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A spiral-shaped photonic crystal fiber (SS-PCF) is described in this master’s thesis. The
focus of this thesis is to use a fine mesh and the finite element method (FEM) to pre-
dict the elemental properties of optical transmission, such as optical nonlinearity, con-
finement loss, beat length, numerical aperture, birefringence, and effective mode area.
Separately employed as core materials, gallium phosphide (GaP), graphene, and tellurite
exhibit greater performance than earlier works. Graphene provides extremely high optical
nonlinearity which is six orders of magnitude higher than GaP and seven orders of mag-
nitude higher than tellurite at the wavelength range of 0.1 to 1.5 µm. To the best of my
knowledge, this SS-PCF is the first to test the performance of these three ceramic objects
in optical nonlinear applications. In actuality, the structure’s evanescent fields aid in the
modeling process and display a performance outline with a high birefringence of 0.33, a
high numerical aperture of 0.86, and a very low confinement loss of 2.86 × 10−9 dB/m.
All these results are relevant in nonlinear applications including biological imaging, sens-
ing, supercontinuum optics, polarization maintenance, optical parameter amplification,
and others.
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1 INTRODUCTION

1.1 Background

Optical fiber is a key component of communication technology, representing a remarkable
technical revolution in recent telecom history [1]. Undoubtedly, the invention of optical
fibers was one of the most important technological advancements in data communica-
tions. They have gradually replaced copper wire and satellite connections due to their
numerous advantages, including high data speeds, minimal attenuation, and resistance to
electromagnetic interference [2, 3]. Besides telecom purposes, fibers are also used in the
non-telecommunications domain. They are widely applied for illumination, remote sens-
ing, machining, medical imaging, and linking applications, thanks to their compact size,
lightweight, large bandwidth, and other desirable properties [4]. A conventional optical
fiber (Fig. 1) [5] is made of two silica (SiO2) glasses – an advanced refractive index (RI)
core and a lower RI cladding. The higher RI core is typically obtained by doping the silica
with either fluorine (F) or germanium (Ge) atoms [6]. Such a fiber guides light through
total internal reflection (TIR) [7]. While optical fibers enable widespread applications,
conventional fibers have inherent limitations due to the properties of the glass used in their
composition [8].

Figure 1. Conventional optical fiber [5].

The properties of (SiO2) glass do not meet the requirements for precise emerging im-
plementations, thus traditional fibers are unable to accommodate them. The difficulty
associated with conventional fibers has sparked a latent development in fiber optics ad-
vancement, leading to the innovation of the photonic crystal fiber (PCF), also known as
the holey optical fiber (HOF) or the microstructure optical fiber (MOF) [9]. In 1987, the
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photonic band gap (PBG), initially proposed by Sajeev John of the University of Toronto
and Eli Yablonovitch from Bell Communications Research, gained significant attention
in optics during the early 1990s [10]. The PBG involves constructing structures to hinder
the conveyance of photons at specific wavelengths while allowing passage at others. Fur-
thermore, minor alterations in the regularity of the RI would commence additional power
levels amidst the PBG, akin to the generation of energy levels amidst the band gap of tra-
ditional semiconductors. Regrettably, crafting the appropriate compositions has proven
to be exceedingly challenging. The inaugural PBG substance was crafted in 1991 by
Yablonovitch and his collaborators through the process of drilling cavities with 1 mm di-
mensions in a material block possessing an RI of 3.6. Given that the band gap wavelength
aligns with the interval between the air apertures in the crystalline, this configuration
exhibited a bandgap inside the warm zone.

Inspired by Yablonovitch’s research, Philip Russell proposed in 1991 a groundbreaking
idea to confine light within a hollowed core fiber by introducing a two-dimensional (2-
D) optical crystal in the cladding—a cyclic lattice of tiny air apertures within glass [11].
This concept draws on the same principle found in the iridescence of peacock feathers or
butterfly wings, where periodic nanostructures produce various angles and colors, creating
stop bands that strongly reflect inward light. When skillfully formulated, the photonic
crystalline cladding proceeding alongside the overall fiber size can avert the escaping
of illumination from the core. These novel fibers are named PCFs as they bank on the
unfamiliar attributes of photonic crystalline.

The crystal lattice of silica is highly transparent and has some prominent optical prop-
erties. Relying upon these exclusive properties optical fiber is made. In recent years,
there has been active research on advancing optical fiber and PCF technology [11–14].
A modern class of optical fiber PCF, a modern form of optical fiber, is constructed with
a simulated array of air apertures running longitudinally through the fiber, offering su-
perior performance compared to standard fibers. PCF offers magnificent optical features
like endless single-mode operation, large effective area, ultra-flattened dispersion, high
nonlinearity, and high birefringence (Br), as distinctly reported in previous literature [12].
These crucial properties largely depend on PCF size or shape, light propagating mech-
anism, hosting material, and operating wavelength. These are reported below. Light
propagation through PCF is classified into two classes: PBG and index guiding (IG) (in
Fig. 2) [13]. In IG-PCF, light travels through the fiber core where the RI is greater than
the cladding region, leading to TIR phenomena. In contrast, PBG-PCF utilizes a photonic
band gap effect to instruct light through the fiber core. PBG-PCF typically has a narrower
transmission band compared to IG-PCF [14]. While conventional optical fiber is typically
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made of doped silica, for PCF its conventional optical properties are not sufficient [15].
Various materials such as tellurite, chalcogenide, and graphene glass with polymer are
used as backgrounds to form PCF, especially over larger infrared transmission bands, due
to their novel optical properties [16].

Figure 2. Structure of index guiding (a) and photonic band gap (b) PCF [13].

Application areas of PCF are growing vigorously. In the field of telecommunication, it
opened a new era for fast communication. The internet backbone is based on optical fiber.
Besides telecom sectors, PCFs are used in the areas of sensing (chemical, gas pressure,
temperature), biological diagnostics, optical coherence tomography (OCT), spectroscopy,
high-power technology, optical switching, optical amplification, supercontinuum genera-
tion, optical filtering, and so forth [17, 18]. Recently PCF has drawn great attention by
filtering the light for faster communication [14]. A miraculous change has already been
made in neuroscience by imaging the brain system [11, 12].

1.2 Objectives and delimitations

The objectives of this thesis are as follows:

• Develop a novel optical waveguide structure known as SS-PCF.

• Attain improved nonlinear characteristics while ensuring a straightforward and flex-
ible design.
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• Use FEM with a fine mesh to analyze and evaluate key optical properties.

• Evaluate the performance of different core materials, such as GaP, graphene, and
tellurite, separately in the SS-PCF structure.

• Discuss potential fabrication methods for the proposed SS-PCF, considering tech-
niques such as sol-gel and capillary stacking for efficient manufacturing.

• Propose avenues for future research based on the potential applications and advan-
tages of the designed SS-PCF structure.

The delimitation of this thesis work is that the fiber properties are computed only within
a limited wavelength range from 0.1 µm to 1.5 µm.

1.3 Structure of the thesis

Chapter 2 provides an extensive overview of PCF and its guiding mechanism. It also
discusses the role of nonlinear PCF in supercontinuum generation and various nonlinear
optical phenomena. Chapter 3 presents the geometric features of the proposed PCF struc-
ture with its core materials. It delves into the simulation criteria and numerical techniques
that are utilized for analyzing the optical characteristics focusing on the FEM as a primary
approach, and also the fabrication techniques like capillary stacking, sol-gel, drilling, and
3D printing. Chapter 4 outlines the several optical parameters that are computed to pro-
vide a comprehensive understanding and potential applications of SS-PCF. Chapter 5 is
related to graphical descriptions of all the calculated parameters with three different ma-
terials. Chapter 6 represents the current study and future work. Chapter 7 encompasses
conclusions.
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2 PRINCIPLES OF PHOTONIC CRYSTAL FIBERS

2.1 Literature Review

The exploration of PCF has gained immense popularity due to its wide range of optical
applications [1, 19]. PCF guiding mechanisms can be sorted into two kinds: IG-PCF
and PBG fiber. IG-PCF comprises a cyclic structure of air apertures inside the cladding
segment, which traps light within the central zone and allows for the interface of light
power with air or fluids inside the cladding apertures with a gradual field [20]. In PBG
fiber, light is controlled through PCF in a minor-index core section [21, 22], effectively
managing the guidance of light across various frequency bands. PCF has the potential to
serve as electro-optical modulators [23], switches [24], filters [25], gas sensors [26–31],
and fluid or chemical sensors [32], etc. PCFs exhibit good guiding characteristics and de-
sign flexibility in varying effective areas, making them attractive for optical filtering and
sensing. Furthermore, the high filtering characteristics, reduced size, sensitivity, and mul-
tiplexing capability of PCFs offer potential in various applications. The design flexibility
and advantages over conventional optical PCFs have drawn the attention of researchers in
the modern world. Researchers have been striving to achieve superior guiding attributes
of PCF by analyzing the geometrical properties in both core and cladding. Since the first
invention of PCF, attaining improved guiding properties of PCF has been a great chal-
lenge for researchers. Compared to traditional optical fibers, PCFs have been shown to
have better sensitivity, adjustable dispersion, high optical nonlinearity, large Br, and low
confinement loss (CL) [11, 33, 34]. These distinctive features have found extensive ap-
plications across various domains, including chemistry, medicine, and biology, owing to
their convenient properties [35]. When light propagates through a PCF in the presence
of a metallic layer, the independent electrons within the metal absorb the optical influ-
ence of the light, leading to optical signal interaction with surface Plasmon resonance
(SPR). SPR arises when their segments are identical [36]. The combination of PCF and
nanoplasmonics represents a promising exploration area.

There are several publications available that discuss strategies to maximize PCF perfor-
mance [37–43]. Key features and applications of the optical fiber are listed in Table
1 [44]. Researchers have explored enhancing PCF conductivity by creating a nanostruc-
tured core with a high RI to achieve large nonlinearity and Br. To accomplish high
Br and nonlinearity, Liu et al. proposed an elliptical core PCF packed with tellurite
glass [37]. Their research yielded Br and nonlinearity measurements at wavelengths of
1.55 µm that were successively 7.57 × 10−2 and 188.39W−1km−1. Wang et al. created
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Table 1. Types of Optical Fibers, Key Features, Applications, and Examples [44].

Types Key Features Applications Examples
Multi-
mode

Transmit multiple sig-
nals over limited dis-
tances

Signal transmission,
local area networks,
video distribution,
lighting systems

Multi-mode
fibers

Single-
mode

Transmit multiple sig-
nals over large dis-
tances

Submarine commu-
nications, high speed
data transfer, long-haul
telecom networks

Single-mode
fibers

Rare-
earth-
doped

Wavelength selectivity,
long lifetime, broad-
band amplification

Nonlinear optics,
quantum optics,
telecoms networks,
cryptography

Rare-earth-
doped fibers

Air clad Ultra-high NA, multi-
mode, pure silica core

Spectroscopy, Power
delivery

Air clad fibers

Hollow
core

Low latency, minimal
dispersion, elevated
distraction threshold

Distribution of ultra-
short high energy
optical pulses, pulse
compression, ultra-fast
data transmission,
pulse shaping

hollow core
fibers

PCF High nonlinearity,
low-loss transmission,
high birefringence,
broad continuous
operational spectrum

Telecommunications,
biomedical imag-
ing, mode filtering,
sensing, short pulse
delivery

Hollow core
PCFs, single
mode PCFs,
PM PCFs

a tellurite-anchored PCF [38] in a different study that shows Br and nonlinearity up to
5.05× 10−2 and 1896W−1km−1 consecutively, at the active wavelength of 1.55µm. Re-
vathi et al. [39] however, suggested a spiral shape with elliptic air apertures and achieved
Br of 2.56×10−2. Subsequently, it was modified to 2.96×10−2 by substituting soft glass as
the PCF’s basic material [45]. Therefore, Yang et al. [40] suggested a PCF with condensed
air apertures in the core area and offered excellent performing profiles, including strong
nonlinearity of 68W−1km−1, Br of 2.22 × 10−2, and CL of 10−4 dBm−1. Additionally,
Liao et al. [46] described a nonlinear slot silicon fiber with a great Br of 2.1×10−2, a non-
linearity of 156.74W−1km−1, and a bigger effective area (EA) of 1.48× 10−12 m2. At the
wavelength of 0.5µm, Paul et al. [41] reported a high nonlinearity of 1.52×105 W−1km−1

with a numerical aperture (NA) of 0.36 and CL of 1.47 × 10−5 dB/m. Moreover, Biswas
et al. [42] evaluated D-shaped PCF with a small mode area of 1.20 × 10−13 m2 and very
high nonlinearity of 5.2 × 107 W−1km−1 at 0.1µm wavelength. Furthermore, Ahmed et
al. [43] addressed a D-shaped design with Br of 0.17 and an outstanding high NA of 0.80.
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2.2 Light Capturing Operation of Photonic Crystal Fiber

The transmission of the optical field through the fiber center is facilitated by upholding
two distinct ideologies of light, namely TIR and PBG theory.

2.2.1 Total Internal Reflection

The fundamental concept of TIR shown in Fig. 3 [5] involves a 2-D photonic lattice, where
the core material possesses a higher RI than the cladding [33]. This type of PCF consists
of a solid silica core besieged by a photonic lattice featuring a triangular arrangement of
air apertures [47]. The guidance of light in this PCF occurs through a modified form of
TIR, known as IG-PCFs [48]. In solid core PCFs, the core is built of uncontaminated
silica, while the cladding comprises multiple air apertures, increasing the disparity in RI
betwixt the core and the cladding. This difference alters the light path using the principle
of modified TIR.

Figure 3. Working process of total internal reflection [5].
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2.2.2 Photonic Bandgap Guiding

In PBG fibers (Fig. 4) [5], the RI of the cladding region exceeds that of the core area due to
the presence of the hollow core [33]. Consequently, light is guided through the existence
of the band gap. The fiber selectively permits photons with a band gap exceeding that of
the PCF cladding [47]. Therefore, all photons with a band higher than the PCF bandgap
either become evanescent in the cladding or continue propagating within the air core.

Figure 4. photonic bandgap guiding [5].

2.3 Nonlinear Photonic Crystal Fiber in Supercontinuum Genera-
tion

Nonlinear PCFs have become pivotal in the realm of supercontinuum generation, present-
ing distinct advantages for achieving broad optical spectra (Fig. 5) [49]. The enhanced
nonlinearity of PCFs is a result of carefully crafted designs and specialized materials,
allowing for efficient nonlinear optical processes like self-phase modulation (SPM), four-
wave mixing (FWM), and stimulated Raman scattering. These nonlinear phenomena col-
lectively contribute to the significant spectral broadening observed in supercontinuum
generation, enabling the creation of a wide range of wavelengths from a single optical
source. The controlled dispersion and unique waveguide properties of nonlinear PCFs, as
well as their ability to support soliton dynamics, perform a crucial role in shaping the char-
acteristics of the generated supercontinuum. Noteworthy references supporting the use of
nonlinear PCFs for supercontinuum generation include works by [33, 47, 50], emphasiz-
ing their impact on diverse applications such as OCT, spectroscopy, and the generation
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of ultrafast pulses. Researchers continue to explore and refine nonlinear PCF designs,
contributing to advancements in supercontinuum sources with tailored spectral properties
for various applications in optics and photonics.

Figure 5. Supercontinuum generation [49].

2.4 Nonlinear Optical Fiber in Four-Wave Mixing

Nonlinear optical fibers (NOF) have an important role in the applications of FWM phe-
nomena, which include, in general, most of the third-order nonlinear optical processes.
These processes have a pivotal role in various applications in optical communications and
signal processing. For example, the intensity-dependent RI arises from the so-called de-
generate FWM, which then gives birth to the nonlinear Kerr effect. In an optical fiber,
the nonlinear Kerr effect enables the generation of new frequencies when short, high-
intensity, laser pulses interact in the fiber. This is essential in the wavelength conversion
of optical signals, which enables enhancing the flexibility and capacity of optical com-
munication networks [51]. Okawachi and his co-workers have experimentally shown
the feasibility of FWM in wavelength tuning using microstructured optical fibers [52].
Also, FWM in optical fibers offers a foundation for the development of new photonic
devices [51].
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2.5 Nonlinear Optical Fiber in Self-phase Modulation

SPM arises when a high-intensity laser pulse propagates through a NOF and alters the
pulse’s temporal phase due to the fiber’s optical nonlinearity, leading to the intensity-
dependence of the fiber’s RI. Thereby, when the pulse travels through the fiber, its leading
edge experiences a higher RI than the trailing edge and creates a time-dependent phase
shift. A fast temporal modulation of phase results in spectral broadening of the laser
pulses (Fig. 6) [53]. Hence, SPM has an important role in supercontinuum generation,
where ultra-short and high-intensity laser pulses transform into a very broad spectrum
of light [54]. This phenomenon has practical applications in optical communications,
spectroscopy, and laser sources for biomedical imaging. Therefore, there is a strong desire
to discover new fiber designs and pulse-shaping techniques to optimize and control SPM
for specific photonic applications [11].

Figure 6. Spectral broadening due to SPM of 8 ps laser pulses at 527 nm after propagation of
different lengths in an optical fiber: (a) 0 cm; (b) 22 cm; (c) 42 cm; (d) 84 cm. [53].
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2.6 Advantages of Photonic Crystal Fiber in Nonlinear Applications

PCF presents distinctive advantages for nonlinear applications in optics. The high non-
linearity of PCFs facilitates efficient light-matter interactions, crucial for phenomena like
supercontinuum generation and FWM [33,52]. The tailored dispersion properties of PCFs
allow precise control over group velocity dispersion, enabling manipulation of pulse prop-
agation and phase matching in nonlinear processes [50]. Additionally, the ability to con-
trol Brillouin scattering, coupled with enhanced light confinement within the core, pro-
vides opportunities for mitigating nonlinear limitations and optimizing signal quality [47].
The flexibility to tailor mode profiles, achieve low optical loss, and incorporate specialty
designs makes PCFs a versatile platform, suitable for various applications in telecom-
munications, sensing, and integrated photonics devices. Compact and flexible in design,
PCFs offer a promising avenue for advancing nonlinear optical technologies.

2.7 Nonlinear Optical Fiber in a Nutshell

All optical fibers have non-zero third-order nonlinear optical susceptibility, which gives
rise to the intensity-dependent RI. Therefore, all optical fibers can show third-order non-
linear optical effects [51]. However, if an optical fiber is specifically designed to have
an especially large value for the optical nonlinearity, it is called a nonlinear optical fiber
or NOF. In these fibers, the nonlinear optical effects are especially pronounced, even in
short NOFs. These effects include phenomena like SPM, FWM, parametric amplifica-
tion, pulse compression (see Fig. 7) [55], and supercontinuum generation [54]. Notable
materials for NOFs include PCFs, microstructured fibers, and specialty designs with high
nonlinearity and tailored dispersion characteristics [33]. NOFs find applications in diverse
fields, including telecommunications, where they enhance signal processing capabilities
and enable wavelength conversion, as well as in sensing, imaging, and frequency genera-
tion [52].
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Figure 7. Pulse compression with PCF in practice. PCF is pumped by 250 fs laser pulses from
Ti : Saphire laser, and output pulses from PCF are spectrally broadened. These pulses are then
compressed to 25 fs pulses by the negative dispersion of a grating pair [55].
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3 DESIGN OF SPIRAL-SHAPED PHOTONIC CRYS-
TAL FIBER

3.1 Geometry

COMSOL Multiphysics 5.1, an all-encompassing simulation package with a wide variety
of application programs, was used to design the SS-PCF structure. Fig. 8 illustrates the
cross-segmental outlook of the intended SS-PCF where each spiral arm has 10 air holes.
In the middle position, an ellipse core is set where its a and b semi-axis values are 0.35
and 0.17 µm respectively. The center area is presented in Fig. 9, and the corresponding
triangular mesh used in the FEM computations is shown in Fig. 10. Here, d1 to d3 are the
diameter of cladding air apertures, and their values are 0.96, 1.26, and 2 µm correspond-
ingly. Furthermore, we have set a radius of 13.75 µm for the perfectly matched layer-1
(PML1) and 12.5 µm for PML2, with its thickness being 10% of the total PCF. The spac-
ing between the centers of two adjacent apertures is called the pitch distance (P). For the
core material, GaP, tellurite, and graphene are separately employed, while silica acts as
the framework material. Fig. 11 depicts the mode field distribution across two different
wavelengths 0.1 µm and 1 µm, with a specific focus on both X and Y polarizations.

Figure 8. The cross-segmental outlook of the proposed SS-PCF.
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Figure 9. Closer look of the center area.

3.2 Simulation Criteria

For analyzing optical characteristics, various numerical techniques such as finite differ-
ence time domain (FDTD), partial wave expansion (PWE), effective mode index (EMI),
and full vector finite element method (FV-FEM) are well known [56–59]. Of these tech-
niques, FV-FEM is the best technique for its less computational time [60]. Additionally,
mesh analysis also plays a crucial role, as being responsible for the complete discretiza-
tion of the designed prototype into easy shapes [61]. In this thesis work, FV-FEM has
been applied for searching the propagating modes, and the comprehensive vectorial pro-
gram COMSOL Multiphysics 5.1 was used to complete the entire analysis.

3.3 Finite Element Method

In many fields of physics and engineering, some phenomena or systems can be described
by partial differential equations (PDEs) [59–61]. For complicated systems, these equa-
tions are unsolvable in practice. To solve this problem, an American-German mathemati-
cian, Richard Courant, developed the finite element method (FEM) in 1940 [62]. The
fundamental concept of FEM involves dividing the computation domain into small sub-
domains that are known as finite elements. This is accomplished through a specific dis-
cretization of space dimensions, implemented by creating a mesh of objects. This mesh
serves as the numerical domain for the solution, containing a finite set of points [63]. The
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Figure 10. Triangular mesh of the proposed SS-PCF structure.

Figure 11. X and Y polarization mode distribution at two different wavelengths.

PDEs are then solved for each subdomain using suitable boundary conditions. 2-D and
3-D finite elements are extensively used for their variable mesh and curve structures. An
example of the FEM technique applied to a PCF structure is shown in Fig. 12 [64] .

3.4 Fabrication Process

The fabrication process is a critical aspect to consider when it comes to PCFs. In this
context, extensive research has been conducted to determine the feasibility of fabricating
the designed PCF. Additionally, various fabrication methods, including extrusion, stack-
and-draw [65], capillary stacking, sol-gel [66], drilling, and 3D printing, have been com-
prehensively discussed in the study. In a recent laboratory experiment, Jabin et al. suc-
cessfully manufactured a PCF with an amoeba-shaped configuration [67], which presents
a more challenging structure compared to my design. Furthermore, using the conven-
tional capillary stacking technique, Argyros et al. created a micro-structured polymer
fiber adorned with circular rings of perforations [68]. The proposed SS-PCF can be effi-
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Figure 12. A PCF structure using FEM technique [64].

ciently manufactured through the utilization of sol-gel and capillary stacking techniques.
These methods can provide the necessary additional structural flexibility for the envi-
sioned design.
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4 NUMERICAL CHARACTERIZATION

4.1 Refractive Index

In PCFs, the refractive index (RI) or index of refraction represents a dimensionless pa-
rameter that describes how light transmits through a medium. Based on its performance
profile, a unique SS-PCF is presented in this thesis work. The comprehensive vectorial
program COMSOL Multiphysics 5.1 was used to complete the entire analysis. Analysis
of the 235 430 mesh elements is aided by FEM. The whole evanescent field is assessed
by two different forms of mode confinement, namely x-polarization and y-polarization.
Furthermore, the mesh findings are mostly used for the core material, indicating the struc-
ture’s effective RI, which can be calculated as [69]

n(λ) =

√√√√1 +
3∑

i=1

[
Biλ2

λ2 − Ci

]
, (1)

where Bi and Ci are Sellmeier constants, and n implies the RI of fused silica that varies
on wavelength. The standard temperature in this area is 25 °C.

4.2 Birefringence

Birefringence refers to the optical characteristic where RI varies based on polarization
and direction of light propagation. However, it is possible to determine the modal bire-
fringence, which is defined as the differentiation of the orthogonal mode RI difference [69,
70]:

Br(λ) = |nx − ny|, (2)

where nx and ny, respectively, are the effective mode RI of the core material in x and y
polarization.
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4.3 Beat Length

The beat length (Lb) of a PCF can be used to gauge its polarization-preserving capabilities.
It is reliant on the operating wavelength and Br. The subsequent formula can be applied
to calculate the PCF’s beat length and is given by [43]:

Lb =
Br

λ
. (3)

4.4 Power Fraction

The principal goal of the suggested PCF is to dispatch information utilizing output power.
Consequently, power fraction acts as an indicator of the fiber’s overall performance and
is given by [71]:

η =

∫
x
SzdA∫

all SzdA
. (4)

Here, the numerator signifies the current region of interest, while the denominator denotes
the entire region of interest, and Sz is a Poynting vector that describes the z-direction of
wave transmission.

4.5 Confinement Loss

Confinement loss (CL) occurs when the guided light extends into the cladding region, and
the light leaking through the air holes within the cladding is called leakage loss or CL.
Therefore, electromagnetic wave leakage and absorption cause the power decline at the
output, which is revealed by the confinement loss, and its equation is given by [43]:

Lc =
20

ln 10
× 2π

λ
× Im(neff)× 10−2, (5)

where Im(neff) and λ stand for the imaginary values of the RI and wavelength, respec-
tively.
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4.6 Effective Mode Area

The effective mode area (Aeff) refers to the spatial distribution of a light beam within
a fiber. Calculating Aeff is crucial as it provides valuable insight for estimating several
parameters like NA and nonlinearity. Conversely, the total polarization profile, shown by
Aeff , is fully dependent on the region of mode confinement given by [72]:

Aeff =

( ∫ ∫
|E(x, y)|2dxdy

)2∫ ∫
|E(x, y)|4dxdy

, (6)

where E(x, y) is the electric field amplitude. The integration process involves the entire
area, not just the core region.

4.7 Numerical Aperture

In optics, numerical aperture represents a dimensionless value that defines the breadth of
angles within which the mechanism can emit or accept light [73]. On the other hand, the
receiver’s ability to take all light is entirely dependent on the SS-PCF’s numerical aperture
given as [71]:

NA =

[√
1 +

πAeff

λ2

]−1

. (7)

4.8 Nonlinearity

The high nonlinear PCF is well-suited for practical applications. The effective mode
field and nonlinear coefficient influence a fiber’s nonlinearity. Higher nonlinearity (γ) is
produced by a small effective area (Aeff) and a big nonlinear coefficient (n2), and vice
versa. The nonlinearity (γ) of a PCF can be evaluated by [74]:

γ =
2π

λ
× n2

Aeff

. (8)

Here, Aeff stands for the effective area, while n2 for the core material’s nonlinear coeffi-
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cient.
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5 RESULTS

5.1 Simulation Results of the Proposed Optical Fiber Structure

The effective wavelength modification of modal Br of GaP, graphene, and tellurite is
illustrated in Fig. 13. The Br increases with increasing wavelength. In the wavelength
range from 0.1 to 0.7 µm, each material has almost the same Br. In wavelengths between
0.7 to 1.5 µm, the materials show different Br curves, GaP showing the maximum Br
value of 0.33 at a wavelength 1.5 µm. It is important to note that many applications utilize
materials with strong Br. For instance, it is crucial in long-distance communication as well
as in lowering the PMD impact. Consequently, the very high Br value of the designed SS-
PCF is one of its advantages over conventional PCFs.

Figure 13. The behavior of birefringence with respect to the wavelength for GaP, tellurite, and
graphene.

The PCF’s ability to preserve polarization can be assessed by beat length (Lb). Fig. 14
exposes the Lb and it is getting shorter as the wavelength increases. The highest Lb is
achieved at 0.1 µm wavelength for all materials. For this wavelength GaP, tellurite, and
graphene have maximum Lb values of 1247.48 µm, 496.94 µm and 687.26 µm respec-
tively. At operating wavelengths from 0.4 µm to 1.5 µm, the beat lengths are almost
the same for all materials. A PCF with a short beat length is greatly desired for optical
applications that retain polarization.
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Figure 14. Beat length graph regarding performing wavelength for GaP, tellurite, and graphene.

In Fig. 15, it is shown that the core power fraction decreases both in x and y polariza-
tion modes as wavelength increases, indicating that the light leaves the core area as the
wavelength increases. The greatest power fraction is attained at 0.1 µm wavelength. GaP,
tellurite, and graphene, in that order, have the largest power fraction values (in percent) at
this wavelength, which are 99.998, 99.989, and 99.995, respectively. The power fraction
grows monotonically as the wavelength decreases. This phenomenon decreases nonlin-
earity (details in Fig. 19) and raises confinement loss (details in Fig. 16).

Figure 15. For the proposed configuration in both polarizations, the power fraction profile and
wavelength for GaP, tellurite, and graphene.

In relation to wavelength fluctuations for the materials GaP, tellurite, and graphene, con-
finement loss (Lc) is depicted in Fig. 16. Here, we can see the Lc of these three core



30

materials remain within a constant range like 10−4 dBm−1 to 10−6 dBm−1 for both X and
Y-modes. Graphene shows its lowest Lc of 2.86×10−9 dBm−1 at an operating wavelength
0.8 µm because at this position the power fraction value is maximum. The suggested
model with low Lc performance stimulates further investigation of optical factors. As a
result, this SS-PCF will be compatible for long-distance contact systems.

Figure 16. The confinement loss for GaP, tellurite, and graphene materials regarding wavelength
change in x, y polarization modes.

In Fig. 17, a smooth upward-sloping curve is shown for X and Y polarization of an effec-
tive mode region for GaP, tellurite, and graphene. At wavelength 0.1 µm the values of Aeff

is 1.13 × 10−13 for all three core materials in the x-polarization mode. Tellurite displays
a huge effective area while GaP displays a small one. When the wavelength increases,
the Aeff also increases. Additionally, the compact Aeff facilitates obtaining a high NA and
extreme nonlinearity.

Fig. 18 illustrates the changes in NA concerning the wavelength. Additionally, it presents
a consistently rising curve with a convex shape spanning from 0.1 µm to 1.5µm across
three distinct core materials. From this figure it is also evident that the top NA achieved
are 0.86, 0.72, and 0.80 for GaP, tellurite, and graphene correspondingly when operating
at a wavelength of 1.5 µm. Nevertheless, it is important to note that the proposed SS-
PCF structure demonstrates an NA exceeding 0.86, making it highly comparable to the
previously mentioned articles [37–40, 45, 46, 75, 76]. Typically, silica rarely achieves an
NA exceeding 0.40. These elevated NA values hold considerable promise for various
optical applications, such as medical imaging and OCT. Therefore, the high NA values
are poised to provide valuable guidance for the design of future optical fibers and will act
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Figure 17. The effective area for GaP, tellurite, and graphene materials regarding wavelength
change in the x and y polarization modes.

as a pivotal responsibility in a range of nonlinear applications.

Figure 18. Numerical aperture for GaP, tellurite, and graphene materials about wavelength varia-
tion in x and y polarization modes.

Fig. 19 displays a horizontal downward curve for the nonlinearity of three different ma-
terials with respect to wavelength variation. At operating wavelength 0.1 µm, graphene
shows the maximum nonlinearity, measuring 6.13× 1012 W-1km-1 for x-polarization and
5.31 × 1012 W-1km-1 for y-polarization. Other two minerals, like GaP of 3.70 × 106

W-1km-1 and tellurite of 3.28 × 105 W-1km-1, exhibit their maximum nonlinearity that is
extremely comparable with previously reported results [41,42]. Nonlinearity has a strong
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relationship with the effective area and NA which are represented in Figs. 17 and 18, re-
spectively. The designed SS-PCF shows the highest nonlinearity achieved thus far. As a
result, the suggested PCF is a promising option for telecom applications and supercontin-
uum production due to its high nonlinearity.

Figure 19. The nonlinearity diagram for materials such as GaP, tellurite, and graphene regarding
wavelength variation in the x and y polarization modes.

The optical characteristics of the designed SS-PCF using different materials are shown in
Table 2, and a comparison of their properties of previously reported works is shown in
Table 3.

Table 2. Comparison of the optical characteristics of graphene, tellurite, and GaP materials for
the x and y polarization modes at wavelength of 0.1 µm. The best results are written in boldface.

Materials Effective
Mode Area
(m2)

Confinement
Loss
(dBm-1)

NA Nonlinearity
(W-1km-1)

GaP (x-polarization) 1.13×10−13 2.634× 10−7 0.166 3.70× 106

GaP (y-polarization) 1.30×10−13 1.306× 10−5 0.160 3.20× 106

Tellurite (x-polarization) 1.13×10−13 1.167× 10−5 0.166 3.28× 105

Tellurite (y-polarization) 1.31×10−13 3.591× 10−5 0.154 2.83× 105

Graphene (x-polarization) 1.13×10−13 1.040× 10−5 0.166 6.13× 1012

Graphene (y-polarization) 1.30×10−13 2.520× 10−5 0.155 5.31× 1012



33

Table 3. Comparison of optical parameters with previous reported work and the best values are
marked with boldface.

Ref. Wave-
length
(µm)

Birefringence Power
Frac-
tion (%)

Confinement
Loss
(dBm−1)

NA Nonlinearity
(W−1km−1)

[37] 1.55 7.57× 10−2 - 2.98× 10−9 - 188.39
[38] 1.55 5.05× 10−2 - - - 1896
[39] 0.85 2.56× 10−2 - - - 26.73
[40] 1.55 2.2× 10−2 - 10−4 - 68
[41] 0.5 - - 1.47× 10−5 0.36 1.52× 105

[42] 0.1 - 99.99 4.32× 10−4 0.86 (1.5
µm)

5.2× 107

[43] 0.1 0.17 (1.5 µm) 97 10−4 0.80 (1.5
µm)

-

- 0.1 2.01 × 10−4

(for tellurite)
99.99
(for
GaP and
graphene)

2.63 × 10−7

(for GaP)
0.166 (for
GaP and
graphene)

6.13× 1012

(for
graphene)

- 0.80 0.074 (for
graphene)

98.04
(for
GaP)

2.86× 10−9

(for
graphene)

0.76 (for
GaP)

4.80× 1011

(for
graphene)

- 1.50 0.33 (for
GaP)

85.88
(for
GaP)

4.19 × 10−7

(for
graphene)

0.86 (for
GaP)

1.17× 1011

(for
graphene)

5.2 Summary

During this work, it was found that graphene exhibits extremely high nonlinearity of
6.13 × 1012W−1km−1 and 5.31 × 1012W−1km−1, GaP of 3.70 × 106W−1km−1 and
3.2 × 106W−1km−1, and tellurite of 3.28 × 105W−1km−1 and 2.83 × 105W−1km−1

for x, and y-polarized modes individually at the functioning wavelength 0.1µm. It also
provides an ultra-high Br of 0.33, a high NA of 0.86, and a very low CL of 2.86 ×
10−9 dBm−1. At a typical laser wavelength of 0.8µm we can see the nonlinearity of
graphene is 4.8×1011W−1km−1 and 4.47×1011W−1km−1 GaP of 3.55×105W−1km−1

and 3.1× 105W−1km−1, and tellurite of 2.06× 104W−1km−1 and 2.00× 104W−1km−1

for x, y-polarized modes accordingly. These values are all quite comparable to those
reported in previously published articles [37–43]. These features make the suggested
SS-PCF particularly suitable for various optical fields. The strong nonlinearity of the SS-
PCF is very important for optical communication requirements, supercontinuum creation,
spectroscopic systems, creating short pulses, polarization maintenance in optical fibers,
and more. The SS-PCF’s smooth and easily adaptable structure lends itself to efficient
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fabrication processes. Consequently, given its exceptional performance capabilities, it
is probable that the suggested SS-PCF will open new avenues for future research in the
realm of PCF.
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6 DISCUSSION

6.1 Current study

In this research work, an SS-PCF with an elliptical core has been proposed for analyz-
ing different core materials’ performance. Here, separately employed as core materials,
gallium phosphide (GaP), graphene, and tellurite exhibit greater performance than that of
earlier works. Different types of losses have been calculated here, such as confinement
loss, power fraction, and numerical aperture. Numerical simulation is a crucial part that
plays an important role in theoretical studies of PCF. Exploring the behaviors of the elec-
tromagnetic field within a PCF necessitated advancements in computational methods that
leverage the symmetric and periodic patterns of these materials. Our investigation begins
with an examination of FEM, followed by the analysis of the band structure of a PCF. The
calculation of these techniques is derived from solid-state physics.

The results from the simulation of the proposed structure present modal birefringence,
beat length, and power fraction for three different core materials. The research indicates
that birefringence increases with wavelength. At a wavelength of 1.5 µm, GaP shows
the highest birefringence value of 0.33. High birefringence is beneficial for applications
requiring strong polarization retention. Moreover, power fraction correlates with con-
finement loss that remains within the range of 10−4 dBm−1 to 10−6 dBm−1 for all three
materials. Graphene shows the lowest confinement loss at 0.8 µm, making it a strong
candidate for long-distance communication due to its minimal signal loss. Therefore,
the effective mode area also increases with wavelength which influences both NA and
nonlinearity. Additionally, nonlinearity analysis shows that graphene shows the highest
nonlinearity, making this fiber suitable for applications requiring high nonlinear perfor-
mance, such as telecom and supercontinuum generation. The suggested SS-PCF can be
utilized for a multiplicity of waveguide applications, including bandwidth propagation.

6.2 Future work

The numerical assessment of the suggested SS-PCF shows very promising results. In
the future, my focus will be on making simple structures with small effective areas and
increasing nonlinearity to enlarge the scope of applications. Additionally, I shall try to
increase birefringence and minimize confinement loss to optimize signal transmission.
Finally, I shall try to find a manufacturer to fabricate the proposed structure.
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7 CONCLUSION

A new SS-PCF with a silica-rooted material formation is presented here to investigate
bandwidth propagation and supercontinuum application. In this case, a FEM model with
COMSOL v-5.1 of 235 430 mesh elements for the 0.1-1.5 µm wavelength bands was used
throughout the entire numerical study. The performance of different core materials, such
as GaP, graphene, and tellurite, was separately studied in the SS-PCF structure. It was
found that graphene has the highest nonlinearity with at least four orders of magnitude
higher than the previously published values. On the other hand, all the materials pro-
vide high numerical aperture and birefringence with GaP providing the highest values.
These features make the suggested SS-PCF particularly suitable for various optical fields.
The strong nonlinearity of the SS-PCF could be very important for optical communica-
tion requirements, supercontinuum creation, spectroscopic systems, creating short pulses,
polarization maintenance in optical fibers, and more. The SS-PCF’s smooth and easily
adaptable structure lends itself to efficient fabrication. Consequently, given its excep-
tional performance capabilities, it is probable that the suggested SS-PCF will open new
avenues for future research in the realm of PCF.
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