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Abstract

This study introduces a innovative multi-layered photonic crystal fiber (PCF) featuring a pair of distinct and
independent directed mode regions, collectively supporting a total of 112 orbital angular momentum (OAM)
modes, comprising 76 + 36 modes. The designed nested PCF is characterized by a prominent primary channel,
incorporating a pair of ring areas with high refractiveindex composed of Borosilicate glass (SFg), surrounded
by a cladding with fused silica as the background material. The findings indicate wherein the suggested PCF
exhibits a adequately substantial effective refractive index difference (ERID), along with a consistently flat
dispersion profile, expansive effective mode field area and minimal confinement loss across the wavelength
range of 0.6to 1um. The confinement loss (CL) ranges approximately between 2.49701 x 10~*! to
9.13425 x 10~° dB/m, while highest attained OAM purity is 99.31969% and 98.99258% at HE,; mode
respectively for both inner and outer rings. All the modes demonstrate ERIDs exceeding 10~%, and minimum
dispersion variation observed is —856 ps/km — nm. Additionally, achieving an outstanding isolation
performance, with the highest attained ISO reaching 294 dB at HEq; mode and observed a substantial
effective mode area of 9.15 um? and 25.8 um? respectively for inner and outer rings. This research leverages
COMSOL Multiphysics' finite element method (FEM) and perfectly matched layer (PML) capabilities alongside
MATLAB processing to calculate all key variables of the offered fiber. Therefore, the suggested Photonic PCF
demonstrates promising prospects for extended-range, high-capacity data transmission within optical

communications and applications related to OAM sensing.
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Chapter 1

Introduction

1.1 Introduction

Photonic crystal fiber (PCF) is an innovative optical waveguide made with air-holes along its entire length.
Proposed in 1996, PCF has become a well-established field in both research and commercial applications.
Optical fibers derive their unique properties from a meticulously designed, highly transparent silica lattice,
making them essential for advanced communication and data transmission. In recent years, engineers and
scientists have focused on advancing optical fiber technology, particularly Photonic Crystal Fiber (PCF).
Optical fiber is a slender, clear conduit that transmits large amounts of data over long distances using guided
light in modern communication and data transfer systems. Optical fiber plays a crucial role in various fields,
including medicine, sensing technologies, and laser applications, highlighting its versatile utility [1]. PCF,
constructed with an artificial array of air holes along its length, outperforms standard optical fiber, offering
superior performance [2]. PCF is an innovative optical fiber design which leverages the advantages of both
optical fibers and photonic crystals, resulting in unique properties unattainable with traditional fibers. Unlike
traditional optical fibers, Photonic Crystal Fiber (PCF) offers superior dispersion control, allowing for precise
manipulation of light pulses. This capability is advantageous in applications such as high-speed data
transmission where minimizing dispersion is crucial [3].

Moreover, PCF outperforms traditional solid-core fiber in terms of flexibility and bend sensitivity,
allowing it to maintain superior guiding properties even under tight bends, making it ideal for applications
where space constraints or intricate routing is required. Figure 1.1 illustrates the cross-sectional insight of

the initial solid-core PCF [2], featuring a 300 nm perforation diameter and a pitch distance of 2.3 um.

ed o
XXX
o0 o0& _
XXX)
XXX

Figure 1. 1: Cross-sectional insight of first solid-core PCF.
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Over three decades of dedicated research, continuous advancements in system capabilities and fabrication
technology have approached their limits. Since the 1980s, researchers and engineers across multiple
laboratories have been intrigued by the potential to structure materials at the optical wavelength scale (sub-
micrometer dimensions) to create innovative optical mediums, commonly referred to as photonic crystals.
Optical beam guidance relies on two primary mechanisms: total internal reflection (TIR) and photonic
bandgap guidance (PBG). To facilitate TIR for guiding light, a cladding material featuring a refractive index
sustain beneath that of the core is essential. However, no lossless materials with a refractive index beneath
that of air at optical frequencies are currently available [1].

During 1998, the inaugural PCF utilizing the PBG influence for luminance guidance was documented
[4, 5]. Hollow-core guidance became feasible in 1999 with advancements in PCF fabrication, allowing for
higher air content proportions necessary to attain photonic bandgap with respect to aerial orientation.
Hollow-core PCFs demonstrate significant potential due to their low nonlinearity [6] and high damage
threshold [7-9]. This is attributed to the air-guiding in the hollow core, resulting in minimal overlap between
silica and the propagating mode. Therefore, they emerge as favorable options for upcoming
telecommunication transmission systems. Air-guiding PCFs hold potential for delivering high-power laser
beams, applicable in areas like marking, machining, welding, laser surgery, and terahertz generation [10].

Optical fibers, while ideal for various applications, are presently impractical due to fiber damage,
adverse nonlinear effects from high optical powers, and group-velocity dispersion causing short pulse
dispersion [10]. Air-guiding photonic crystal fibers (PCFs) are ideal for nonlinear optical processes in gasses,
with applications in trace gas detection and gas lasers. Losses are limited by factors like absorption,
scattering, confinement loss, bend loss, and structural variations. Figure 1.2 illustrates the inner
configuaration of the inaugular hollow-core PCF proposed in [3], featuring a pitch distance of 4.9 um and a

core diameter of 14.8 um.

Figure 1.2: Inner configuaration of the inaugular hollow-core PCF
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Circular PCF stands out as a unique optical light guide with a enchanced refractive index kernel (silica glass)
and a encasement region formed by a ordered distribution of air apertures along the fiber [11]. Traditional
fibers incorporate stringent composition constraints due to limitations in core size and material options.
Light propagation relies on the total internal reflection (TIR) concept [12], leading to restricted distance
coverage. Photonic Crystal Fibers (PCFs) are typically segregated into two types: index navigating and
photonic band gap navigating. Each sort of PCFs allow for the manipulation of essential fiber properties for
instance effective area [13], scattering [14], nonlinearity [5], dual refractivity [15], confinement loss, and
transmission constant [6] through modification of aperture dimensions, spatial organization, and structure.
The unique optical characteristics of PCFs have propelled their extensive applications in lightwave
transmission [14, 16], nonlinear optics [5], and leading-edge technology [7].

The effective refractive index in PCF significantly impacts optical communication properties, serving
as a vital parameter for system evaluation[13, 14]. Confinement loss in waveguides relies on the hypothetical
segement of the effective refractive index [3] and effective area, while wavefront spreading and light
transmission ratio are influenced by the legitimate section of the effective refractive index [13]. Refining the
diameter and proposition of cladding perforations enables the design of application-specific guiding
properties [9]. Space division multiplexing (SDM) is a promising solution for enhancing the potential of
current lightwave transmission systems, as demonstrated in previous studies [17]. Extensive research and
practical implementation have been conducted on SDM using both multimode fiber and multicore fiber, as
documented in references [18-19]. In recent times, Orbital Angular Momentum (OAM) modular diversity is
emerging as a optimistic evolution for space division multiplexing, enhancing transmission efficiency and
bandwidth optimization [20]. Exploration of OAM signal trnamission has garnered considerable attention
and undergone thorough investigation, as reflected in extensive studies [21-22].

To delve into the discussion on OAM, it is imperative to explore the principles of Spin Angular
Momentum (SAM) and Orbital Angular Momentum (OAM). A beam exhibiting amplitude distribution
described by u(r, ¢, z) = uy(r,z)exp(i lp), possesses angular momentum along the beam axis. The orbital
contribution is exclusively influenced by the azimuthal phase dependence and is expressed per photon.
Polarization dictates the spin angular momentum of material bodies. Each body can possess both spin and
orbital angular momentum (OAM), with the OAM as a result of its linear motion. The total angular
momentum for an assembly of components, represented by the inferior notation ‘a’, is possible to be

defined as follows:

] = Za [(ra X Pa) + Sa] (1.1)
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In this context, r,, p, and s, represent the body a’s position, linear momentum, and spin, respectively. The

’

total spin ‘S’ and orbital angular momentum ‘L’ of a system can be determined by summing the individual

guantities of each particle in the system:
S = Za Sa (1.2)
L= Za Tq X Po (1.3)

Spin and orbital angular momentum are typically correlated with intrinsic and extrinsic angular momentum,
respectively. The displacement of the rotation axis origin can alter these values. Therefore, The external
angular momentum /., is defined as the cross product between the center of mass position and the total
linear momentum, P.
Jext = R X P (1.4)
Where,
R=3%q “f1iiM=3%, myiP=3, P (1.5)

The intrinsic angular momentum is the aggregation of spin angular momentum and orbital angular
momentum with respect to the center of mass. The extrinsic angular momentum is influenced by changes
in the velocity and displacement of rotation axes, while the intrinsic angular momentum remains unaffected
by alterations in axis displacement. For a single body, orbital momentum aligns with extrinsic, and spin
momentum corresponds to intrinsic. The external angular momentum component aligned with the total
momentum is required to be zero. When analyzing a mechanical system with only a subset of bodies, the
center of mass may vary from the overall system. The total angular momentum can be expressed easily in
relation to the momentum density as follows:

J=J  €rx(ExB)dx (1.6)

Enhancing transmission capacity remains a persistent and critical priority in optical fiber
communications. The existing optical fiber communication systems are experiencing a bandwidth constraint
at 100 terabits per second, marking the upper boundary within the C + L bands of unimode fiber [11]. Space
division multiplexing (SDM) emerges as a core remedy to tackle the impending proficiency constraints. SDM
implementation employs two main technologies: Multicore fibers, requiring complex fabrication for optimal
core spacing, and Mode Division Multiplexing (MDM) using multimode fibers [2], which relies on spatial

mode orthogonality to prevent crosstalk [12].
Two approaches are employed in the implementation of SDM:

1. Multicore fiber: Complex fiber fabrication is an essential requirement.

Page | 4
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Multicore Fiber

Tx 1 Rx1
- >E)4RXZ
Tx.n / \Rxn

Tx |: Transmitter

Rx | : Receiver

Figure 1.3: Utilization of multicore fiber in SDM implementation.

2. Mode division multiplexing (MDM): Utilizing the multimode concept.

Multimode Fiber

: Transmitter
: Receiver

Figure 1.4: Utilization of multimode fiber in SDM implementation.

Two potential orthogonal modal basis sets for testing MDM systems are linearly polarized (LP)
modes, consisting of vector modes with varying propagation constants, and OAM modes [3], fabricated with
symmetric and asymmetric modes with nearly identical propagation constants within the same vector mode
[4]. OAM modulates light by imparting a helical twist, expressed as exp(ilg) [14], where ‘U’ signifies the

helical torsion (mode), and ‘@’ represents the angular orientation [23].
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To prevent near-degeneracy in vector mode coupling to LP modes, the refractive index contrast
between adjacent vector modes in this fiber should exceed 107%. Accordingly, this fiber type has two
drawbacks: intricate manufacturing and increased transmission loss. Additionally, its moderately narrow ring
core region results in a higher loss due to the rotational-electronic correlation impact. Employing PCF
structures to support OAM modes is advantageous due to the enhanced design flexibility they offer. PCF
enables the creation of unique fiber properties, including manageable nonlinearity, confinement loss, and
tolerable spectrum scattering [24]. This approach enhances the adaptability and performance of optical
communication systems. MDM fiber communications stand to benefit greatly from the application of PCF-
based OAM modes.

Space Division Multiplexing (SDM) is a strategic technique that addresses and mitigates the
constraints associated with fiber transmission capacity [9]. To achieve SDM, two approaches are examined:
employing multicore technology and implementing mode division multiplexing in multimode fiber [25].
MDM systems can be explained in two ways: one utilizes a few mode fibers , while the other employs a
greater number of mode fibers [26]. Orbital Angular Momentum (OAM) serves as a key element in spatial
multiplexing within optics. The contemporary hurdle in information technology lies in enhancing the prowess
and effectivenss of data transfer. In addressing the hurdle, SDM technique employs OAM for multiplexing.
The inclusion of photon features lessens the strain on modern optical communication [27]. The first
recognition of optics' OAM occurred in 1992, as Allen employed Lager Gaussian beams [28]. The OAM beam
is denoted as e''?, with ‘I’ representing waveguide index and ‘@’ as the angular orientation. Variable I’ is a
natural number encompassing both negative and positive values, including zero
(....,—4,—3,—-2,0,+2,+3,+4,...) [24].

Furthermore, different methods, like twisted fibers [9], spiral phase plates [29], cylindrical lenses,
and helical lattice structures, are employed for OAM beam generation. Nowadays, twisted hollow-core fibers
[30], spiral fibers [23], and various air-hole-based circular fiber structures are commonly employed for OAM

mode transmission.

1.2 Motivation and Contribution

In recent years, the emphasis has been on crafting unique structures with accompanying OAM modes.
Distinctive results were achieved to maximize OAM modes, minimizing confinement loss, maintaining flat
dispersion, ensuring mode purity, and improving numerical aperture. The increased OAM mode count
improves data encoding for seamless transmission and aids in the accurate detection of received information
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in relation to the transmitted data. Verification of transmitted data is achieved by examining mode
properties on both transmission sides. OAM adaptation involves transmitter blending a conveyance signal
alongside transmission pulse, utilizing the conveyance signal to carry OAM modal features and accentuating
the importance of OAM mode in optical communication. Conventional optical fibers struggle with OAM
configuaration transmission, leading to the development of a dedicated PCF for effective multimode support
and enhanced fiber characteristics. Enhancing OAM mode diversity, Hu Zhang et al. recommended a ring-
shaped PCF [31] featuring 10 states, and Nandam et al. introduced a spiral PCF featuring 14 supported modes
[32]. Recent work by Xin Wan et al. involves the design of PCFs with modified cladding. These PCFs support
26 and 30 OAM modes, boast a 300 nm bandwidth, and demonstrate low dispersion along with ultra-low
confinement loss. Recent work by Xin Wan et al. [33] involves the design of PCFs with modified cladding.
These PCFs support 26 and 30 OAM modes, boast a 300 nm bandwidth, and demonstrate low dispersion
along with minimal encasement drawback. Moreover, Wang et al. [27] developed a dual PCF covering a
spectral range of 850 nm, featuring 26 OAM states. A circular-PCF, designed by ZI-ANG HU et al. [34],
incorporates As,A; cladding and supports 26 modes. The heightened refractive index of As,A; adversely
affects the OAM transmission process and its parameters. Xun Xu et al. [35] developed a circular four-ring
hollow-core PCF supporting 30 OAM modes with a 900 nm bandwidth. The article analyzes three PCFs,
emphasizing the impact of structure and material.

In 2018, a study by Yu Lei et al. [35] presented a numerical analysis of a high refractive index (ri)
OAM fiber with 76 supported OAM modes. In 2019, Yanan Kang et al. [36] from Shanghai University
developed an air-core transmission fiber optimized for orbital angular momentum (OAM) transmission. The
fiber was constructed using a step-index distribution, specifically engineered to support OAM modes
characterized by the topological charge numbers |€| = 1,5,6, and 7. This innovative fiber design was
demonstrated to effectively sustain these OAM modes within the wavelength range of 1530 nm to 1565 nm.
In contemporary research, the application of photonic crystal fiber (PCF) has become a promising method
for multi-orbital angular momentum (OAM) modes transmission [37, 38]. PCF's unique cladding structure
with air holes allows for increased control over light propagation, providing flexibility and specialized

functionalities like dispersion management and nonlinear effects [39, 40].

According to [41], A ring fiber accommodating 36 OAM states was developed by Rush et al. in 2014.
However, to achieve more significant refractive index contrasts, adjustments in the fiber's doping
concentration using Complex Modified Chemical Vapor Deposition (MCVD) along with alternative
aprroaches are required. Likewise, a dual guided mode micro-structured PCF has been engineered to support
30 OAM modes and 2 LP (Linearly Polarized) [3] modes in 2018 by Xu M et al. of South China Normal

University [42]. To date, there have been no documented reports detailing the support of OAM modes within
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guided mode regions by PCF. However, the existing PCFs fall short for an effective fiber transmission
infrastructure. Therefore, crafting an innovative PCF is crucial, enhancing OAM parameters for reliable
transmission and broader application utility.

In chapter 3, an innovative multi-layered PCF featuring two distinct and independent directed mode
areas, collectively supporting a total of 112 orbital angular momentum (OAM) modes, comprising 76 + 36
modes is fabricated and discussed. The designed nested PCF is characterized by a prominent core aperture,
incorporating a pair of ring areas with high refractive index composed of Borosilicate glass (SFs), surrounded
by a cladding with fused silica as the foundational component. This PCF ensures low confinement loss ranging
from 2.49701 x 107" to 9.13425x 107° dB/m and minimum dispersion variation observed is
—856 ps/km — nm. Additionally, highest attained OAM purity is 99.31969% and 98.99258% at HE, ; mode
respectively for both inner and outer rings.

In chapter 4, the proposed PCF is proposed and analyzed based on the COMSOL Multiphysics' finite
element method (FEM) and perfectly matched layer (PML) capabilities alongside MATLAB processing to
calculate all key properties of the proposed fiber. All the necessary parameters are being examined over
400 nm wavelength. In contrast to related research, the designed nested PCF showcases a relatively smaller
core size. This chapter focuses on examining how core size, PCF size, air hole count and air hole arrangement

influence the outcome. The lowest achieved confinement loss is 2.49701 x 10~

while maintaining a higher
ISO value of 294 dB at HE,; mode for the proposed PCF. The PCF is examined alongside other optical

parameters in relation to OAM specifications.

1.3 Major Objectives

This thesis aims to achieve the following objectives:
® Designing unique PCF structure
e |nvestigating PCF design and performance analysis
e Optimizing OAM transmission capability in PCF
e Obtaining reduced confinement loss
e |Investigating flattened dispersion fluctuations
® Achieving superior OAM purity
e Maximizing ISO effectiveness

e Sustaining a significant number of OAM modes
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1.3 Thesis Outline

Using COMSOL Multiphysics, the proposed PCF is designed, simulated, and analyzed, leveraging its user-
friendly interface for coexisting partial differential equation systems. COMSOL stands out as an essential tool
in PCF design and simulation. In addressing the engineering and mathematical physics challenges, the finite
element method (FEM) is applied. All optical fiber design simulations and analyses in this thesis are
exclusively FEM-based. The application of FEM allows for the numerical solution of partial differential
equations on specified tools, facilitating an accurate analysis of PCF features [43]. Time efficiency increases,
and numerical precision is enhanced with FEM. The Perfectly Matched Layer (PML) and FEM jointly form a
well-established simulation methodology for fiber design, analysis, and performance assessment. By
merging optics, chemistry, mechanics, and acoustics, the FEM becomes a versatile tool, extensively applied
in sectors like ship design, architectural planning, and vehicle simulation. The application of FEM extends to
the analysis of microstructure fibers, allowing for precise evaluation of effective area, refractive index, loss,
dispersion, and other parameters. Hence, FEM stands out as a formidable option for crafting PCF models.

Furthermore, MATLAB is used in this thesis to visualize data and perform numerical simulations.
MATLAB serves as a key tool in the precise modeling of OAM in PCF systems. Its numerical simulation
capabilities empower the implementation and resolution of mathematical models explaining light
propagation in PCF, including the generation and manipulation of OAM. MATLAB's optimization tools
contribute to the effective design and optimization of the PCF structure for OAM transmission efficiency.
Facilitating electromagnetic field analysis, mode study, and data visualization, the software assists
researchers in investigating OAM modes and their coupling in optical fibers. Moreover, MATLAB's
programming versatility allows for the crafting of customized scripts and easy integration with various
simulation tools, making it a comprehensive platform for OAM-based PCF modeling.

This thesis introduces a groundbreaking PCF structure that facilitates numerous OAM modes and
versatile fabrication. Our analysis covers key optical communication metrics, including OAM mode count,
purity, effective refractive index, differences in refractive index, dispersion variation, effective mode area,
confinement loss, numerical aperture etc. Chapter 2 provides a comprehensive numerical analysis of key
parameters. In Chapter 3, a novel PCF supporting 76+36 OAM modes was developed, showcasing ultra-low
confinement loss and improved OAM purity. Chapter 4 provides a detailed performance evaluation of the

engineered PCF.
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Chapter 2

Numerical Analysis

2.1 Key features of the OAM mode transmission

2.1.1 Supported OAM modes

The optical communication system is affected by a variety of OAM modes. OAM modes in fibers are
determined by combining odd and even modes of HE and EH, alongside normal modes of TE and TM. Hence,

we can represent it through equations (2.1) and (2.2) [44]:

{0AM %, = HE[YS,, + JHE 2, 0AM T, = EH{S,, + JEH ), ), >0 (2.1)
(0AM %, = HES" + JHE S5 OAM I 5= TMyp + JTE g }; (1= 1) (2.2)

In this notation, ’ + “superscript indicates circular polarization (left or right), and ’ + “subscript denotes spiral
front rotation (left or right). ‘I’ signifies topological charge, ’j* demonstrates a /2 phase shift, and ‘EH’ or
‘HE’ modes express a m/2 azimuthal rotation. ‘m’ is a constant radial index always set to one (1). The
presence of 'accidental degeneracies' restricts OAM mode's support for m > 1, causing difficulties in

multiplexing and demultiplexing [45]. Thus, we focus exclusively on low-order radial OAM modes (m = 1).

2.1.2 OAM Purity

Multiple OAM modes supported in a fiber enhance mode purity and quality, leading to reliable transmission
and diminished capacity requirements. Quality OAM modes are determined by the intensity of the light

overlap factor, as outlined in equation (2.3) [46]:

=2
_ L J]‘ringlel dxdy
n=_r=

c

(2.3)

=2
ffcross—sectionlEl dxdy
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In this context, ‘I,.” signifies the average light intensity of the ring area housing all OAM modes, and ‘I,.” stands
for the average light intensity within the cross-section of the PCF structures. Moreover, equation (2.4)

outlines the mathematical representation for the annular radii ratio in the ring region:

p =2 (2.4)

r3

In ring-based PCFs, the inner and outer ring radii are designated as 1, and r3, correspondingly.

2.1.3 The Effective Refractive Index (ERI)

Effective Refractive Index (ERI) signifies the mode's refractive index as it propagates through the waveguide.
The interrelation of operating frequency and effective refractive index is outlined through Sellmeier's
empirical equation. To ascertain the refractive index of various materials using Sellmeier's equation (2.5)

[47]:

A= 1esn, AL (25)

i
In this scenario, the Sellmeier coefficients m,A; and B; influence the refractive index's wavelength
dependence, expressed as n(1). With varying background materials, Sellmeier coefficients fluctuate; for
instance, employing fused silica yields m =3 and Where A; = 0.69616630 , A, = 0.40794260, A; =
0.89747940, B, = 0.00467914826,B, = 0.0135120631, B; = 97.9340025 /,tmz. Alterations in the effective

refractive index affect optical parameters, including dispersion profile.

2.1.4 The Effective Refractive Index Difference (ERID)

ERIDs assess sheer variations amidst HE and EH OAM states, with a defined threshold of 10™# based on

equation (2.6) [46]:

— -4
Merr = |Meffug,,, . ~ Merfen,_,m| = 10 (2.6)

Page | 11
© Daffodil International University



ERID is a dimensionless parameter and indicated by its symbol 4n.¢¢. Coupling of OAM modes (HE and EH)
takes place if differences are below 107-4, moving towards linear polarization (LP). Balancing LP modes with
component vector modes demands preserving the distinct propagation of each OAM mode and minimizing
inter-mode crosstalk. Optimizing ERID reduces OAM transmission crosstalk, enhancing the quality of fiber

communication [47].

2.1.5 Chromatic Dispersion

Dispersion emerges as a critical parameter in PCFs, influencing optical fiber transmission. Its adverse effects
constrain efficiency improvement of spatial gap and signal propagation speed. The combined impact of
waveguide and material dispersion constitutes the gross dispersion of fibers. At transmitting time, dispersion
results in the enlargement of the light pulse. Furthermore, it encompasses waveguide and material
dispersion [13]. The calculation excludes material dispersion due to its small impact on overall dispersion.

Thus, the calculation is exclusively focused on waveguide dispersion, as outlined in equation (2.7) [48]:

A dzn[/'L] A d2Re[neff]
c dr? c dir?

D=D,+D,= (2.7)
m w

In this equation, D,, and D,,, denote waveguide and material dispersion, respectively, with symbols A and c.
Here, A represents wavelength, and c signifies the luminous velocity in a vacuum (3 X 108 ms™1). The

authentic portion of the Effective Refractive Index (ERI) is expressed as Re [n zr].

2.1.6 Effective Mode Area

Optical accpetance ratio and nonlinearity features show an opposite interrelation with alterations in the

effective mode area. Determined through the equation (2.8), it is identified by A7 [49].

2
(Il 1EGey)Pdxdy)
Il 1E@ey)|dxdy

eff —

(2.8)
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Within the transverse electromagnetic field, E(x, y) characterizes the lateral electric field distribution, and
the double integral accounts for the entire cross-section of the PCF. A strong correlation exists between A,
size, effective index difference, and core diameter [42]. However, for single-mode operation in radial multi-

mode fibers, a large core area proves counterproductive, leading to heightened branching crosstalk [50].

2.1.7 Numerical Aperture

Numerical Aperture (NA) is a measure of the optical fiber's capacity to gather all the light rays or optical
power within the fiber. NA holds paramount significance in diverse operative uses. A heightened NA
improves lateral resolution but reduces depth of field (DOF), while a lower NA increases depth of field but
diminishes lateral resolution [51]. It is a fundamental unitless parameter of optical fiber, and is determined

by the expression provided in the equation (2.9) [46]:

1

NA = [1 +%]_5 (2.9)

Where A.sr and A represent the effective area and operating wavelength of the described PCFs.

2.1.8 Confinement Loss

Confinement loss PCFs arise from structural designs leading to light leakage through the cladding, causing
immediate transmission distance collapse due to imperfect internal structure and the finite number of air-
holes and layers [53]. A high CL negatively affects the generation of OAM modes by causing signal
degeneration in the corresponding channel. To mitigate this issue, it is crucial to minimize CL, as it is
identified as a harmful parameter in the process. Due to this fact, a lower CL enhances the efficient
propagation of OAM states with minimal fiber attenuation. CL is assessed employing the refractive index's

hypothetical value, determined mathematically through the equation (2.10) [52]:

2 20
A Inln (10)

Closs = 10° Im(n,s) (dB/m) (2.10)
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Where, the controlling wavelength is denoted by ‘A’, and 'Im(neff)’ represents the imaginary part

(Refractive Index).

2.1.9 Isolation (ISO) Parameters

The extent of power leakage between the ring and core guided channels is assessed through the isolation
parameter (ISO). To assess isolation effects and inter-core crosstalk, the ISO provides a valuable calculation
method [54]. (ISO,_.) and (ISO.., ) are designated ISO parameters specifically designed to measure
crosstalk power from core to ring and vice versa. The degree of power leakage into the ring region is captured
by ISO._,,, whereas ISO,._,. captures the leakage into the core region. The determination of the ISO follows

the procedures detailed in equations (2.11) and (2.12) [55]:

Hlnner(ExHy_Eny)dxdy (211)

15001 = =10 log G ey B v yaxay

- _ [ outer(ExHy—EyHy)dxdy
1SO;,0 = —10X log T o (Bxly—Ey Hy)dxdy (2.12)

With E,,, Ey, H,, and Hy denoting the electro-magnetic elemental factors of the respective states.
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Chapter 3

Design and Investigation of the Proposed PCF

3.1 Design Model and Methodology

Employing COMSOL Multiphysics 4.4 software, we designed and simulated the proposed dual guided nested
PCF, characterized by H-shaped air holes in the outer layer. Consequently, MATLAB was applied for
visualizing the results of the simulation. The proposed model features a core with a radius of 1.40 um. The
perforations of the nodal ring are circular shaped and marginal layer is featured by eight H-shaped circular

ai-holes.

‘ Air-hole
‘ PML
‘ SF6
Q Silica

Figure 3.1: Cross-sectional insights of multi-layered PCF.

The cross-sectional representation in Figure 3.1 illustrates the meticulous construction of the multi-layered
PCF. This particular PCF was tailored to accomodate the transmission speed OAM states, achieved via
incorporating two distinct guided mode regions. Notably, the outer layer is characterized by H-shaped air
holes. In order to meet the requirement for a low nonlinear coefficient, it becomes essential to carefully pick
a substance with a moderate nonlinear index. Hence, the nested PCF is meticulously crafted on a silica
substrate, possessing a refractive index (n) of 1.444 at 1.55 um. Figure 3.1 presents a visual representation
wherein different materials inside the Photonic Crystal Fiber (PCF) are distinguished by unique colors. The

study incorporates ring structures characterized by inner and outer radii, denoted as 1, 15, 13, and 7. The
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associated parameters are specified as follows: r; = 1.40 um, r, = 2.60 um, r3; = 5.2 um, r, = 6.40 um, as

outlined in Table 1.

Table 1: Description of designed multi-layered PCF

Attributes T 5 T3 T4 Ts 76 d; d,
Radius of Radius of Nodal radius Marginal Nodal Marginal ~ Diameter 1  Diameter 2
Description the core the nodal  of marginal radius of radius of  radius of
ring ring marginal ring  PML PML
Value (um) 1.40 2.60 5.2 6.4 121 13.15 1.35 1.00

The findings presented here conduct a detailed investigation into nested Photonic Crystal Fiber (PCF),
concentrating on essential parameters like supported modes, dispersion features, and non-linear
coefficients. Employing two concentric ring structures, guide mode regions are precisely delineated, and
strategic placement of air hole layers between them ensures effective separation. The outer layer features
eight strategically incorporated H-shaped air holes, influencing the attributes of transmitted modes within
the outer ring structure. The arrangement of perforations is crucial in determining the air filling fraction,
with higher values proving advantageous in mitigating the observed confinement loss in the PCF. As a result,
the inner layer integrates a total of 32 air holes, denoted as N;, with their corresponding diameters identified
as d; and d,. Within the cladding arrangement, the nested PCF design showcases eight H-shaped air holes
in each layer, where each H-shaped pattern encompasses seven air holes. Hence, the outer layer is
characterized by a combined count of 56 air holes, labeled as N,. The specified measurements for each layer
in the configured PCF are presented as follows: d1 = 1.35 um, with d2 = 1.00 um. A thorough investigation
of the designed nested Photonic Crystal Fiber (PCF) was conducted using the full-vector FEM. To improve
the accuracy of the analysis, a PML was incorporated, leading to reliable insights into the fiber's light

propagation behavior.

In PCF simulations, each wavelength exhibits four OAM modes—two HE (Hybrid Electric) modes and
two EH (Electric Hybrid) modes, encompassing both even and odd modes within each category which has

been shown in Fig. 3.2.
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Figure 3.2: Electric Field Intensity.

The field distributions, characterized by intensity and phase variations, for discrete OAM and Linearly
Polarized (LP) beams within the provided PCF are illustrated in Figure 3.2. The field distributions,
characterized by intensity and phase variations, for discrete OAM and Linearly Polarized (LP) beams within
the provided PCF are illustrated in Figure 3.2.

A comprehensive analysis establishes that the proposed PCF successfully accommodates all specified
modes within the 0.6 um — 1.0 um wavelength range. Simulations leveraging these modes offer crucial
validation for the suggested design. Having a greater quantity of OAM states is a key for better quality OAM-
based PCF. Therefore, the proposed nested PCF is able to support a large number of OAM modes totalling
112 OAM modes, comprising 76 + 36 OAM modes.

3.2 Results and Discussions

The suggested PCF is designed to handle a total of 112 modes, comprising 76 + 36 OAM modes effectively,
minimizing confinement loss, maintaining flat dispersion and featuring a minimal light gathering index
alongside ensuring a refractive contrast above 10~ amidst couple of neighbouring OAM states. Moving on,

let's explore the characteristics of OAM covering the basics, like how light moves and changes. We'll get into
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details about optimal refractive index, dispersion, waveguide region, light gathering ratio and encasement

deficit, explaining each featuring equations anlongside visuals.

Effective Refractive Index (ERI):

ERI significantly influences optical attributes, including dispersion variation, nonlinear behavior, and other
relevant variables. Optical features, such as how light spreads and behaves uniquely, can be notably

influenced by the ERI.
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Figure 3.3: ERI of (a) nodal ring supported modes. (b) marginal ring supported modes.

Figure 3.3 (a) and (b) presents the wavelength-dependent effective refractive index (ERI) of diverse OAM
modes in the designed nested PCF. Fused silica and sulfur hexafluoride (SFg) are employed as the
background and ring-core channel materials, respectively, within the structured design of the nested PCF
[Fig. 3.1]. Hence, the mathematical assessment of the ERI for these materials is conducted through the
application of the Sellmeier equation (2.5). The observed data indicates an inverse correlation between ERI
and wavelength. Fig. 5. also reveals that EH vector modes exhibit higher ERI than HE vector modes in the
proposed PCF across different wavelengths. The simulation reveals that lower-order OAM modes indicate
higher frequency through wavelength variation. The outer ring layer exhibits a higher ERI in comparison to
the modes supported by the inner ring layer. For example - ERI of EH, ; is 1.75486 and 1.76003 for inner and

outer ring layers correspondingly.

Chromatic Dispersion:

Dispersion parameter plays a major role in how PCF operates. Increased dispersion adversely affects PCF

performance. The fiber's rapid signal propagation is guaranteed by its flat and low dispersion properties.
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Figure 3.4: Wavelength-dependent dispersion characteristics of (a) modes supported by nodal ring,

(b) modes supported by marginal ring.
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The proposed fiber's dispersion profile can be mathematically expressed by equation (2.7), representing the
total dispersion. Although both material and waveguide dispersion contribute to the total dispersion, the
latter emerges as the primary driver in the designed nested PCF. Scattering features of the PCF under
consideration are visually depicted in Fig. 3.4 (a) and (b). The nested PCF shows a higher dispersion of light
with longer wavelengths in both its inner and outer rings. The EH mode exhibits lower dispersion than the
HE mode due to its larger refractive index at the same order. For example - At 850 nm wavelength, the
dispersion value of EH;; mode (inner ring) is 317.3333 ps /km — nm, while the dispersion observed at HE
mode is 351.3333 ps/km — nm. The dispersion trend is low and flattened for lower-order OAM modes,
whereas higher-order OAM modes exhibit significant variation. Upon examining Fig. 3.4, it is observed that
the lowest dispersion variation for both inner and outer ring is —856 ps/km — nm at EH; ; and EH, ;mode

respectively.

Effective Refractive Index Difference (ERID) of OAM Modes:

ERID simulations for multiple OAM states are depicted in Fig. 3.5.
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Figure 3.5: The ERID of several OAM states versus operating frequency.
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Maintaining a An, s value above 10~% is essential to uphold a significant contrast between air-cladding and
core materials, thereby preventing crosstalk among the channels. In this figure, the blue line represents 104,
and the results indicate that all ERIDs exceed this value. Upon examining Fig. 3.5, it is observed that there is
a notable increase in the effective refractive index (An,f) as the wavelengths are extended. Therefore, it

can be concluded that the Effective Refractive Index Difference (Aneff) is correlated with the wavelength.

The Effective Mode Area (EMA):

EMA significantly influences OAM mode transmission, while changes in the numerical aperture feature
distinctly affect the effective area (EA). The effective mode area of various supported OAM vector states are

portrayed in Figure 3.6 (a) and (b) versus operating frequency.
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Figure 3.6: Wavelength-dependent EMA of (a) modes supported by inner ring (b) modes supported
by outer ring.

The effective area of the nodal ring-supported mode varies from 6.76 to 9.15 um? while for the marginal
ring-supported mode, it varies between 20.6 and 25.8 um?. Upon an in-depth analysis of Fig. 3.6, it becomes
evident that the Higher-order OAM modes illustrate a reduced effective field area due to an augmented light
intensity leakage into the cladding region. Conversely, lower-order vector modes exhibit a moderate
increase in the mode-field area. The challenge lies in restricting OAM at broader wavelengths, especially for
higher-order modes prone to cladding leakage. Nevertheless, an extensive area does not facilitate the
reduction of crosstalk in fiber optics by minimizing branching. Our proposed nested PCF addresses this
challenge by minimizing crosstalk among branches through maintaining a narrow range of effective mode

field region.

Numerical Aperture (NA):

The Numerical Aperture (NA) characterizes the optical fiber's ability to collect the total luminous wave within
PCF. It is a fundamental unitless parameter of fiber. Optical field utilizes increased NA standards for various
applications, and lower NA values play a role in expanding depth of field (DOF). According to Equation (2.9),

it is evident that the effective area decreases as the Numerical Aperture (NA) increases.
Page | 23
© Daffodil International University



0.2 = = HEzo,l

0.18 | | Bl

== HF‘m,l

0.16 - ] —HE,.4

o ] EHH,I
E 0.14 - “ +HE10,1 @)
& |- - - EH,, ®
% 0.12 - | T
'E ° EH7.1 (i)

E 01p H|=——HEq,

rd —o—EH_,
——HE_ | (D)
0.08 - = YEHS.1 (i)
- HE, | ()
| 1 1 l 1 | | s , 1 +EHL1 (i)

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05

Wavelength (pzm)

Figure 3.7: Wavelength-Dependent Numerical Aperture Analysis of Isolated Vector Modes

Figure 3.7 illustrates a positive correlation between the numerical aperture (NA) and wavelength in the
proposed model. Increasing the order of OAM modes from 0.6 um to 1.0 um wavelength results in a polite
rise in numerical aperture (NA), reaching its maximum where the effective area is minimized [Fig. 3.7]. For
example - The proposed nested PCF achieves its highest NA = 0.206154837 for the HE,;(inner) mode
where the effective mode area is minimum, making it particularly valuable in medical imaging, optical

coherence tomography (OCT), and sensing applications.

Confinement Loss (CL):

Figure 3.8 clearly depicts the confinement loss of partially accomodated states in suggested multi-layered
PCF. The CL of the specified vector modes in Figure 3.8 doesn't follow a linear trend with wavelength, unlike

other optical parameters due to a higher chance of leakage towards the cladding.
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Figure 3.8: Confinement loss of some supported states against operating frequency.

Observed fluctuating trend in CL for both inner and outer rings, ranging approximately between
2.49701 x 107 to 9.13425 x 107° dB/m orders of magnitude, suggests that the designed structure
maintains a consistently low level of confinement loss. Specifically, the EHs ; (outer) mode at a wavelength
of 650 nm exhibits the minimum confinement loss of 2.49701 x 10! dB/m because it possesses the
lowest imaginary part of the refractive index within the nested PCF. The low confinement loss makes the

structure ideal for stable OAM transmission and a promising choice for fiber communication applications.

OAM Purity:

The purity of specific OAM modes of both inner and outer rings is analyzed at the 0.8 um wavelength, chosen
for its minimal confinement loss (CL), and depicted in Figure 3.9 The research findings suggest that, for the

same OAM mode sequence, the purity of the HE state is larger than that of the FH state.
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highest purity observed for the HE, ; mode at 99.31969% and 98.99258%, respectively. Thus, plentiful OAM
modes, higher OAM purity, and increased intensity greatly boost MDM (Mode Division Multiplex)

technology for better OAM mode amplification.

Isolation (ISO) parameters:

Higher isolation parameters positively impact both the effectiveness of isolation and the efficiency of fiber
optics transmission. Figure 3.10 (a) and (b) illustrates how the isolation parameter changes across the
wavelength range of 0.6 to 1.00 um. Figure 3.10 also depicts an inverse correlation between wavelength and

ISO, indicating that as the wavelength increases, ISO decreases for both inner and outer rings.
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Figure 3.10: ISO of the proposed nested PCF for (a) nodal ring-supported modes, (b) marginal ring-
supported modes with respect to wavelength.
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Hence, the negligible crosstalk between directed states in the suggested PCF leads to high isolation, ensuring

an optical fiber communications system with large capacity.

Chapter 4

Performance Evaluation of the Proposed PCF

4.1 Comparative Analysis

This research introduces a unique architecture for PCF that can accomodate a good quantiyt of optical
modalities. The design consists of two sets of rings, with the inner rings having circular air holes and the
outer rings having an H-shaped configuration. This design allows the PCF to support 76 + 36 OAM modes,

which are a type of optical mode that has a well-defined orbital angular momentum.

Importantly, the independence of these rings ensures minimal crosstalk between regions associated with
different modes, demonstrating a sound ISO value of 294 dB. The designed nested PCF is characterized by a
significant Effective Refractive Index Difference (ERID), a relatively lower and consistently flat dispersion
variation (=896 ps/km —nm), and a large Effective Mode Field Area (25.8 um?) over a bandwidth of
400 nm.

The nested PCF achieves over 98% OAM mode purity in both nodal and marginal rings, with the HE, ; mode
purity reaching 99.31969% and 98.99258%, respectively. Numerical findings reveal that the effective
refractive index variation among the selected eigenmodes is above 104, while simultaneously maintaining
a confinement loss below 9.13425 x 10™Y dB/m across a 400 nm bandwidth. Consequently, the proposed

PCF design facilitates increased support for OAM states, a greater effective mode teritorial region alongside
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reduced anomalous effects. This holds significant importance in ensuring secure and secure and increased

data transfer capability in high-speed lightwave interconnections.

In Table 2, a comparative analysis reveals that our proposed PCF surpasses recently published articles in key

characteristics, establishing it as an optimal solution for reliable high-speed optics communications.

Table 2: Comparison chart of key atrributes amidst proposed PCF’s and Recent Publications

Ref. Supported Lowest Confinement Operating Maximum ISO (dB)  Lowest Dispersion

Mode Loss (dB/m) Bandwidth Variation

(nm) (ps/km — nm)

[1] 30 +50 < 7x1078 60 > 40 < 27
(6] 170 + 62 156 x 10742 300 > 65 5.9
[7] 64 2.7031 x 107 400 - —8.838
(8] 38+42 1.131 x 10710 1200 - 3.7980
[9] 64+6 4.05342 x 10712 800 126 0.0743
[18] 76+6 3.72x 10712 800 171 1.4163
This work 76 +36 2.49701 x 10711 400 nm 294 dB —856

Overall, this new PCF design has a number of promising features for use in high-speed optical
communications. The increased quanity of accomodated OAM states could be employed to increase the
potential of transfer capability in high-speed lightwave interconnections. The large effective mode teritorial
region could help to reduce nonlinear effects. And the high confinement loss could help to ensure that the

signal is not lost as it travels through the fiber.

4.2 Fabrication Possibilities

The designed nested Photonic Crystal Fiber (PCF) structure incorporates a core perforation bordered by two
high refractive index rings and cladding. The PCF integrates a dual-layer inner ring with air holes and eight

H-shaped circular air holes in the outer ring, streamlining the fabrication process for efficiency and simplicity.
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Figure 3.1 clearly depicts the positioning of the inner and outer rings in the cladding region, each featuring

32 and 56 air holes, respectively.

The PCF was constructed utilizing fused silica as the base material, featuring a couple of circular high
refractive index shells made of Borosilicate glass (SFy). SFs, a commercially available glass from various
specialty glass companies, enables fabrication using the "sol-gel" method, as proposed by Li et al. in 2012
[56]. The "sol-gel" technique is widely employed for its exceptional ability to customize patterns of air holes,

adjusting spacing and size as needed.

Furthermore, Huang et al. [57] designed a micro-structured ring-based fiber supporting 70 Orbital Angular
Momentum (OAM) modes with Schott sulfur difluoride (SF2) and phosphate glass doping, detailing the
fabrication process in 2019. Hence, the proposed nested PCF can also be manufactured using the

aforementioned methods.

Fabrication process commences with the utilization of the modified chemical vapor deposition (MCVD) [58]
process to construct a preform for the annular-oriented PCF. Subsequently, a rotational sonic perforating
equipment [58] was employed for creating a spherical core perforation in Schott glass, resulting in the
production of a couple of high refractive index ring shells with varying spatial dimensions, along with custom
dies. To prevent air hole collapse, precise control of the drawing tower speed is imperative when employing
"stack-and-draw" technology for nested dual-guide modes PCF. Ultimately, the preform undergoes heating
within a suitable temperature-controlled environment. Therefore, the proposed PCF will be fabricated using

the outlined procedures.
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Chapter 5

Research Overview and Prospective Explorations

6.1 Research Overview

This study introduces an innovative multi-layered PCF featuring a couple of distinct and independent
directed mode areas, collectively supporting a total of 112 orbital angular momentum (OAM) modes,
comprising 76 + 36 modes. The designed nested PCF is characterized by a prominent core perforation,
incorporating a pair of high refractive index shells composed of Borosilicate glass (SFg), surrounded by a
cladding with fused silica as the background material. The findings indicate wherein the suggested PCF
exhibits substantial effective refractive index difference (ERID), along with a consistently flat dispersion
profile, expansive effective mode field area and minimal confinement loss across the wavelength range of
0.6to 1 um. The confinement loss (CL) ranges approximately between 2.49701 X 107 to 9.13425 x
107° dB/m, while highest attained OAM purity is 99.31969% and 98.99258% at HE, ; mode respectively for
both inner and outer rings. All the modes demonstrate ERIDs exceeding 10, and minimum dispersion
variation observed is —856 ps/km — nm. Additionally, achieving an outstanding isolation performance,
with the highest attained ISO reaching 294 dB at HE,; mode and observed a substantial effective mode
area of 9.15 um? and 25.8 um? respectively for inner and outer rings. This research leverages COMSOL
Multiphysics' finite element method (FEM) and perfectly matched layer (PML) capabilities alongside MATLAB
processing to calculate all key attributes of the suggested fiber. Therefore, the suggested Photonic PCF
demonstrates promising prospects for extended-range, high-capacity data transmission within optical

communications and applications related to OAM sensing.
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6.2 Future Work

Employing the robust capabilities of commercial FEM-based simulation tools, specifically COMSOL
Multiphysics 4.4 and MATLAB, we conducted a rigorous investigation into the proposed PCF. The practical
fabrication of these PCF is slated for implementation in commercial applications. Our future endeavors
involve delving into the development of novel PCFs accomodating both OAM and Linearly Polarized (LP)
modes, aiming for superior performance. Furthermore, our research extends to the design of PCFs tailored

for guiding terahertz (THz) OAM beams.
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