coupled to 
a cylindrical optical fiber using UV curable glue, as illustrated in Figure 3.14. 

 

 

Figure 3.12 Enlargement of the cross section of the planar Bragg sensor captured 
via CCD camera [60]. 
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Figure 3.13 Measured reflection spectrum of the planar Bragg grating sensor when 
no curvature ÿ is applied; length of the Bragg grating Ā =  12 ăă, refractive 
index modulation of the Bragg grating ĀĄþă  =  2 ×  1024 [60].

 

 

Figure 3.14 Planar Bragg sensor butt-coupled to a cylindrical optical fiber through 
UV curable glue [60]. 



    Fiber Bragg Gratings with non-conventional optical platforms 70 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Four resonant wavelengths appear in Figure 3.13 because of the few mode 
waveguide. The measured resonant peaks with the set-up illustrated in Figure 
3.15 align well with the simulated ones.  

Figures 3.16 and 3.17 show the measured Bragg wavelength shift ĀĀþ (black 

squares) as a function of curvature ÿ for peaks P3 and P4, respectively, 
demonstrating good agreement with numerical results (dotted line). Both figures 

exhibit an almost linear response for positive curvature ÿ values. Specifically, 
for positive curvature, the electromagnetic field shifts toward the outer half of 

the sensor, mainly experiencing tensile strain āĐ, which increases linearly with 

curvature ÿ. The linearized sensitivity for positive curvature values is Ăă3+ =5.9Ćă/ă21 for peak P3 and Ăă4+ = 5.2Ćă/ă21 for peak P4. The different 
sensitivities arise from the variation in effective refractive indices between the 
straight and curved planar Bragg grating sensor for each mode. In other words, 
the effective refractive index difference for peak P3 is greater than for peak P4, 

causing a larger Bragg wavelength shift for peak P3. As curvature ÿ decreases 
to slightly negative values, the electromagnetic field shifts toward the center of 

the planar sensor and is affected by compressive strain āĐ. When curvature ÿ is 

around 223 ă21, the electromagnetic field intersects the neutral plane, where 
principal axis strains are zero, resulting in zero sensitivity. With more negative 
curvature, the electromagnetic field marginally extends beyond the neutral 

plane, encountering tensile strain āĐ. Thus, the combined effects of cross-

sectional refractive index changes and tensile strain āĐ on the grating period � 
cause a reversal of the slope. In summary, for positive curvature values, the 
electromagnetic field shifts toward the device outer half with increasing tensile 

strain āĐ; for negative curvature values, it shifts from the inner half, where 

compressive strain āĐ occurs, to the outer half, where tensile strain āĐ is present, 
see Figure 3.10. 
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Figure 3.15 Experimental set-up adopted for the curvature measurement of the 
planar Bragg grating [60]. 

 

Figure 3.16 Simulated (dotted line) and measured (square markers) Bragg wavelength shift ĀĀþ 

of the resonance peak P3 for curvature ÿ =  0 ă21, ±8.5 ă21,±16 ă21, ±23 ă21, ±28 ă21, ±33 ă21 [60]. 
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3.2.4 Conclusions 

A high curvature sensor based on an ultrathin flexible silica planar Bragg grating 
has been proposed, designed, and characterized. The implementation of a CMT-
based code explains the resonant wavelength shifts for different curvatures. 
Experimental results align with simulations and are reported for high curvatures 

up to ±33 ă21, demonstrating excellent mechanical robustness compared to 
traditional optical fiber solutions.  

 

Figure 3.17 Simulated (dotted line) and measured (square markers) Bragg wavelength shift ĀĀþ 

of the resonance peak P4 for curvature ÿ =  0 ă21, ±8.5 ă21,±16 ă21, ±23 ă21, ±28 ă21, ±33 ă21 [60]. 
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3.3 Flexible Photonic Sensors: Investigation of an 

Approach Based on Ratiometric Power in Few-Mode 

Waveguides for Bending Measurement 

This section proposes using ratiometric power change in a few-mode optical 
waveguide as a novel method to measure bending via flexible photonics devices. 
To investigate this, a sensor with a Bragg grating approximately aligned to the 
neutral axis was designed, fabricated, and characterized. The design uses FEM, 
Beam Propagation Method (BPM), and CMT to simulate the electromagnetic 
and mechanical behavior during a three-point bending test. Experimental results 
demonstrate that the planar device can endure sharp curvatures without 
mechanical failure. As the bending increases, the reflected power from the 
fundamental mode decreases while the reflected power from higher-order modes 

increases. The measured ratiometric power sensitivity to displacement is ÿăý =20.78āþ/ăă, with minimal variation across a 40°ÿ temperature range. The 
proposed sensor is suitable for multiparameter sensing, such as simultaneous 
temperature and curvature monitoring, by combining the Bragg wavelength shift 
with changes in mode optical power. A prototype of the flexible photonic 
curvature sensor is depicted in Fig. 3.18. The subsequent paragraphs are 
organized as follows: Section 3.4.1 details the electromagnetic design and 
mechanical investigation of the sensor; Section 3.4.2 describes the sensor 
fabrication and reports the comparison between the numerical and experimental 
results; Section 3.4.3 provides conclusions and discusses future prospects. 
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3.3.1 Electromagnetic and mechanical modelling 

The flexible photonic sensor is designed using a 2D FEM electromagnetic modal 
analysis with the COMSOL Multiphysics® Wave Optics module. Following 
this, a 3D FEM analysis is conducted using the COMSOL Multiphysics® 
Structural Mechanics module to model the sensor under a three-point bending 
test. The bending test impact on the Bragg grating optical response is examined 
through both electromagnetic and mechanical analyses. The mechanical analysis 
provides key details such as the maximum displacement, curvature profile, and 
strain distribution. This curvature profile is then used in 3D BPM modeling with 
BeamProp®-RSOFT Design® to evaluate mode power mixing, complemented 
by CMT. Bending in multimode waveguides leads to mode coupling and 
changes in optical power distribution [167]. The strain distribution, 
electromagnetic field profile, and mode power data are input into an in-house 
MATLAB® code based on CMT. Three Bragg gratings4#G1, #G2, and #G34
are designed following this methodology. Particular attention is given to Bragg 
grating #G2, which is at the center of the flexible sensor and is subjected to 
nearly uniform curvature along its length. The experimental results for #G2 are 

 

Figure 3.18 Flexible planar photonic chip in doped silica fabricated through FHD [61]. 
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consistent with numerical simulations, explaining the sensor optical behavior 
alongside gratings #G1 and #G3, which are used to further understand the sensor 
performance and the loads.  

To assess the sensor capability to monitor both curvature and temperature, a 
channel waveguide with two propagating modes is designed. The flexible 
photonic sensor features a core layer positioned slightly off the neutral axis, 
optimizing dimensions to balance surface stress and electromagnetic field 

confinement. The sensor total thickness is āĄĆ = 60 āă and width is ĀĄĆ =1 ăă. The channel waveguide is rectangular, and it is written within the core 

layer. Its width is Āčą = 7 āă, and its thickness is identical to the one of the 

core layer, āāą  = āčą  =  9 āă. The core layer, 1.5 āă offset from the central 

neutral axis, is surrounded by overclad and underclad layers made of identical 

silica glass with a uniform refractive index of ĄāĂ = 1.4452 at a wavelength of Ā = 1553 Ąă. The core layer has a refractive index of Ąāą = 1.4645, and the 

 h nne    vegui e’s refr  tive in ex is Ąčą = 1.4695, achieved using DUW. 

 

 

Figure 3.19 Norm of the electric field ā of the fundamental E11 and high order mode E21. The 
coordinates (0;  0) refer to the center of the waveguide [61]. 
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Both the core and waveguide have a step-index profile, with refractive index 
dispersion modeled using a Sellmeier equation [218]. The norm of the electric 

field ā for both the guided modes, i.e. respectively the spatial modes ā11, ā21, 
is reported in Figure 3.19. For the numerical investigation of the sensor under 
three-point bending, a 3D model of the multi-layered glass platform with a length 

of ĀĄĆ = 60 ăă is considered. Me h ni      r meters su h  s P iss n’s r ti  
 n  Y ung’s m  u us, me sure  vi  n n -indentation, are used [212]. The 

 

Figure 3.20 (a) Sketch of the boundary conditions and applied forces to the 3D-FEM modeled 
flexible photonic sensor for three-point bending test simulation; (b) schematic repre-
sentation of the set-up and Bragg grating locations [61]. 
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sensor boundary conditions include a fixed constraint on the left and a simply 
supported condition on the right, as illustrated in Figure 3.20. A force is applied 

perpendicularly to the sensor longitudinal axis, with values Ăÿ  =[0 ăĂ, 3.3 ăĂ, 6.6 ăĂ, 9.8 ăĂ, 12 ăĂ] with ÿ =  1 →  5. The simulation 
results show good agreement with classical beam theory and the simulated 

maxima displacements are respectively āĉÿă =[0 ăă, 3 ăă, 6 ăă, 9 ăă, 11 ăă], as can be seen in Figure 3.21 for Ă5. The 
curvature radius, calculated from the displacement profile, is used in 3D BPM 
modeling to assess mode power mixing. For instance, Figure 3.22 reports the 

curvature radius ÿý versus the cumulative arch length Ă considering the applied 

force Ă5.  
Conformal mapping in 3D-BPM helps modeling the refractive index changes 

due to bending by comparing a curved waveguide to a straight one with a 
modified cross-sectional refractive index. The 3D-BPM approach does not 
account for strain-induced refractive index changes, which are considered 
separately using stress-optic relations in 2D-FEM. The simulation also includes 
a Gaussian beam profile to model butt coupling with a single-mode optical fiber. 
Finally, the power mode mixing can be inferred. In particular, by considering 

the maximum displacement āĉÿă  =  11 ăă, the power mode mixing investiga-

tion for the grating #G2 demonstrates that the simulated peak power ÿĉ,/ąă of 

the high order mode increases of Āÿĉ,/ąă =  3.4 āþă at the expense of the peak 

power ÿĉ,ĄċĄ of the fundamental mode. 

The 2D-FEM modal analysis incorporates stress-optic relations and strain 
distributions from the 3D-FEM model. The designed uniform Bragg grating has 

a sinusoidal modulation with an amplitude ĀĄþă  =  2 ×  1024 and a length Ā =  12 ăă. The nominal grating period of #G2, when the planar sensor is 
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not subjected to curvature, is �#ă2  =  0.51774 āă. CMT is used to compute 
coupling coefficients and reflection spectra, with wavelength ranges and grating 
parameters carefully selected to match the modes resonant wavelengths. 
Simulated reflection spectra for Bragg grating #G2, reported in Figure 3.23, 

show a maximum Bragg wavelength shifts of Āÿĉ,ĄċĄ = 2250 Ćă for the 

fundamental mode and Āÿĉ,/ąă = 2240 Ćă for the higher-order mode.    

 

 

 

Figure 3.21 Displacement profile as a function of the flexible photonic sensor length ĀĄĆ consid-
ering the applied force Ă5 [61]. 

 

 

Figure 3.22 Curvature radius ÿý vs cumulative arch length Ă considering the applied force Ă5  
[61].
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3.3.2 Fabrication and characterization 

The flexible glass substrate is obtained via FHD, which involves depositing 
three doped silica layers (overclad, core, and underclad) sequentially onto a rigid 

silicon wafer (diameter ā = 152 ăă, thickness ā = 1 ăă, p-doped [100]). The 
silicon has a thermally grown wet oxide layer to prevent chemical reactions be-
tween the silica layers and the silicon. Equal compositions for the underclad and 
overclad layers balance stress differentials and reduce bending when the sub-

strate is removed. The deposition flow rates are SiCl4 at 137 ĀĀĀă, BCl3 at 70 ĀĀĀă, and PCl3 at 31 ĀĀĀă for the cladding layers, and SiCl4 at 123 ĀĀĀă, 

GeCl4 at 130 ĀĀĀă, and BCl3 at 16 ĀĀĀă for the core layer, all through a hydro-

gen-oxygen flame. High-temperature consolidation is performed at 1360 °ÿ for 

the core layer and 1250 °ÿ for the cladding layers. The final step involves re-
moving the silicon substrate through physical machining. The fabricated device 
cross-section is shown in Figure 3.24 (a). The flexible photonic sensor measures 

 

Figure 3.23 Simulated reflection spectrum of the Bragg grating #G2, unperturbed (solid curve) 
and with displacement āĉÿă  =  11 ăă (dotted curve); length of the Bragg grating Ā =  12 ăă, refractive index modulation of the Bragg grating ĀĄþă  =  2 ×  1024
[61]. 
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approximately 1 ăă in width, 58 āă in thickness, and 60 ăă in length, with 
the core layer offset from the neutral axis. The core layer thickness slightly dif-
fers from the target due to dopant diffusion. Figure 3.24 (b) shows the sensor 
coupled with a single-mode polarization-maintaining optical fiber using UV-

cured adhesive. The refractive indices, measured at Ā = 1553 Ąă, are ĄāĂ =1.445 for the cladding layers and Ąāą = 1.469 for the core layer. The DUW 
technique inscribes the channel waveguide and three Bragg gratings within the 
core layer, located at different positions along the device length.  

 

 

Figure 3.24 (a) Cross-section of the flexible photonic sensor captured via microscope camera; (b) 
flexible photonic sensor coupled to a polarization maintaining optical fiber via UV-
cured optical adhesive [61]. 
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The gratings, each 12 ăă long, have a uniform apodization profile with a mod-

ulation of ΔĄþă = 2 × 1024 and are pseudo-randomly ordered. The resonant 

wavelengths for the fundamental mode are 1528 Ąă, 1519 Ąă, and 1588 Ąă 
for gratings #G1, #G2, and #G3, respectively. Figure 3.25 shows the reflected 
power versus wavelength for the unperturbed gratings, with each supporting two 
resonant peaks. 

 

 

Figure 3.25 Measured reflection spectra of the unperturbed Bragg gratings (a) #G1, #G2 and (b) 
#G3; length of the Bragg grating Ā = 12 ăă, refractive index modulation of the 
Bragg grating ĀĄþă  =  2 ×  1024 [61]. 
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The flexible photonic sensor was tested using a three-point bending setup 

with an Instron E1000 electromechanical machine, as illustrated in Figure 3.26. 

The sensor was incrementally displaced from 0 ăă to 11 ăă. During testing, 

a negative Bragg wavelength shift in the Ćă range was observed. Grating #G2, 
at the loading point, showed the largest wavelength shifts due to maximum cur-

vature. The measured Bragg wavelength shifts were 2264 Ćă for the funda-

mental mode and 2223.5 Ćă for the high-order mode, with a peak power 

 

Figure 3.26 Photograph of the experimental set-up. Centre-to-centre separation of rollers Ā = 20 ăă, diameter of rollers āĈąĂĂ =  6 ăă [61]. 

 

Figure 3.27 Experimental set-up employed for spectra measurements [61]. 
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increase of 4 āþă for the high-order mode at 11 ăă displacement. Optical 

measurements of grating responses for displacements from 0 to 11 ăă are taken 
with the set-up summarized in Figure 3.27. Figures 3.28 (a) and (b) show wave-
length shifts for gratings #G1 and #G3, while Figures 3.28 (c) and (d) compare 
simulated and measured shifts for grating #G2. 

 
 

 

Figure 3.28 Measured Bragg wavelength shifts ĀĀă, of the fundamental mode (triangle markers), 
high order mode (cross markers) for (a) the gratings #G1 and (b) #G3. (c) Comparison 
between the simulated (dotted curve) and measured (triangle markers) Bragg wave-
length shift ĀĀĄċĄ of the fundamental mode, (d) comparison between the simulated 
(dotted curve) and measured (cross markers) Bragg wavelength shift Δ Ā/ąă of the 
high order mode, for the grating #G2 [61]. 
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The results align well with experiments, showing that grating #G2 experi-
ences the largest wavelength shifts due to constant negative curvature. Grating 

#G1, with two curvatures of opposite signs, shows a maximum shift of 238 Ćă 

for the fundamental mode and 220.6 Ćă for the high-order mode. Grating #G3, 

located where strains are lower, has maximum shifts of 295.2 Ćă and 2112 Ćă, respectively. Grating #G2 provides sensitivities of 22.4 Ćă/ă for 

the fundamental mode and 22.1 Ćă/ă for the high-order mode. 
Figure 3.29 depicts the peak power change for the high-order mode of grat-

ings #G1, #G2, and #G3. The simulated peak power change for grating #G2 
matches the measured value, with all gratings showing maximum power changes 

at 6 ăă displacement. The power exchange between modes helps infer bending 
levels using the ratiometric power, which is the ratio of peak power reflected by 
the fundamental and high-order modes.  
 

 

 

Figure 3.29 Measured peak power change Āÿă,/ąă versus the displacement ā for the high order 
mode of the grating #G1 (triangle markers), #G2 (cross markers), #G3 (circle mark-
ers) and simulated peak power change Āÿĉ,/ąă for the grating #G2 (dotted curve) 
[61]. 
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Figure 3.30 shows the ratiometric power of grating #G2 versus displacement, 

with a linear response between 2 ăă and 10 ăă and a sensitivity of 20.78 āþ/ăă. The response is nearly flat from 0 ăă to 2 ăă due to initial 
deflection. The sensor power change is unaffected by temperature variations 

over a 40 °ÿ range, with a thermo-optic Bragg shift sensitivity of 11.5 Ćă/ÿ. 
 

3.3.3 Conclusion 

A new method for monitoring bending using flexible photonics is introduced, 
leveraging the ratiometric power ratio between the peak power reflected by the 
fundamental and higher-order modes and the Bragg wavelength shift. A sensor 
was developed to test this approach, after a detailed optomechanical design and 
characterization. This sensor stands out from other fiber optic curvature sensors 
by minimizing the substrate thickness, allowing for greater bending capability. 
The results reveal that the wavelength shift varies with the curvature's direction. 
Experimental data aligns with simulations, demonstrating that the flexible sensor 

can handle curvatures up to 110 ă21. Grating #G2 shows Bragg wavelength 

 

Figure 3.30 Ratiometric power ÿý versus the displacement ā for the grating #G2 (cross markers). 
The red dashed line is the linear fit of the curve [61]. 
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shift sensitivities of 22.4 Ćă/ă21 for the fundamental mode and 22.1 Ćă/ă21 for the high-order mode, with a ratiometric power sensitivity of 20.78 āþ/ăă. The sensor exhibits minimal power variation over a 40 °ÿ tem-

perature range, with a thermo-optic sensitivity of approximately 11.5 Ćă/ÿ. 
These characteristics enable the sensor to perform both temperature and curva-
ture measurements simultaneously, facilitating the development of advanced 
multiparameter sensors. 
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4 Mid-IR optical fiber devices  

Mid-IR can be considered an enabling spectral window for environmental mon-
itoring, healthcare, and industrial process control. In this context, the develop-
ment of optical components is crucial due to lack of commercial devices. This 
chapter illustrates the main findings obtained during the Ph.D. research activity 
with respect to Mid-IR optical components, such as combiners, couplers, pho-
tonic lanterns, long period gratings, and all-fiber interferometers. 

4.1 Fused optical fiber combiner based on indium flu-

oride glass: perspectives for mid-IR applications 

An end-pump fused fiber combiner, utilizing multimode step-index fluoroindate 
optical fibers (InF3), has been developed, produced, and tested for the first time. 

Given the low glass transition temperature ăą and brittleness of fluoroindate fi-

bers, multiple trials were necessary to establish a reliable fabrication and stand-
ardization process. The results indicate consistent fabrication and no visible 
signs of crystallization. Consequently, this method provides a basis for develop-
ing fluoroindate-based devices. The combiner electromagnetic design was 
achieved through modal analysis and 3D-BPM, calculating transmission effi-
ciency. Experimental data align with simulations, confirming the device ability 
to function in the Mid-IR spectral range. The paragraph is organized as follows: 
Section 4.1.1 reports the 3×1 fluoroindate combiner geometry and the electro-
magnetic design; Section 4.1.2, the fabrication challenges, the fabrication 
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procedure and the characterization; Section 4.1.3, reports the prospects and con-
clusion. 

4.1.1 Design 

Key constraints in designing this optical combiner include the adiabatic taper 
criterion and the beam brightness principle. The electromagnetic design involves 
two main steps: a preliminary modal investigation of both untapered and tapered 
cross-sections (see Figures 4.1(a) and 4.1(b)), and the use of the BPM to assess 
electromagnetic power propagation and coupling. 

Geometrical and physical parameters were chosen to ensure electromagnetic 
field confinement within a single core, at the single output, across a wavelength 

range from 1.00 āă to 5.00 āă when one of the three optical fibers is excited, 
and to satisfy the adiabatic taper criterion. BPM simulations were conducted to 

evaluate the net transmission efficiency ÿĉ,ĄăĊ(ă)  =  ÿĆ(ă)/ÿÿĄ, defined as the 

ratio of the power along the propagation direction ÿĆ(ă) to the input power ÿÿĄ 

at ă =  0 ăă, with different wavelengths Ā and input Gaussian beam waists þč. 
The 3 × 1 fluoroindate combiner comprises three multimode step-index fluoroin-
date optical fibers arranged in an equilateral triangle, surrounded by a low-index 
fluoroindate capillary. Figure 4.1(a) presents a 3D sketch of the device. Both the 
optical fibers and capillary are manufactured by Le Verre Fluoré, Bruz, France. 
The core and cladding diameters of the fluoroindate optical fibers are approxi-

mately āāą = 100 āă and āāĂ = 160 āă, respectively, while the capillary in-

ternal and external diameters are āÿĄĄăĈ,āÿĆ = 360 āă and āąċĊăĈ,āÿĆ =580 āă. The core and cladding are made from InF3 glass with different stoichi-

ometries, with refractive indices of Ąāą  =  1.504 and ĄāĂ  =  1.474 at Ā = 1.55 āă, resulting in a numerical aperture of approximately Ăý = 0.30. The 
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capillary, specifically designed and fabricated for this purpose, has a refractive 

index ĄāÿĆ  =  1.472, lower than the cladding refractive index. The dispersion 

curves are reported in Figure 4.2. 
Figure 4.1(b) shows the longitudinal section sketch of the combiner, detailing 

a straight input section Ā�ā = 1 Āă, a linear down-taper section of ĀĀÿ =1.5 Āă, and a waist section of Ā� = 2.5 Āă, totaling 5 Āă in length. The com-

biner tapers from an input diameter of 580 āă to an output diameter of approx-

imately āąċĊ = 116 āă. This output diameter is close to the inner cladding di-
ameters of many double cladding fibers, facilitating splicing to improve beam 
quality and power delivery. Figure 4.3 illustrates the refractive index profile at 
the output cross-section. 

 

 

Figure 4.1 (a) 3 × 1 fluoroindate combiner sketch; (b) longitudinal section in the y-z plane of the 
3 × 1 fluoroindate combiner with linear down-taper [73]. 
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The operation of the 3 × 1 fluoroindate combiner was numerically investi-

gated for wavelengths Ā = {1.00;  1.55;  3.20;  5.00} āă with a beam waist þč = 70.0 āă, chosen to optimize the net transmission efficiency across these 
wavelengths. For comparison with experimental results, the device operation at Ā = 1.55 āă was also simulated with a beam waist þč = 10.4 āă. BPM-sim-

ulated net transmission efficiencies at Ā = 1.55 āă for both beam waists are 
shown in Figure 4.4.  

 

 

Figure 4.2 Refractive index Ą as a function of the wavelength Ā; core refractive index Ąāą (solid 
line), cladding refractive index ĄāĂ (dotdash line), capillary refractive index ĄāÿĆ (dot-
ted line) [73]. 
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The smaller beam waist corresponds to Corning SMF-28 silica optical fiber, 

used in NIR wavelength experiments. The results, presented in Table 4.1, con-
firm compliance with the adiabatic taper criterion for multimode fiber tapering, 
demonstrating high net transmission efficiency across a wide wavelength range 
from NIR to Mid-IR with negligible power losses due to tapering. The normal-

ized frequency ą value for each optical fiber at the output cross-section ensures 
bounding for the fundamental mode and a few higher-order modes also at the 

upper wavelength bound Ā = 5 āă. The simulations confirm minimal power 
coupling between optical fibers, aligning with modal analysis results [87]. 

 

 

Figure 4.3 Refractive index distribution, greyscale, of the simulated 3 × 1 fluoroindate combiner 
at the output cross-section (ă =  ĀąċĊ) at the wavelength Ā =  1.55 āă (x-y plane) 
[73]. 
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TABLE 4.1 SIMULATED TRANSMISSION EFFICIENCY 

Wavelength ÿ [Ā�] Beam waist  �� [Ā�] Transmission efficiency [%] 

   

   

   

 

 

Figure 4.4 BPM simulation of transmission efficiency ÿĉÿă(ă) along the propagation direction 
(z-axis), for beam waist þ�  =  10.4 āă (dashed line) and þ�  =  70 āă (dotted 
line) at the wavelength Ā =  1.55 āă [73]. 
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4.1.2 Fabrication and characterization 

The 3 × 1 fluoroindate combiner, described in Section 4.1.1, was fabricated using 
the Vytran GPX-2400 glass processing system based on graphite filament heat-
ing. Manufacturing fluoroindate glass components is challenging due to its fra-
gility and unique thermal properties, such as a low melting temperature, narrow 
glass-transition, and steep viscosity/temperature profile, as can be seen in Figure 
4.5. Strict temperature control is essential to avoid inhomogeneities and surface 
crystallization. To ensure precise temperature control, an ad-hoc normalization 
procedure using fluoride glass was developed for the Vytran GPX-2400. Various 
parameters, including filament power, applied tension, pull velocity, and argon 
flow rate, were optimized through extensive testing. The quality of the fluoroin-
date optical components heavily relies on these factors.  

Before assembly, the optical fibers were stripped of their polymer coating 
with a stripping gel, cleaned with isopropyl alcohol, and manually threaded into 
the capillary. The heating source was a commercial graphite filament. Through-
out the process, the glass was maintained at a temperature close to the softening 
point. Excessive heat could lead to surface crystallization or a fused waist, while 
insufficient heat could result in larger waist diameters or capillary breaking. The 
combiner diameter decreased during tapering, requiring a corresponding de-
crease in filament power to maintain the softening temperature. A constant fiber 

holding block pull velocity ÿĀĂąāā  =  0.5 ăă/Ā was used, with initial filament 

power ÿĄ ~12 Ć. The pull velocity was controlled with a 0.1 Ā repetition time. 

The structure was pre-tensioned to ~15 Ą, and an argon flow purged the fusion 
region to prevent crystallization and extend filament life. Excess isopropyl alco-
hol was removed using a vacuum pump. During the tapering process, the vacuum 
pump promoted capillary collapse, ensuring a homogeneous cross-section 
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without trapped air. The Vytran GPX-2400 built-in sensor monitored tension to 
adjust parameters appropriately: reducing filament power or increasing pull ve-
locity if tension became too small, and vice versa if tension became too large.  

Figure 4.6 shows tension variations during tapering, while Figure 4.7 captures 
the fabrication process with a digital microscope. 

 

 

 

Figure 4.5 Viscosity µ of fluoroindate glass versus temperature ă [73]. 
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Figure 4.6 Tension monitor measured during combiner manufacturing using Vytran GPX-2400 
sensor [73]. 

 

Figure 4.7 Longitudinal view of the 3 × 1 fluoroindate combiner, captured with Dino-Lite cam-
era, during a stage of the fabrication process. At left, the FTAT3 graphite filament of 
the Vytran GPX-2400 workstation [73]. 
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The final dimensions and cross-sections of the 3 × 1 fluoroindate combiner 
were obtained using the Vytran GPX-2400 microscope camera, and the device 
was cleaved in the waist ragion with a Vytran cleaver. Figure 4.8 shows the out-
put cross-section, indicating that using a fluoroindate capillary with a lower 
melting temperature than the optical fibers, along with vacuum assistance, re-
sulted in a homogeneous output cross-section with no air holes. Microscope im-
ages in Figure 4.9 depict the combiner longitudinal view of the down-taper. The 

combiner is characterized by a down-taper transition length ĀĀÿ = 1.5 Āă, 
achieving the desired dimensions without surface crystallization and with a scal-

ing factor ĂĂ = 5. 
Two experimental setups were developed to evaluate the combiner perfor-

mance in the NIR and Mid-IR spectral ranges. The first setup, Figure 4.10, in-

cluded an Exalos SLED EBD-5200 light source emitting at Ā =  1.55 āă, a sil-

ica single-mode 50: 50 coupler, and two Newport power meters. Bare fiber ter-
minators connected the coupler to the fluoroindate fibers. This setup measured 

the per-port net transmission efficiency ÿă,ĄăĊ, defined as the ratio of the output 

combiner power ÿąċĊ,āąăĀ to the power at the probe fiber output ÿĆĈąĀă,�Ăă. 

Measurements for different input ports are reported in Table 4.2, showing excel-

lent agreement with simulated efficiencies ÿĉ,ĄăĊ(ĀąċĊ) for a Gaussian input 

beam with þ�  =  10.4 āă at Ā =  1.55 āă. 
The second setup, Figure 4.11, investigated the combiner performance from Ā =  1.00 āă to Ā =  5.00 āă using a halogen lamp, Horiba iHR550 mono-

chromator, and In-Sb-detector with a lock-in amplifier. 
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Figure 4.8 Output cross-section of the 3 × 1 fluoroindate combiner, captured with Vytran GPX-
2400 microscope camera [73]. 

 

 

Figure 4.9 Longitudinal view of the 3 × 1 fluoroindate combiner, captured with Vytran GPX-
2400 microscope camera, at different stages of the tapering process [73]. 
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This setup measured overall transmission efficiency ÿă,ąČăĈÿĂĂ, including 

both combiner and coupling losses. Graphite inkjet applied to the combiner dis-
sipated light power guided through the capillary. Figure 4.12 shows the overall 
transmission efficiency with and without graphite covering, indicating a flat be-
haviour from NIR to Mid-IR.  

A far-field beam measurement was performed using an Ophir Pyrocam IV 

profiler at Ā =  1.55 āă, and Figure 4.13(a) shows the captured beam. Near-

field measurements at Ā =  0.635 āă with the Vytran GPX-2400 CCD camera 
are shown in Figure 4.13(b). 
 

 
 

 

Figure 4.10 Sketch of the experimental set-up used to characterize 3 × 1 fluoroindate combiner 
transmission efficiency ÿă,ĄăĊ at the wavelength Ā =  1.55 āă. The silica optical 
fibers are represented in black, the fluoroindate optical fibers in yellow [73]. 
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TABLE 4.2 MEASURED AND SIMULATED TRANSMISSION EFFICIENCY AT Ā = 1.55 āă 

Parameter 
Output power 

[Ā�] 

Measured Transmis-

sion efficiency [%] 

Simulated Transmis-

sion efficiency [%] ÿ1 1.513 78.4 80.1ÿ2 1.555 80.6 80.1ÿ3 1.497 77.6 80.1

 

Figure 4.11 Schematic of the experimental set-up used for 3 × 1 fluoroindate combiner character-
ization from NIR to Mid-IR [73]. 
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Figure 4.12 Overall transmission efficiency ÿă,ąČăĈÿĂĂ  measured in the Mid-IR wavelength 
range; 3 × 1 fluoroindate combiner without graphite covering (solid line), with graph-
ite covering (dotdash line) [73]. 
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4.1.3 Conclusion 

A 3 × 1 fluoroindate combiner for the Mid-IR wavelength range has been de-
signed and fabricated. A customized fabrication and normalization technique us-
ing the Vytran GPX-2400 glass processing system was developed. This achieve-
ment marks a significant step towards the reliable production of fused glass com-

ponents based on optical fibers made of soft glasses. Characterization at Ā = 1.55 āă showed a maximum per-port net transmission efficiency of ÿă,ĄăĊ  = 80.6%, consistent with simulations. This work facilitates the fabrication of 
high-quality, low-loss fluoroindate fiber combiners using commercial glass 
workstations, enabling wavelength and power scaling and eliminating the need 
for bulk optics components and free-space optical setups. 
 

 

Figure 4.13 (a) Far-field measurement of the beam at the output of the 3 × 1 fluoroindate 
combiner captured with the camera beam profiler Ophir Pyrocam IV at the wave-
length Ā =  1.55 āă; (b) near-field measurement of the beam at the output of the 3 
× 1 fluoroindate combiner captured, at the wavelength Ā =  0.635 āă, by the CCD 
microscope camera of the Vytran GPX-2400 [73]. 
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4.2 Low-Loss Fluoride Optical Fiber Coupler for 

Mid-Infrared Applications 

Utilizing indium fluoride optical fibers, an optical fiber coupler is designed 
using CMT, fabricated through fused biconical tapering, and characterized. 
The fabrication process is carried out using the Vytran® GPX-2400 glass 
processing system. The fabricated 2×2 coupler shows minimal surface crys-
tallization. Experimental results closely match simulations, demonstrating 
the feasibility of reproducible, low-loss fused optical fiber components for 
operation in the Mid-IR range. In particular, the fabricated 2×2 optical fiber 

coupler with few-mode fibers exhibits a measured coupling ratio ÿā
at the wavelength Ā āă, and an excess loss āÿ  =  0.88 āþ at 

the same wavelength. The following sections are organized as follows: Sec-
tion 4.2.1, reports the electromagnetic design via CMT; Section 4.2.2, the 
fabrication process and the characterization in the Mid-IR spectral range; 
Section 4.2.3, the conclusion. 

4.2.1 Design 

The electromagnetic design of the 2 × 2 indium fluoride optical fiber coupler, 

sketched in Figure 4.14, was performed using CMT to accurately predict the 
through and cross port powers for various waist geometries (i.e. waist diam-
eters and waist length). The designed coupler utilizes two step-index indium 
fluoride fibers IFG MM (0.20) 28/100 from Le Verre Fluoré (Bruz, France), 

each with a core diameter āāą,ÿ = 28 āă and a cladding diameter āāĂ,ÿ =100 āă. These fibers are placed inside a fluoroindate capillary with a low 
refractive index, facilitating close contact, increasing the coupler robustness, 
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and easing the fusion process due to the larger cross-sectional area, which 
makes controlling fabrication parameters easier. The capillary inner diame-

ter is āÿĄ2āÿĆ,ÿ = 360 āă, and its output diameter is āąċĊ2āÿĆ,ÿ = 550 āă.  

 

 

Figure 4.14 Sketch of an optical fiber coupler fabricated via fused biconical tapering technique; 
the input power ÿ0 is split among the through port and the cross port, according to the 
physical and geometrical properties of the waist/coupling region, long Ā� [71].
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Figure 4.15 Dispersion of the core refractive index Ąāą (solid line) and of the 
cladding refractive index ĄāĂ (dotted line) as functions of the wavelength Ā [71].
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At the wavelength Ā = 3.34 āă, the core and cladding refractive indices are Ąāą = 1.4774 and ĄāĂ =  1.4638, respectively, yielding a numerical aper-

ture Ăý of approximately 0.20. The capillary refractive index is ĄāÿĆ =1.4618 at the same wavelength.  
Figure 4.15 illustrates the refractive index dispersion of the core and clad-

ding versus wavelength Ā, used in simulations. The effective refractive index 
of the mode guided in the waist region of each fiber, without the other fiber 

(hypothesis of the CMT), is ĄăĄĄ j 1.4647, calculated using FEM. 

Figure 4.16 shows the electric field norm of the supermode in the waist 
region (a linear combination of the HE11 mode in each fiber) with an 

 

Figure 4.16 Electric field norm ā of the supermode guided in the waist region; scaling factor ĂĂ =  4.3, supermode effective refractive index ĄăĄĄ  ∼  1.4647, at the wavelength Ā =  3.34 āă [71]. 
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effective refractive index of ĄăĄĄ j 1.4647, illustrating field overlap. The 

down-taper and up-taper lengths are ĀĂĊ = ĀċĊ = 15 ăă, designed to guar-
antee adiabatic transitions, preventing higher-order mode losses.  

Figure 4.17 shows the spectral dependence of the normalized output pow-

ers of the through port ÿÿ (solid line) and the cross port ÿÿ (dotted line).  

Figure 4.18 depicts the normalized output powers of the through port ÿÿ 

(solid line) and the cross port ÿÿ (dotted line) as functions of waist length Ā� at Ā = 3.34 āă. The desired coupling ratio ÿā =  70: 30 can be 

achieved with a waist length Ā� = 21.25 ăă and a scaling factor ĂĂ = 4.3, 
as shown in Figures 4.17-18. The optical fibers are single-mode in the waist 
region.  

 

 

Figure 4.17 Normalized output powers of the through port ÿÿ (solid line) and of 
the cross port ÿÿ (dotted line) as functions of the wavelength Ā [71]. 
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The design was validated via 3D-BPM (BeamProp, RSoft Design Group). A 

Gaussian beam was used to excite the input fiber, achieving a coincident 

coupling ratio ÿā. 

4.2.2 Fabrication and characterization 

Two segments of IFG MM (0.20) 28/100 optical fiber were cleaved using 
the Vytran LDC-400 optical fiber cleaver. The cross-sections were inspected 
under a microscope to ensure there were no scratches on the fiber end-facets. 
These fiber segments were then inserted into a low-index indium fluoride 

capillary, long 17 Āă, with the aid of isopropyl alcohol. The structure was 

 

Figure 4.18 Normalized output powers of the through port ÿÿ (solid line) and 
of the cross port ÿÿ (dotted line) as functions of the waist length Ā�, at the 
wavelength Ā =  3.34 āă [71]. 
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secured in the fiber holding blocks of the Vytran GPX-2400 glass filament 
processing system. As already mentioned, indium fluoride glass has draw-
backs such as mechanical fragility, sensitivity to temperature and humidity, 
surface oxidation, viscosity, and interdiffusion of core, cladding, and capil-
lary materials. These issues can be mitigated by operating the graphite fila-

ment near the glass transition temperature ăą = 275°ÿ and heating in a con-

trolled argon environment. The quality of the fiber coupler transition, the 
alignment of imposed and measured dimensions, and the drawing tension 
during fabrication were used to identify the correct parameters. For a fixed 
fiber holding block pull velocity, high filament power can cause surface 
crystallization or incomplete taper formation, while low power can result in 
large waist diameter or fiber breakage.  

Figure 4.19 shows the drawing tension during fabrication, helping to 
identify the appropriate initial filament power. A negative peak indicates 
over-softened glass, while a high peak indicates insufficient softening.  

Figure 4.20 shows longitudinal micrographs captured by the Vytran 
GPX-2400 CCD camera, demonstrating a smooth diameter reduction with-
out irregularities in the taper profile. Minimal surface crystallization allowed 
for low excess loss. Avoiding crystallization in areas guiding the electro-
magnetic field is crucial for minimizing losses. The measured waist length 

is approximately 21 ăă. 



    Mid-IR optical fiber devices 109 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4.19 Drawing tension T as a function of the fabrication time t [71]. 
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The experimental setup is shown in Figure 4.21. The fabricated device was 
tested using an ICL from Nanoplus Nanosystems and Technologies GmbH, 

Wurzburg, Germany, emitting at Ā = 3.34āă. The ICL was pigtailed with 
an indium fluoride optical fiber (IFG (0.30) 9.5/125) from Le Verre Fluoré, 

with a mode field diameter of 9.7 āă. Excitation was performed via free-
space coupling using a groove and a three-axis stage. The through port power ÿÿ = 2.59 ăĆ, and the cross-port power ÿÿ = 1.00 ăĆ, measured by two 
thermal power sensors connected to a Thorlabs PM100D console. The actual 
coupler waist length was slightly shorter than designed, resulting in a meas-

ured coupling ratio of 72.2: 27.8. The power injected into the input fiber was ÿÿĄ = 4.4 ăĆ, measured after cleaving the fiber before the down-taper re-

gion. The excess loss is āÿ = 0.88 āþ, including losses from mode reduc-
tion in the down-taper transition. The device was tested after one month, 

 

Figure 4.20 Montage of longitudinal micrographs (starting from top right, finishing to bottom 
left) of the fabricated 2 × 2 indium fluoride optical fiber coupler, 
captured via CCD camera. Each micrograph covers a length of 800 āă. Micrographs 
are reported with a sampling step of 1600 āă [71]. 
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showing negligible variations in excess loss and coupling ratio, confirming 

its stability. The coupler can be adapted for wavelengths up to 5.5 āă, the 
upper transparency limit of InF3 glass. The performance of this and other 
fabricated couplers based on indium fluoride optical fibers are reported in 
Table 4.3. 

 
 

 

Figure 4.21 Sketch of the experimental set-up adopted to characterize the fabricated 
2 × 2 indium fluoride optical fiber coupler. The ICL power is coupled in the 
input optical fiber of the coupler via Thorlabs MAX313D/M 3-axis stage. The 
cross port power ÿÿ and the through port power ÿÿ are measured with two 
thermal power sensors, i.e., PW 1 and PW 2 [71]. 
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4.2.3 Conclusion 

Low-loss optical fiber couplers using indium fluoride optical fibers have 
been designed, fabricated, and characterized for the Mid-IR spectral range. 

One of the fabricated couplers shows a measured coupling ratio ÿā =72.2: 27.8, with an excess loss āĀ = 0.88 āþ at a wavelength Ā = 3.34 μm. 
The experimental results align well with the simulations. Future research 
will focus on determining the power-damage threshold of the indium fluo-
ride optical fiber coupler. This newly fabricated coupler promotes and ad-
vances research towards all-fiber mid-infrared applications, such as in-band 
pumped mid-infrared amplifiers and high-power all-fiber lasers. 
 
 
 
 
 
 
 
 

TABLE 4.3 PERFORMANCE COMPARISON OF THE FABRICATED INDIUM FLUORIDE OPTI-
CAL FIBER COUPLERS 

Operation Wavelength Coupling ratio Excess loss 

Multimode 1.55 āă 85.0: 15.0 0.63 āþ 

Few-mode 3.34 āă 72.7: 27.8 0.88 āþ 

Single-mode 3.34 āă 48.1: 51.9 1.20 āþ 
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4.3 Mode-Group Selective Photonic Lantern based on 

Indium Fluoride Optical Fibers for Mid-Infrared 

A mode-group selective photonic lantern made of three indium fluoride optical 
fibers is designed via 2D-FEM electromagnetic modal analysis, fabricated by 
stretching and heating technique, and then characterized in the Mid-IR spectral 
region. A conventional glass processing system is employed for the fabrication, 
overcoming the main limitation related to the narrow temperature range for in-
dium fluoride optical fiber processing. The experimental results are in optimum 
agreement with the simulations, demonstrating the possibility to selectively ex-
cite the photonic lantern modes. The following paragraphs are organized as fol-
lows: Section 4.3.1, the electromagnetic design of the photonic lantern; Section 
4.3.2, the fabrication process and the characterization of the device in the Mid-
IR spectral range; Section 4.3.3, the conclusion and the prospects. 

4.3.1 Design 

The design of a mode-group selective photonic lantern involves a 2-D electro-
magnetic modal analysis using commercial FEM software. This analysis allows 

to obtain information about the photonic lantern diameter ĀąċĊ where the num-

ber of modes is ĂĀĀā = 3 and the mode evolution at specific points along the 

longitudinal transition. The computations are performed at a wavelength of Ā =3.34 āă. The optical fibers and customized fluoride capillary, fabricated by Le 

Verre Fluoré (Bruz, France), have the following refractive indices at Ā =3.34 āă: core refractive index Ąāą#1 =  1.4774 for the few-mode optical fiber 

#1, Ąāą#2  =  Ąāą#3 =  1.4939 for the single-mode optical fibers #2 and #3, clad-

ding refractive index ĄāĂ = 1.4638 for all three fibers, and capillary refractive 
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index ĄāÿĆ = 1.4613. The core and cladding diameters of optical fiber #1 are āāą#1 =  25 āă, āāĂ#1 =  100 āă while for optical fibers #2 and #3, the core 

and cladding diameters are āāą#2 = āāą#3 =  7.5 āă and āāĂ#2 = āāĂ#3 = 125 āă, respectively. The capillary output diameter is āāÿĆ = 440 āă.  

These fluoride optical fibers were selected for their market availability and the 
large propagation constant differences they offer in the photonic lantern modes, 

ensuring adiabaticity with short down-taper length ĀĂĊ j 25 ăă [219]. 
Figure 4.22 shows the refractive index distribution of the starting cross-section 

of the designed photonic lantern, using a grey colorimetric scale where darker 
shades indicate higher refractive index values.  

 
 

 

Figure 4.22 Refractive index distribution of the untapered cross-section of the designed photonic 
lantern, in grey colorimetric scale. The white-colored domain outside the capillary is 
air [219]. 
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Figure 4.23 depicts the evolution of the effective refractive index of the first 

eight spatial modes against the lantern diameter ĀąċĊ. The solid black lines rep-
resent the mode groups LP01 and LP11 (LP11a and LP11b). For proper operation, 
these should be the only modes guided at the MME. The horizontal black dash-

dotted lines represent the cladding ĄāĂ and capillary ĄāÿĆ  refractive indices. 

Solid red lines indicate cladding modes, with ĄăĄĄ < ĄāÿĆ at the MME. As noted 

in [187], multimode fibers can be used for photonic lantern fabrication, relaxing 
the adiabaticity requirement at high wavelengths and allowing a wider range of 
diameters and refractive indices for achieving the desired modal selectivity.   

 

 

Figure 4.23 Effective refractive index ĄăĄĄ of the first eight spatial modes at the wavelength Ā =3.34 āă of the mode-group selective photonic lantern based on indium fluoride glass, 
for different photonic lantern output diameter ĀąċĊ [219]. 
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In our experiment, the fundamental mode of the few-mode optical fiber #1, i.e. 
LP01#1 is preferentially excited due to the use of a single-mode pigtailed laser, 
and a short length of the few-mode fiber. There is a crossing between the effec-
tive refractive index curves of the fundamental mode in optical fiber #1 and those 
in optical fibers #2 and #3, but there is no coupling because the fundamental 
modes are still well-confined in the respective cores at this stage of the transition. 

A photonic lantern output diameter of approximately ĀąċĊ = 80 āă can be con-
sidered the best as it guides only three spatial modes, far from cut-off [86]. 

Figure 4.24 illustrates the profile of the normalized electric field norm ā for 

the lantern modes for various diameters ranging from 160 to 60 āă. For 440 āă >  ĀąċĊ  >  275 āă, the fundamental modes remain confined within 
each optical fiber. The mode-group selectivity condition is satisfied since, at ĀąċĊ = 275 āă (where optical fibers #1, #2, and #3 are still unperturbed), ĄăĄĄ#1  >  ĄăĄĄ#2  =  ĄăĄĄ#3. When  ĀąċĊ  decreases, the LP11 mode group 

emerges as a supermode from the LP01 modes guided in optical fibers #2 and #3.  

4.3.2 Fabrication and characterization 

The fabrication is similar to the procedure to obtain combiners and couplers. In 

 

Figure 4.24 
Normalized electric field norm ā (ą/ă) of the LP01, LP11a and LP11b propagation 
modes for different photonic lantern output diameter from ĀąċĊ = 160 to 60 āă 
[219]. 
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this case, optical fibers #1, #2, and #3 are cleaved using a cleaver with diamond 
blade and then inserted into a low refractive index indium fluoride capillary. The 
structure is clamped with the two fiber holding blocks of the Vytran GPX-2400 
glass processing system. Experimental results indicate that the tension should be 

between 250 Ą to 600 Ą to prevent crystallization or structural breakage. Given 
the hygroscopic nature of fluoride glass, the device fabrication is carried out un-

der Argon flow āýĈ = 0.35Ā/ăÿĄ to avoid high losses due to water absorption 
and impurity-induced crystallization. A Linicon LV-125A vacuum pump is used 
at the end of the capillary to assist glass collapsing and prevent the presence of 

air holes at the MME. Before tapering, 18 Ą tension is applied by moving a fiber 
holding block. During tapering, both fiber holding blocks move in the same di-
rection at different speeds to achieve the necessary stretching, leading to a down-

taper length of ĀĂĊ = 25ăă and an average taper angle ÿ = 0.41°, which guar-
antees adiabaticity. Vytran LDC-400 optical fiber cleaver is again used to cleave 
the biconical taper in the waist region, obtaining the MME of the photonic lan-
tern. 

Figure 4.25(a) shows a picture of the fabricated indium fluoride mode-group 
selective photonic lantern, with the MME on the left and the three independent 
optical fibers on the right. Figures 4.25(b)-4.25(d) present micrographs of the 
cleaved cross-sections at various points along the transition of the fabricated 
photonic lantern (obtained via the cut-back method) and taken with a Vytran 
GPX-2400 microscope camera. The three optical fiber cores are clearly visible, 
as shown by launching visible light from a white lamp into the optical fibers.  

The device is tested with the same ICL employed for the coupler operating at 

the wavelength of Ā = 3.34āă, and pigtailed with a single-mode indium fluo-
ride optical fiber by Le Verre Fluoré. The ICL excites each of the optical fibers 

#1, #2, and #3 of the photonic lantern. The power at the MME (ĀąċĊ j 80 āă) 
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is measured by a thermal power sensor and normalized to the input power ÿÿĄ =2.4ăĆ. The insertion losses are ąĀ = 1.25 āþ for fiber #1, ąĀ = 1.63 āþ for 

fiber #2, and ąĀ = 1.50 āþ for fiber #3, accounting also for coupling losses from 
the ICL to the optical fibers due to imperfect mode matching.  

 
 

 

Figure 4.25 a) Picture of the fabricated indium fluoride mode-group selective photonic lantern; 
b)-c)-d) Micrographs of the cleaved cross-sections along the transition of the fabri-
cated mode-group selective photonic lantern (photonic lantern output diameter: b) ĀąċĊ  ≃  130 ām, c) ĀąċĊ  ≃  100 ām, d) ĀąċĊ  ≃  80 ām); e) Montage of longitudi-
nal micrographs along the transition [219]. 
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Figure 4.26 shows the farfield intensity distribution at the MME for individ-
ual excitation of the optical fibers. When fiber #1 is excited, the output at the 
MME shows the typical quasi-gaussian LP01 mode profile (Figure 4.26(a)). The 
LP11 mode profile when exciting the optical fiber #2 (Figure 4.26(b)) and the 
optical fiber #3 (Figure 4.26(c)).  

4.3.3 Conclusion 

The feasibility of a Mid-IR photonic lantern using fluoride optical fibers has 
been demonstrated. The electromagnetic design was developed using 2D-FEM 
to achieve a mode-selective photonic lantern. A commercial glass processing 
system was employed to fabricate the device, addressing the challenges related 
to the thermo-mechanical behaviour of indium fluoride glass. The prototype was 

characterized in the Mid-IR spectral range, showing less than ąĀ = 1.7 āþ losses 

at the wavelength of Ā = 3.34āă. Modal selectivity was confirmed through 

measurements with a beam profiling camera at the same wavelength Ā =3.34āă.  
The fabricated photonic lantern has a high number of potential applications, 

including very large telescope interferometers, Mid-IR equipment for exoplanet 

 

Figure 4.26 Measured normalized farfield intensity distribution at the MME of the fabricated pho-
tonic lantern, via Pyrocam IIIHR beam profiling camera; a) excitation of optical fiber 
#1; b) excitation of optical fiber #2; c) excitation of optical fiber #3 [219]. 
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discovery, thermal radiation imaging (night vision, hot spot detection), and Mid-
IR optical communication systems. Therefore, this achievement is a significant 
step toward the practical application of this device in Mid-IR fields, particularly 
in astrophotonics, imaging, and communication systems. Future research should 
aim to scale the photonic lantern to incorporate more fluoride optical fibers and 
evaluate its long-term stability under various conditions.  
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4.4 Micro-Tapered LPG for Mid-IR Applications  

Micro-tapering technique is exploited to obtain LPGs in fluoride glass. The pe-
riodic tapering on the non-UV photosensitive zirconium fluoride optical fiber 
leads to LPGs characterized by a significant transmission attenuation larger than 
15 dB, at the resonant wavelength. The experimental results align well with the 
simulations, demonstrating the possibility to adopt the devices in sensing and 
equalizing system. The following paragraphs are organized as follows: Section 
4.4.1, the electromagnetic design of the LPG; Section 4.4.2, the fabrication pro-
cess and the characterization of the device in the Mid-IR spectral range; Section 
4.4.3, the conclusion and the prospects. 

4.4.1 Design 

The simulation is conducted on the zirconium fluoride ZFG [1.95] 6.5/125 (0.23) 

fiber from Le Verre Fluoré (Bruz, France), which has a core radius ÿāą =3.25 āă, a cladding radius ÿāĂ = 62.5 āă, and a numerical aperture Ăý = 0.23. 

This fiber supports single-mode operation for wavelengths above Ā = 1.95 āă. 
An equivalent model for the actual micro-tapered LPG is developed by identify-

ing a straight LPG written in a scaled-down fiber. Thus, ÿāą2ăć = 2.60 āă and ÿāĂ2ăć = 50.25 āă have been investigated considering their average geomet-

rical dimension in a micro-taper. Material dispersion of zirconium fluoride 
glasses is included in the spectral calculations, as shown in Figure 4.27 [220]. 
Moreover, losses are neglected due to the short length of the LPG.  

Figure 4.28 reports the electric field norm of the interacting modes, i.e. LP01 

and LP02 modes, for the scaled-down ZFG [1.95] 6.5/125 (0.23) at Ā =3180 Ąă. The computed effective refractive indices via 2D-FEM are ĄăĄĄ j
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1.4808 for LP01 and ĄăĄĄ j 1.4780 for LP02. The computation assumes the do-

main outside the cladding is air, with a perfectly matched layer for a better esti-

mation of the cladding modes. The imposed grating period is � = 1.36 ăă and 

the number of grating periods is Ă = 25. Moreover, a total chirp Ā =0.0095 ăă is considered to account for fabrication tolerances. The average dc 

induced refractive index changes is Ąāą� = 20.0011 [76]. The FEM modal 

analysis is performed from Ā = 2500 Ąă to Ā = 4000 Ąă and the number of 

computed modes is Ă = 50. 

 

 

Figure 4.27 Measured and calculated core (circle markers and dashed line) and cladding refractive 
index (cross markers and solid line) Ą dispersion as a function of the wavelength Ā. 



    Mid-IR optical fiber devices 123 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

Figure 4.28 Simulated electric field norm ā of the a) LP01 mode with effective refractive index ĄăĄĄ ≃ 1.4808 and b) LP02 mode with effective refractive index ĄăĄĄ ≃ 1.4780 at 
the wavelength Ā = 3180 Ąă for scaled down ZFG [1.95] 6.5/125 (0.23) with core 
radius ÿāą = 2.60 āă and cladding radius ÿāĂ = 50.25 āă. 

 

Figure 4.29 Simulated transmission spectrum T of the designed zirconium fluoride LPG. 
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Figure 4.29 shows the transmission spectrum ă of the designed zirconium 

fluoride LPG. A sharp resonance with approximately 15 āþ attenuation is cal-

culated at Ā = 3250 Ąă. At this resonance wavelength, the power of the core 
mode LP01 couples to the cladding mode LP02.  

Figure 4.30 illustrates the power exchange along the grating length Ā between 
LP01 and LP02 at the resonant wavelength.  

4.4.2 Fabrication and characterization 

ZFG [1.95] 6.5/125 (0.23) optical fiber from Le Verre Fluoré (Bruz, France) is 
cleaved with an automatic diamond-blade cleaver and cleaned with isopropyl 
alcohol. The micro-tapering process involves two concurrent steps: heating and 

 

Figure 4.30 Power P of the core mode LP01 and of the cladding mode LP02 as a function of the 
longitudinal direction, i.e. ă axis, at the wavelength Ā = 3180 Ąă. 
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pulling the fiber. Different geometric profiles of micro-tapers can be achieved 
by adjusting either the velocity of the translation stages or the heating filament 
power. Specifically, the amount of glass entering the heat zone must equal the 

amount exiting, which determines the pulling speed ÿ1 = ā12/ā22 × ÿ2 , where ā1 is the initial cladding diameter, ā2  is the local diameter of the tapered fiber, ÿ1  is the pulling speed, and ÿ2 is the feeding speed. Both feeding and pulling 
occur in the same direction but at different speeds, defining the tapering ratio. 
During fabrication, the graphite filament remains stationary while the fiber hold-

ing blocks move at a pulling speed of ÿ1 = 100 āă/Ā. After fabricating a single 
micro-taper, both fiber holding blocks are displaced by the same distance and, 
then, another micro-taper of the same dimensions is produced. The fiber is al-
lowed to cool between taper formations to avoid residual heat effects. The dis-

tance between two micro-tapers is the grating period �.  
Figure 4.31 shows the tension measurements during the creation of five mi-

cro-tapers. As for the other fabrications, initially, a pre-tension is applied moving 
one fiber holding block while maintaining the other fixed. As the glass softens, 

one block moves faster than the other and the tension increases to Ă = 65 Ą. 
Excessive tension indicates over-softening and potential crystallization in fluo-
ride glasses, leading to high propagation losses. Insufficient tension suggests the 
glass is not soft enough and could be damaged.  

Figure 4.32 presents longitudinal micrographs of the fabricated zirconium 
fluoride LPG, showing good repeatability and high-quality transitions. To ab-
sorb power from the cladding modes, a cladding mode stripper consisting of a 
high-index polymer is placed after the zirconium fluoride LPG. A computer vi-

sion-based code measures the cladding radius ÿāĂ  along the longitudinal direc-

tion ă, enabling calculation of the average grating period � = 1.36 ăă and 

waist diameter āč = 89.2 āă. The retrieved profile is reported in Figure 4.33.  
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Broadband characterization of the zirconium fluoride LPGs is performed us-
ing the set-up illustrated in Figure 4.34. Light is coupled into a zirconium fluo-
ride optical fiber segment aligned with the LPG on a triaxial stage, with end 
facets positioned closely together.   
 

 

Figure 4.31 Measured cladding radius ÿāĂ as a function of the ă axis, i.e. longitudinal direction. 

         
          

   

 

  

  

  

  

  

  

  

  
  

  
  
  
  
  
 

 

Figure 4.32 Montage of longitudinal micrographs of the fabricated zirconium fluoride LPG. 
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Figure 4.35 shows the normalized transmission spectrum ă of the fabricated 

zirconium fluoride LPG, displaying a transmission dip near Ā = 3200 Ąă, in 
agreement with the numerical results. 
 
 

 

Figure 4.33 Measured cladding radius ÿāĂ as a function of the ă axis, i.e. longitudinal direction. 

 

Figure 4.34 Experimental set-up employed for the characterization of the fabricated zirconium 
fluoride LPGs. 
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4.4.3 Conclusion 

The fabrication of LPGs in fluoride optical fibers micro-tapering technique has 

been investigated. The LPG is composed of 25 micro-tapers with waist diameter āč j 90 āă and grating period � j 1.36 ăă. The attenuation of more than 15 āþ at the resonant wavelength, about Ā = 3200 Ąă, has been obtained. 
Low-loss LPGs in fluoride optical fibers can be considered a key component in 
a variety of applications, as they can help avoiding unwanted laser effects in 
fiber amplifiers/lasers and enable sensing in the Mid-IR range, which is valuable 
for environmental and biochemical monitoring. 
 
 

 

Figure 4.35 Measured normalized transmission spectrum T of the fabricated zirconium fluoride 
LPG. 
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4.5 Mid-infrared interferometry with non-adiabatic- 

and S-tapered ZBLAN optical fiber 

Two different tapering techniques are employed to obtain all-fiber Mach-
Zehnder interferometry in fluoride glass: i) non-adiabatic tapering, ii) s-ta-
pering. The design is carried out via 2D-FEM and 3D-BPM. The character-
ization of the non-adiabatic tapering demonstrates good agreement with the 
simulation and good potential for the next generation of optical fiber sensors, 
operating in the Mid-IR. The following paragraphs are organized as follows: 
Section 4.4.1, the electromagnetic design of the interferometers; Section 
4.4.2, the fabrication process and the characterization of the devices in the 
Mid-IR spectral range; Section 4.4.3, the conclusion and the prospects. 

4.5.1 Design 

The first device refers to the non-adiabatic taper, sketched in Figure 4.36. 
The electromagnetic design for the non-adiabatic taper is conducted using 
the same single-mode ZBLAN optical fiber employed for the LPG fabrica-
tion, specifically the ZFG SM [1.95] 6.5/125 from Le Verre Fluoré (Bruz, 
France). A 3-D BPM simulation is used to compute the sensor output spec-
trum. The non-adiabatic transition is achieved considering short down-taper 

and up-taper lengths, both set to ĀĂĊ = ĀċĊ = 2 ăă. The waist length is de-

signed to be Āč j 8 ăă [221], [222], with simulations reported for Āč =8.05 ăă based on the fabricated proof of concept and experimental results. 

The waist diameter is āč = 25 āă. The pathway monitor confirms the ex-
citation of the LP02 mode in the down-taper region.  

Figure 4.37 illustrates the normalized output power ÿąċĊ as a function of 
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wavelength Ā for different temperature changes. It shows a blueshift in the 
dips as the temperature increases, with a simulated temperature sensitivity 

of Ăÿ = 285.3 Ćă/ÿ at Ā = 3310 Ąă. This result seems counterintuitive 

given the high positive thermal expansion coefficient ā that increases the 

waist length Ā [125], [126]. In contrast, for silica tapers, the redshift of the 
m-th interference dip is typically explained by a positive change in both ĀĄăĄĄ  and length Ā, with the latter being minimal due to the low thermal 

expansion coefficient ā [125], [126]. However, in silica optical fiber SMF-

28 at Ā = 1550 Ąă, FEM computations show that the positive thermo-optic 

coefficient āĄ/āă  results in a lower ĀĄăĄĄ  with increasing temperature. 

Thus, a more detailed investigation is conducted to understand this effect 
better. To explore the theoretical basis for the spectrum shift, a thorough 
electromagnetic analysis using FEM is performed. 

 

 

Figure 4.36 (a) Sketch of a non-adiabatic tapered optical fiber, with the down-taper, waist, and 
up-taper regions. (b) Schematic diagram of a non-adiabatic tapered optical fiber op-
erating as a Mach-Zehnder interferometer [78]. 
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The 2-D electromagnetic modal analysis is carried out in the waist region 

of the ZFG SM [1.95] 6.5/125 fiber, with āāĂ = āč = 25 āă and āāą =1.3 āă, over temperature variations of Āă = 0 ÿ, Āă = 50 ÿ, Āă = 100 ÿ, 

and wavelengths from Ā = 3280 Ąă to Ā = 3350 Ąă. The effective refrac-

tive indices ĄăĄĄ  of the fundamental LP01 mode and the cladding LP02 mode 

are calculated, considering the fluoride glass thermo-optic coefficient āĄ/āă = 21.475 × 1025 ÿ21 on the core and cladding indices.  

Figure 4.38 depicts the effective refractive index difference ĀĄăĄĄ be-

tween the LP01 and LP02 modes versus wavelength Ā for various temperature 

changes. The inset shows the normalized electric field norm ā for both po-

larizations (x and y) of the LP01 and LP02 modes at Ā = 3.34 āă and Āă =

 

Figure 4.37 Normalized output power ÿąċĊ, simulated via BPM, versus the wavelength Ā for 
different temperature variations Δă [78]. 
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0 ÿ.  

Figure 4.39 displays the phase delay � versus wavelength Ā, influenced 

by: i) the variation in the waist region length Ā, which is affected by the 

fluoride glass thermal expansion coefficient ā = 1.72 × 1025 ÿ21 and ii) 
the temperature-dependent change in the effective refractive index differ-

ence ĀĄăĄĄ. The solution of the eq. � = 2ÿ/Ā × ĀĄăĄĄ × Ā shifts to shorter 

wavelengths (blueshift) with increasing temperature ă.  

 

Figure 4.38 Effective refractive index difference ΔĄăĄĄ  between the LP01 mode and the LP02 
mode, simulated via FEM, versus the wavelength Ā for different temperature varia-
tions Δă. In the inset, the normalized electric field norm ā is reported for both the 
polarizations of the LP01 mode and of the LP02 mode at the wavelength Ā = 3.34 ām, 
for temperature variation Āă [78]. 
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Figure 4.40 shows the cosine of the phase delay � versus wavelength Ā for 

different temperature changes Āă, confirming the blueshift of the comb-like 

spectral pattern, due to both the negative thermo-optic coefficient āĄ/āă  

and the positive thermal expansion coefficient ā of the fluoride glass. The 

temperature sensitivity, simulated with FEM, is Ăÿ = 285.3 Ćă/ÿ at Ā =3310 Ąă which aligns well with the 3-D BPM simulation results.  

In silica optical fiber, the redshift arises from a decrease in ĀĄăĄĄ  with 

increasing temperature (which dominates over the length increase effect due 

to the small thermal expansion coefficient ā). Conversely, in zirconium flu-

oride optical fiber, both ĀĄăĄĄ and Ā increase, resulting in a blueshift with 

rising temperature.  

 

Figure 4.39 Phase delay of the modes � versus the wavelength Ā, simulated via FEM, for different 
temperature variations Δă [78].
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The second design is based on S-tapered optical fiber. The same optical 
fiber is considered. To investigate the light propagation characteristics of the 
proposed STOF, three-dimensional numerical simulation based on BPM is 
performed. Three parameters can enable the optimization of the STOF, i.e. 

taper waist diameter āč, axial offset /, and tapered region length Āč [195]. 

The wavelength Ā is in the range from Ā = 2 āă to Ā = 4 āă and the axial 

offset / is in the range from / = 50 āă to / = 250 āă. The simulation is 

repeated for four different waist diameters āč from āč = 50 āă to āč =80 āă with a step Āāč = 10 āă. In every simulation, the tapered region 

length is set to Āč = 1.5 ăă, feasible with the splicing equipment.  
Figure 4.41 reports the surface plots about the total output power guided 

 

Figure 4.40 Cosine of the phase delay of the modes � versus the wavelength Ā, simulated via 
FEM, for different temperature variations Δă [78]. 
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by the LP01 mode. For small axial offset /, the electromagnetic field is not 
efficiently coupled with the higher order modes and, thus, the output spec-
trum does not present the typical spectral interference pattern. On the con-

trary, when the axial offset / is too large, especially for small waist diameter āč, the energy can be dissipated in the form of bending loss, and the energy 
of the fundamental mode and higher-order mode participating in the inter-
ference process decreases [196]. Moreover, the insertion loss can be too 
large, and the detector might not be able to read the signal. Considering the 
need for a detection with a good level of signal to noise ratio, it is preferrable 
to avoid blue region where the losses are too high and, at the same time, low 
value of offset should be avoided because of the inefficient interferometer 
effect that would be obtained. For this reason, a good trade-off is offered 

when considering āč = 60 āă and axial offset / = 120 āă. 

 

Figure 4.41 Total output power ÿ(āþ) of the simulated s-tapered ZBLAN optical fiber with waist 
length Āč = 1.5 ăă as a function of offset / and wavelength Ā for different waist 
diameters, a) āč = 80 āă, b) āč = 70 āă, c) āč = 60 āă, d) āč = 50 āă. 

 

a) b) c) d) 
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4.5.2 Fabrication and characterization 

ZBLAN single-mode optical fiber, i.e. ZFG SM [1.95] 6.5/125, is used to fabri-
cate the non-adiabatic taper. Pre-heating is optimized to prevent optical fiber 
bending due to gravity.  

Figure 4.42 shows micrographs of the fabricated non-adiabatic taper taken 
with the Vytran GPX-2400 CCD camera, revealing a smooth transition and a 
good match between the designed and measured sensor geometry. The output 

power ÿąċĊ is measured during the fabrication process of the non-adiabatic ta-
pered zirconium fluoride optical fiber to prove the fabrication quality. The fiber 
is excited with Thorlabs HLS635 laser. 

Figure 4.43 displays the output power ÿąċĊ  and tension Ă versus drawing 

time ā. The down-taper region is completed at ā j 17 Ā, and the non-adiabatic 

taper at ā j 37 Ā. Most losses are attributed to the down-taper, with an insertion 

loss ąĀ j 0.8 āþ, indicating good taper quality.  

 

 

Figure 4.42 Micrographs of the longitudinal section of the non-adiabatic tapered optical fiber, 
taken with Vytran GPX-2400 CCD camera; each micrograph is long 800 āă [78]. 
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The excitation source is the ICL operating at Ā = 3.34 āă. The sensor is excited 
using a Bare Fiber Terminator (BFT), and the far-field beam profile is captured 

with a Pyrocam IIIHR before the down-taper and in the waist region at Ā =3.34 āă, confirming the LP01 mode has the highest intensity in the waist region, 
as shown in Figure 4.44 and supported by 3D-BPM simulation. 

 

 

 

Figure 4.43 Output power Pout at wavelength Ā =  635 Ąă and tension Ă measured during the 
fabrication of the non-adiabatic tapered optical fiber [78]. 

 

Figure 4.44 Measured farfield beam profile, captured with Pyrocam IIIHR at the wavelength Ā =3.34 āă; a) before the down-taper, b) in the waist region [78]. 



    Mid-IR optical fiber devices 138 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

The experimental setup, illustrated in Figure 4.45, is used to demonstrate in-
terferometry between the LP01 and LP02 modes. Measurements cover wave-

lengths from Ā = 3.00 āă to Ā = 4.00 āă and the cosinusoidal pattern is 
demonstrated, as illustrated in Figure 4.46. 

 

 

 

Figure 4.45 Schematic of the experimental set-up used for the spectrum characterization of the 
non-adiabatic tapered optical fiber [78]. 

 

 

Figure 4.46 Measured normalized output power Pout of the non-adiabatic tapered optical fiber 
versus the wavelength Ā [78]. 
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The STOF is fabricated by applying off-axis pull while tapering 
the same single-mode zirconium fluoride optical fiber via Vytran GPX-2400. 
The optical fiber is mounted on the fiber holders and axial offset is provided, as 
illustrated in Figure 4.47. The longitudinal view of the obtained device is re-

ported in Figure 4.48. In particular, each micrograph covers 800 āă. When con-
sidering soft glasses and especially with fluoride glasses, it is important to pay 
attention to the eventual presence of a grainy texture that indicates that the glass 
was over softened, and crystals were formed. The picture reveals a good fabri-
cation. With a code based on image segmentation, the cladding geometric profile 
of the device is obtained. The core geometric profile is recovered knowing the 
starting core/cladding diameter ratio. In particular, Figure 4.49 reports the ob-

tained profiles, and the measured waist length is about āč = 60 āă, while the 

tapered region length is approximately Āč = 1.5 ăă.  
 

 

 

Figure 4.47 Schematic illustration of the fabrication procedure of the S-tapered ZBLAN optical 
fiber based on resistive filament heating and off-axis pulling. 



    Mid-IR optical fiber devices 140 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

4.5.3 Conclusion 

A single-mode non-adiabatic tapered optical fiber made from zirconium fluoride 
glass has been designed and fabricated. This cost-effective microdevice is highly 
attractive for Mid-IR sensing applications. By leveraging the thermo-optic and 

 

Figure 4.48 Longitudinal view of the fabricated s-tapered ZBLAN optical fiber, taken with Vytran 
GPX-2400 CCD camera. 

 

 

Figure 4.49 Core and cladding geometric profile as a function of the longitudinal direction, i.e. ă 
axis. 
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thermal expansion properties of zirconium fluoride, and the capability to operate 
at longer wavelengths, the device demonstrates a temperature sensor with higher 
sensitivity compared to those made of silica, given the same structure. Charac-
terization is carried out in the Mid-IR by observing the output power variation 
with temperature. Experimental results align well with simulations. Broadband 
characterization confirms the predicted comb-like spectral pattern at the output 
of the non-adiabatic tapered zirconium fluoride optical fiber. Moreover, a S-ta-
pered single-mode optical fiber is fabricated on zirconium fluoride glass. A pre-
liminary numerical model is carried out in 3D-BPM and further work will in-
clude the characterization of the device against different surrounding refractive 
indices. 
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5 Mid-IR all-fiber sources 

This chapter illustrates the results obtained during the Ph.D. research activity 
with respect to Mid-IR all-fiber CW source, useful for novel communication 
systems, sensing and medicine applications. 

5.1 Design of a High Performance Mid-IR Fiber Laser 

Based on Pr3+-doped Fluoroindate Glass 

A novel continuous wave fiber laser, pumped at ĀĆ  =  1550 Ąă and emitting 

at Āĉ  =  4 āă, is numerically designed and optimized. The active fluoroindate 
fiber is characterized by a step-index refractive index profile, with double clad-

ding geometry, and it is doped with praseodymium. Measured spectroscopical 
parameters have been considered to solve the five-level rate equation model. The 

best predicted slope efficiency of about ÿ =  33 % and pump power threshold ÿĊ/  =  0. 007 Ć have been obtained for a fiber length ĀĄÿĀăĈ  =  0. 4 ă and out-

put mirror reflectivity āąċĊ =  30 %. These values are very promising with re-
spect to the state of the art. The following paragraphs are organized as follows: 
Section 5.1.1 reports the electromagnetic design; Section 5.1.2, the prospects and 
conclusion. 
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5.1.1 Design 

The laser design considers a step-index double-cladding fluoroindate fiber doped 

with praseodymium, with a concentration ĂăĈ = 1.6 × 1026 ÿąĄĀ/ă³ 
(8000 ĆĆă), by Le Verre Fluoré.  

Figure 5.1 shows the fiber cross-section and the fundamental mode at the sig-

nal wavelength. The core diameter is āāą = 7.5 āă, the inner cladding diameter 

is āāĂ1 = 125 āă with a 2-D cut at a distance ā =  115 āă, and the second 

cladding diameter āāĂ2 =  180 āă. The other modeling parameters are listed in 

Table 5.1. The fiber analysis has been conducted using 2D-FEM modal analysis 

to determine the signal and pump overlap coefficients, ÿĉ = 0.312 and ÿĆ =0.899, respectively. The fiber is single mode at the signal wavelength.  

 

 

Figure 5.1 Fiber cross-section geometry and electric field norm ā of the fundamental mode HE11 
at signal wavelength Āĉ [161].
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Table 5.2 shows the spectroscopical parameters used in the design, found in 
literature [223], [224], [225], [226], [227], [228]. 

 

TABLE 5.1 MODELING PARAMETERS [161]. 

Symbol Value Description ĀĆ 1550 Ąă Pump wavelength Āĉ 4000 Ąă  Signal wavelength āÿĄ 95 %  Input mirror reflectivity āąċĊ 30 ÷ 80 %  Output mirror reflectivity ĀĄÿĀăĈ 0.3 ÷ 0.7 ă  Fiber length ā(ĀĆ) 0.1 āþ/ă Glass attenuation at pump wavelength ā(Āĉ) 0.01 āþ/ă Glass attenuation at signal wavelength Ąāą(ĀĆ) 1.4881  Core refractive index at pump wavelength Ąāą(Āĉ) 1.4721  Core refractive index at signal wavelength ĄāĂ1(ĀĆ) 1.4746  Inner cladding refractive index at pump wavelength ĄāĂ1(Āĉ) 1.4585  Inner cladding refractive index at signal wavelength ĄāĂ2(ĀĆ) 1.3872  Outer cladding refractive index at pump wavelength ĄāĂ2(Āĉ) 1.3785 Outer cladding refractive index at signal wavelength 
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TABLE 5.2 SPECTROSCOPIC PARAMETERS OF PR3+-DOPED FLUOROINDATE FIBER [161]. 

Symbol Value Description �14(ĀĆ) 1.2 × 10224 ă2 Absorption cross section Ą4 → Ą5 �41(ĀĆ) 1.2 × 10224 ă2 Emission cross section Ą5 → Ą4 �25(ĀĆ) 2.0 × 10225 ă2 Absorption cross section Ą5 → ă4 �52(ĀĆ) 4.8 × 10225 ă2 Emission cross section ă4 → Ą5 �34(Āĉ) 6.5 × 10225 ă2 Absorption cross section Ă2, Ą6 → Ă4,3 �43(Āĉ) 1.44 × 10224 ă2 Emission cross section Ă4,3 → Ă2, Ą6 �5 2.35 ăĀ ă4 radiative lifetime �4 2.28 ăĀ Ă4,3 radiative lifetime �3 57 ăĀ Ą6 radiative lifetime �2 79 ăĀ Ą5 radiative lifetime Ă21 100%  Ą5 → Ą4 branching ratio Ă31 62.23% Ą6 → Ą4 branching ratio Ă32 37.77% Ą6 → Ą5 branching ratio Ă41 63.06% Ă4,3 → Ą4 branching ratio Ă42 27.71% Ă4,3 → Ą5 branching ratio Ă43 9.24% Ă4,3 → Ă2, Ą6 branching ratio Ă51 5.81% ă4 → Ą4 branching ratio Ă52 61.26% ă4 → Ą5 branching ratio Ă53 28.34% ă4 → Ă2, Ą6 branching ratio Ă54 4.57% ă4 → Ă4,3 branching ratio Ćāý51 14514 Ā21 Non-radiative rate ă4 → Ą4 Ćāý32 6664 Ā21 Non-radiative rate Ą6 → Ą5 Ćāý21 499987 Ā21  Non-radiative rate Ą5 → Ą4 Ćÿý 2.25 × 104 Ā21 Cross relaxation rate 
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Simulations examined the laser output power ÿĉ as a function of input pump 

power for various fiber lengths ĀĄÿĀăĈ and output mirror reflectivities āąċĊ. The 

input mirror reflectivity was fixed at āÿĄ = 95%, simulating a high-reflectivity 
FBG in an all-fiber setup. 

Figure 5.2 illustrates the laser output power ÿĉ versus input pump power ÿĆ for 

different fiber lengths ĀĄÿĀăĈ. The slope efficiency slightly decreases with longer 

fibers, while the threshold pump power ÿĊ/ rises slightly. The optimal value is ĀĄÿĀăĈ = 0.4 ă with ÿĊ/ = 0.003 Ć, ÿĉÿĊ = 1.3 Ć, and ÿĉ = 0.34 Ć, yielding 

a slope efficiency ÿ = 28%. 

 

Figure 5.2 Laser output power ÿĉ as a function of the input pump power ÿĆ, for 
different values of the fiber length ĀĄÿĀăĈ , input mirror reflectivity āÿĄ  =  95%, 
output mirror reflectivity āąċĊ  =  80% [161]. 
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Figure 5.3 shows ÿĉ  as a function of input pump power ÿĆ for varying output 

mirror reflectivity āąċĊ. As āąċĊ decreases, the slope efficiency asymptotically 

increases, reaching ÿ = 32.5% for āąċĊ = 30%, while ÿĉÿt remains relatively 

constant. The maximum power is ÿĉ =0.42Ć. ÿĊ/  slightly increases with de-

creasing āąċĊ  but remains below 10 ăĆ. 

 
 
 
 
 
 

 

Figure 5.3 Laser output power ÿĉ as a function of the input pump power ÿĆ, for 
different values of the output mirror reflectivity āąċĊ, input mirror reflectivity āÿĄ  =  95%, fiber length ĀĄÿĀăĈ =  0.4 ă [161]. 
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Figure 5.4 presents the output power ÿĉ  versus the output mirror reflectivity āąċĊ for different input pump powers ÿĆ. ÿĉ  increases gradually for lower āąċĊ 
values, with more noticeable variations at higher ÿĆ. Figure 5.5 depicts ÿĉ as a 

function of ĀĄÿĀăĈ  for various ÿĆ and a saturation can be identified for each ÿĆ.  

 

 

Figure 5.4 Laser output power ÿĉ as a function of the output mirror reflectivity āąċĊ, for different values of the input pump power ÿĆ, input mirror reflectivity āÿĄ  =  95%, fiber length ĀĄÿĀăĈ =  0.4 ă [161].
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5.1.2 Conclusion 

For the first time, a fiber laser based on praseodymium-doped fluoroindate glass, 

emitting at Āĉ = 4āă when pumped at ĀĆ = 1550 Ąă, has been designed and 

optimized using spectroscopical parameters from literature. The predicted slope 

efficiency of ÿ = 33% is promising, along with a low input pump threshold ÿĊ/. 
NIR pumping could be achieved using an erbium-doped fiber laser spliced with 
the praseodymium fluoroindate fiber cavity. Future advancements might explore 

co-doping with ytterbium to achieve multi-wavelength emission at both Āĉ =3.6 āă and Āĉ = 4 āă. 

 

Figure 5.5 Laser output power ÿĉ as a function of the fiber length ĀĄÿĀăĈ, 
for different values of the input pump power ÿĆ, input mirror reflectivity āÿĄ  =  95%, output mirror reflectivity āąċĊ  =  30% [161]. 
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Conclusions 

In this Ph.D. thesis novel optical fiber sensors, Mid-IR optical fiber components, 
and optical fiber source, tailored for IoT applications are designed and fabri-
cated.  
The key findings related to non-conventional fiber optic sensors based on Bragg 
gratings for the measurement of strain, temperature, and curvature can be sum-
marized as follows: 

• a microstructured flat fiber, for longitudinal and transverse strain sensing 
within CFRP laminates, has been designed; the relevant advantage intro-
duced by the use of the microstructure close to one eyelet is the different 

slow and fast Ă axis sensitivities to transversal stresses ÿď,Ą  = 12.89 Ćă/āÿþ, ÿď,Ąă  =  21.06 Ćă/āÿþ, ÿď,ĉ  =  5.02 Ćă/āÿþ, ÿď,ĉă =  7.22 Ćă/ āÿþ, leading to high sensitivity triaxial strain detec-

tion; moreover, the embedding of the flat fiber in CFRP has different 
advantages compared to standard circular optical fibers. 

• an all-glass ultra-thin flexible silica planar Bragg grating-based sensor 
has been designed, fabricated, and experimentally characterized for high 

curvature monitoring up to ± 33 ă21; the shift of the resonant wave-
length for different curvatures is explained by means of modal analysis 
and coupled mode theory; there is a good agreement of the numerical 
results with the experiment. 

• a novel approach for bending monitoring through flexible photonics 
Bragg grating-based sensor has been theoretically investigated and 
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experimentally demonstrated; the approach considers, at the same time, 
both the power level of the reflected fundamental mode power and of the 
reflected higher-order mode power and the Bragg wavelength shift; the 
proposed flexible sensor can withstand very high curvatures up to 110 ă21 with Bragg wavelength shift sensitivities ÿÿ,ĄċĄ  =  22.4 Ćă/ă 2 1, ÿÿ,/ąă  =  22.1 Ćă/ă21 and ratiometric power sensitivity ÿăý = 20.78 āþ/ăă. 

The main results regarding the design, fabrication, and characterization of Mid-
IR optical fiber components based on soft glasses, exploitable for novel commu-
nication systems and spectroscopical applications, are reported in the following: 

• the design, fabrication and characterization of a 3×1 fluoroindate com-
biner for the Mid-IR wavelength range is made for the first time by means 
of commercial glass processing workstation; the characterization at the 

wavelength Ā =  1.55 āă demonstrates a maximum per-port net trans-

mission efficiency of ÿă,ĄăĊ =  80.6 % in agreement with simulations; 

the broadband characterization demonstrates a flat behaviour of the effi-

ciency from  Ā =  1.0 āă to Ā =  5.0 āă 

• the design, fabrication, and characterization of different low-loss optical 
fiber couplers based on indium fluoride optical fibers within the mid-
infrared spectral range have been demonstrated; for instance, the meas-

ured coupling ratio for a few-mode fiber-based coupler is ÿā =  72.2 ∶ 27.8, with an excess loss āĀ =  0.88 āþ at the wavelength Ā = 3.34 āă. 

• the design, fabrication, and characterization of a mode-group selective 
photonic lantern based on indium fluoride optical fibers for the mid-in-
frared spectral range have been demonstrated; the device is based on the 
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use of different starting optical fibers to achieve the possibility of selec-
tively excitation of the LP01 and of the LP11 mode at the multi-mode end 

of the device, with an insertion loss ąĀ < 2 āþ. 

• the design, fabrication, and characterization of sensors based on zirco-
nium fluoride optical fibers for the mid-infrared spectral range have been 
demonstrated; LPGs have been demonstrated via micro-tapering tech-

nique, achieving 15 āþ attenuation at the coupling wavelength between 

the LP01 and the LP02 mode Ā = 3.2 āă; interferometers based on non-
adiabatic tapers and S-tapers have been fabricated and will be employed 
for environmental sensing, exploiting the shift of the output comb-spec-
trum. 

The design and optimization of a Mid-IR CW laser has been also addressed be-
cause it is an essential part of most communication and detection schemes. More-
over, novel Mid-IR CW sources may benefit of the demonstrated optical fiber 
components, improving the power-level (combiner), eliminating spurious emis-
sion (LPG), coupling different pump wavelengths (coupler), etc.  

• A fiber laser based on praseodymium-doped fluoroindate glass pumped 

at ĀĆ = 1550 Ąă and emitting at Āĉ = 4 āă has been designed and op-

timized using realistic spectroscopical parameters, with a promising 

slope efficiency ÿ = 33% and a low input pump threshold.  
As listed in the next paragraph, the obtained results have been published in In-
ternational Journals and presented at National and International Conferences. 
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