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ABSTRACT

The 5G wireless communication systems demands optical fibers that can carry large amounts of data
with low delay and stable performance, however, conventional optical fibers have limitations in their
materials and structural design. Therefore, improving the performance of optical fibers has become an
important area of research. This study examines the use of titanium dioxide (TiO:)-coated
nanostructured optical fibers to enhance fiber performance for 5G applications. Titanium dioxide was
used for its high refractive index, good chemical stability and low optical loss. The coating was applied
to photonic crystal fibers and tapered nanostructured fibers to improve light confinement, reduce signal
loss and control dispersion. The behavior of the proposed fiber structures is analyzed through
numerical simulations based on the Finite Element Method (FEM) and the Beam Propagation Method
(BPM), and changes in coating thickness and fiber geometry are studied to understand their effect on
key parameters such as transmission efficiency, bandwidth, bit error rate (BER) and receiver
sensitivity. The findings show that applying a TiO: coating significantly improve fiber performance
through reducing optical loss by up to 30%, and improving bandwidth and signal stability. In addition,
the study indicates that these fiber designs can be introduced into existing 5G network system without
major modifications. The study found that TiO:-coated nanostructured optical fibers provide a

practical and effective approach for supporting future high-speed wireless communication networks.

Keywords: Titanium dioxide, nanostructured optical fibers, 5G networks, bit error rate, bandwidth,

transmission efficiency, FEM, BPM, optical coating, photonics.
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CHAPTER ONE
INTRODUCTION

1.1 Overview

Optical fiber networks are fundamental to modern communication systems. They offer ultra-fast and
low latency data transmission by sending light pulses through glass or plastic fibers. These networks
meet the demands of advanced wireless technologies that require high-speed, real-time connectivity
and support for numerous connected devices. Optical fibers enable critical applications such as
streaming of high-definition video, autonomous vehicle communication and large scale Internet of
Things device integration. This makes them indispensable for building a reliable and efficient digital

infrastructure that drives innovation and transforms how technology connect the world [1].

Optical communication provide long-distance, high-speed and large-capacity data transmission,
making it a key technology for fifth-generation networks, artificial intelligence and big data
applications. It functions by modulating information onto light waves which travel through media such
as optical fibers or the atmosphere and are then decoded by optical receivers. In this process electro-
optical modulators play a key role in encoding data onto light; their performance depends on the

materials used and precise fabrication [2].

Optical fibers have transformed modern communication by sending data across great distances at rapid
rates with little loss. Optical fibers have advanced significantly since they were first introduced. They
become a pillar of contemporary communication infrastructure as a result of these developments.
Future optical fiber connectivity has been shaped by current trends in the area, such as the use of dense
wavelength-division multiplexing (DWDM) systems, the drive for fiber to the home networks, and
developments in quantum communication. Additionally, researchers prioritize resolving common
problems such signal attenuation, dispersion, and nonlinear effects. The purpose of this work was to
investigate the design and optimization of optical fibers for high-speed data transmission, with an
emphasis on the physical characteristics of optical fibers, data transmission capabilities, and

mathematical modeling of light propagation [3].



1.2. Statement of Problem

The rapid expansion of 5G networks show increased the demand for optical fibers that can carry data
at very high speeds, with low loss and high capacity. However, traditional optical fibers are struggling
to meet these needs as they face limitations in efficiency, bandwidth, error rate and sensitivity, making

it difficult to achieve the performance expected in modern 5G system.

Nanostructured optical fibers coated with titanium dioxide (TiO:) offer a promising solution; they can
confine light more effectively, reduce signal loss and perform better under challenging conditions. This
makes them suitable for next-generation networks. Despite this potential, research on designing and

optimizing these fibers specifically for 5G is still limited.

This study aimed to address this gap by designing, modeling and validating TiO-coated nanostructured
optical fibers to improve signal quality, lower error rates, increase bandwidth and enhance sensitivity

helping 5G networks become faster, more reliable and higher in capacity.

1.3 Objectives
1.3.1 General Objective

To design and performance optimization of titanium dioxide coated nanostructured optical fibers for

5G wireless communication systems

1.3.2 Specific Objectives

7

% To compare the performance of the proposed TiO:-coated nanostructured fiber with
conventional fibers in terms of suitability for 5G communication demands.

% To simulate and optimize the TiO.-coated fiber structure for enhanced signal transmission
characteristics aligned with 5G performance metrics (low BER, high bandwidth, Higher
Transmission Efficiency).

¢+ To design and calculate the key optical parameters of the TiO-. coated nanostructured optical
fiber for strong optical confinement.

+«+ To evaluate and improve key optical metrics including transmission efficiency, bit error rate

(BER), bandwidth and sensitivity for high-speed 5G networks.



1.4 Research Question

& How does the TiO. coated nanostructured optical fiber perform compared to conventional
optical fibers in 5G communication system?

& How can the structure of the TiO: coated optical fiber be simulated and optimized to improve
signal transmission performance (lower bit error rates, higher bandwidth and better transmission
efficiency for 5G applications)?

& How can the main optical parameters of the TiO. coated nanostructured optical fiber be
designed and calculated to ensure strong confinement of light within the fiber?

& How can important performance indicators like transmission efficiency, bit error rate,

bandwidth and sensitivity be analyzed and enhanced to support high speed 5G networks?

1.5 Scope of the Thesis

This thesis focuses on computational design and performance enhancement of titanium dioxide (TiO2)-
coated nanostructured optical fibers for advanced 5G wireless communication systems using numerical
modeling and simulation to investigate how TiO: nanocoatings affect key optical performance
parameters, include transmission effectiveness, signal strengthening and the reduction of optical losses.
The study examines different coating viscosities, material parameters and nanostructure shapes to
identify configurations that can deliver better performance regarding high-speed data transmission and
low quiescence that are essential for 5G network. It also provides design guidelines that can support

future experimental performance.

The findings aim to support the development of the next-generation optical infrastructure that meet the

demanding conditions of 5G communication system.

1.6 Limitation

The study is limited to assessing and optimizing the optical behavior of TiO2-coated nanostructured
fibers than fabricating physical prototypes. In addition, the impact of environmental variables like
humidity, temperature fluctuation and mechanical stress on the TiO:-coated fibers is not deeply

examined in this study.

1.7 Significance of the Study
This study is relevant for many purposes. It introduces an ultramodern approach integrating titanium

dioxide(TiO2) nanostructures into optic fiber designs to help overcome these limitations.



It employs numerical simulation approach. This exploration provides a cost-effective and threat-free
platform to probe and optimize the optical behavior of TiO:-coated fibers previous to physical
fabrication to make detailed analysis of critical parameters which include dissipation, attenuation and
confinement loss that play key role part in determining the transmission speed, stability and overall

performance of 5G wireless communication systems.

The findings provides theoretical knowledge on how TiO: nanostructuring can enhance fiber
performance. This will inturn can guide unborn experimental work and may inform artificial practices
in optic fiber manufacturing. The study also encourages the relinquishment of advanced accoutrements

and nanoengineering ways within the telecommunication field.

The findings of this study also supports the development of more effective fronthaul and backhaul
networks demanded for 5G, smart cities, IoT systems and edge calculating platforms. As a result, it
bridges the gap between material wisdom inventions and coming generation communication

technologies.

1.8 Organizations of Thesis

This pepar is organized in six chapters; the first chapter presents the background, motivation and
objectives of designing titanium dioxide (TiO.) coated nanostructured optical fibers for 5G wireless
communication systems. Chapter two discusses the reviews previous research on nanostructured optical
fibers, TiO: coatings, optical confinement mechanisms and related optimization techniques used for
high-speed wireless communication systems. The third chapter explains the fundamental optical fiber
theories including refractive index modeling, effective mode analysis, numerical aperture and V-
number calculations, forming the analytical base of the study. Chapter four describes the step-by-step
design calculations covering Sellmeier equations, air-filling fraction, mode-field diameter, nonlinear
coefficient and power thresholds used as inputs for Matlab simulations. The fifth chapter presents
simulation results showing optical field distributions, dispersion profiles and nonlinear performance
characteristics of the TiO.-coated fiber. It also compares the current performance to standard fibers.
The last chapter, chapter six summarizes the major findings, concludes and provides recommendations

for further experimental validation and optimization.



CHAPTER TWO
LITERATURE REVIEW

2.1 Related Works

The rapid growth of Internet of Things (IoT) applications created high demands on current 5G
communication networks; existing 5G systems lack advanced multiple input multiple output (MIMO)
transmission capabilities and are poor in delivering high data rates, wide bandwidth and ultra-low
latency. To overcome these constraints, new optical and wireless technologies must be integrated. This
paper suggests a hybrid communication framework that combines radio over fiber (RoF) technology
with wavelength division multiplexing (WDM)-based MIMO. To strengthen the MIMO transmission,
it employs multicarrier signals based on offset quadrature amplitude modulation (OQAM). To assess
system performance, data signals of 119 Gbps and 132 Gbps are sent via a 3x3 MIMO setup using
antennas with different polarization properties. The integrated WDM-MIMO-RoF framework shows
significant scalability and increased spectrum efficiency in comparison to traditional 5G designs, and
quantitative simulations verify that the proposed system can enable high-capacity data transmission

without sacrificing low latency [4].

Study on a single mode optical fiber sensor-based surface plasmon resonance was conducted in this
work. The suggested sensor has a gold nano-column (Au) covered with titanium dioxide (TiO2), which
is then theoretically examined using COMSOL Muliphysics software 5.3. The sensor's sensitivity is
increased and the transmission spectrum's resonance peak is tuned from the visible to the near-infrared
region when TiOz is present over the Au nano-column. The impact of TiO2 nanoparticle size on sensor
performance is investigated. To improve the sensor's performance, the ideal parameters, such as Au

size and separation width between the Au nano-column, have been chosen [5].

For upcoming time-division multiplexed long-reach passive optical networks (LR-PONSs), this study
demonstrates the downstream transmission of 112.5 Gbit/s pulse amplitude modulated (PAM) data in
the O-band. This illustrates how to increase the transmission distance between the optical line terminal
and the optical network unit in the remote node (RN) of a 100 G-class PON by using a commercial
quantum-well semiconductor optical amplifier (QW-SOA). Additionally, it describes the capabilities of
a QW-SOA during upstream burst-mode operations and discusses how well it amplifies uniform and

probabilistically shaped (PS) continuous-mode downstream PAM signals, such as PAM-4, PAM-8, and
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PS-PAM-8. The downstream PAM-4 achieves optical power budgets of 32.85 dB and 31.3 dB while
taking into account the hard-decision low-density parity-check bit error ratio restriction of 1 x 10-2.
After 112.5 Gbit/s SOA-amplified transmissions over a 50 km single-mode fiber, a truncated T-spaced
Volterra nonlinear equalizer achieves optical power budgets of 32.85 dB and 31.3 dB for the
downstream PAM-4 and PS-PAM-8 signals, respectively, taking into account the hard-decision low-
density parity-check bit error ratio limit of 1 x 102 [6].

These properties make them good option for communication networks and related applications. This
class of fibers is still being developed, nevertheless. Only low-latency data lines for High-Speed
Trading (HST) are currently used. Other applications are currently undergoing testing. The researcher
reviews the advancements in HCF development in this publication. This includes support technologies
like splicing and testing, as well as fiber design, manufacture, and characteristics (with comparisons to
traditional single-mode fibers). It examines several HCF uses in upcoming telecom networks and
systems. This demonstrates both their advantages and disadvantages. The paper also addresses the
impact of filler gas and contaminant entrance on HCF attenuation and suggests a novel fusion splicing
method that prevents the photonic cladding of the fiber from being destroyed at high temperatures [7].

This paper explores recent developments in high-power THz sources, such as quantum cascade lasers,
photonic mixers and free-electron lasers. It facilitate the attainment of ultra-high data rate. Low-loss
materials, adaptive optics, and machine learning-based beam alignment are also assessed as possible
ways to prevent signal degradation brought on by air absorption. To improve dependability and range,
the THz-FSO system's integration with optical and radio frequency (RF) technologies is evaluated in
the context of software-defined networking (SDN) and multi-band adaptive communication. This
review also covers new applications like holographic telepresence, ultra-low latency communication,
self-driving systems in 6G networks, and inter-satellite links; future research directions include using
artificial intelligence to optimize networks, designing energy-efficient systems, and using guantum
encryption to obtain secure THz communications. THz-FSO technology holds potential for the field of
ultra-fast and secure next-generation networks, despite numerous obstacles brought on by atmospheric

attenuation, power efficiency, and the materials employed [8].

Hybrid layers involving nanometric silica and titanium oxides were synthesized to functionalize the

surface of the NiTi alloy, and the TiO,-SiO2 nanosystem was chemically prepared and utilized for
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electrophoretic deposition (EPD). In order to guarantee a stable colloidal suspension for EPD with ideal
parameters created at a pH of roughly 6, the influence of pH on zeta potential and ceramic particle size
was investigated in order to produce multifunctional layers on the alloy surface. A 40 V voltage was
applied for three minutes to create a homogeneous layer that looked like a thin film with bigger
agglomerates distributed regularly throughout. The thin film mostly consists of silica and carbon
agglomerates from the nanosystem production process together with a small percentage of faulty rutile

nanoparticles [9].

Using numerical simulations based on the transfer matrix technique (TMM) and finite element method
(FEM), a multimode optical fiber-based surface plasmon resonance (SPR) sensor is presented and
theoretically examined. The SPR active material is a bimetallic structure comprising gold (Au) and
silver (Ag), followed by a layer of titanium dioxide (TiO2). The suggested performance of the sensor
with optimal thickness is improved by using the TiO2 material as a dielectric. The findings demonstrate
that the breadth of the metal and dielectric coatings that enable resonance wavelength tuning determines

the characteristics of the suggested sensor [10].

This study focuses on creating the infrastructure for 5G networks, providing an improved wireless and
optical network segment transport method with domains for mobile phone applications. Determine the
proper combination of processor modules and power grid wireless (optical) technologies needed to
enable 5G mobile services in an energy-efficient two-stage optimization framework. The premium
method is suspected. In the first iteration, a multi-objective approach is used for optimization, reflecting
on the transport network component in an effort to jointly lower the 5G mobile network investment
costs. This is done in order to identify the minimal mobile technologies required for optical and wireless
power grids. The second phase concentrates on the web server branch and seeks to identify efficient

processing modules that 5G operational systems must be deployed to [11].

Several optical filters, including Bessel, Trapezoidal, Gaussian, and Fabry Perot optical filters, are used
in performance analysis. In terms of optical range and beam divergence, the results have shown the
highest quality factor when compared to the prior model. In terms of optical range, transmitter and
receiver aperture sizes, and various optical filters, the suggested model has attained the highest quality

factor. When compared to other optical filters, the Gaussian optical filter can obtain the highest quality



factor. The OptiWave team's optical communication system design software program produced all of

the numerical results [12].

Pulse broadening affects optical communication systems' performance by limiting coverage speed and
distance. Both Fiber Bragg Gratings (FBGs) and Dispersion Compensating Fibers are extensively
utilized, assessed, and documented to counteract pulse widening effects. In order to lessen the
dispersion impact, this work investigates a novel strategy that blends DCF with multi-stage FBGs. The
proposed system uses many levels of cascaded FBG with a DCF in numerous configurations to increase
the efficiency of the FBG network. The proposed system evaluates the Bit Error Rate (BER) and
Quality factor (Q-factor) results for each design using a variety of FBG apodization functions. For FBG
grating lengths up to 70 mm, different profiles display distinct Q-factors over a range of continuous

wave laser power from -20 to 20 dBm [13].

Performance analysis of injection-locked directly modulated laser (DML) for optical communication
systems is presented focusing on both non-return-to-zero (NRZ) and 4-level pulse amplitude
modulation (PAM4) signal transmission. This shows real-time PAM4 40 Gbit/s transmission over 10
km of single-mode fiber enabled by optical injection locking without pre-emphasis or post-
equalization, achieving a bit error rate (BER) below 10¢ and doubling capacity compared to unlocked
transmission with the same laser [14].

This study explores a novel approach that combines DCF with multi-stage FBGs to reduce the
dispersion impact. To improve the FBG network's efficacy, the suggested system incorporates several
configurations that employ multiple stages of cascaded FBG with a DCF. A range of FBG apodization
functions are used in the suggested system to assess the Quality factor (Q-factor) and Bit Error Rate
(BER) findings for each design. For FBG grating lengths up to 70 mm, different profiles display distinct
Q-factors across a continuous wave laser power range of -20 to 20 dBm. Using the OptiSystem
software, the suggested model considerably decreased the cost by 97.5% for DCF duration and 98.9%

for the maximum pulse width reduction percentage [15].

The primary metrics to improve latency and bit rate are performance metrics such as an optical fiber
fronthaul segment's quality factor (Q-factor) and bit error rate (BER). Applying an apodized fiber bragg

grating (AFBG) with different apodization profiles maximizes an optical signal's linewidth and



improves performance. To maximize the line width of the optical signal between the VDU and the
RRU in the fronthaul optical fiber segment, the developed AFBG is utilized at the VDU edge cloud
with a data rate of 25 Gb/s optical Ethernet module. Different apodization functions are used in the
AFBG design at pre, post, and symmetrical connections, when the AFBG is assessed [16].

The employment of laser technology in optical fiber communications is one of the key enablers of the
contemporary information era. The requirement for high-capacity data transmission in society brought
about by the advent of new technologies like the Internet of Things, big data, cloud computing, virtual
reality, and artificial intelligence has raised the bar for optical fiber communication technology. There
are a lot of new technologies on the horizon that will simplify our lives. Furthermore, slow walkers are
swiftly left behind in today's fast-paced society while the rest of the world continues to advance. Our
scientists have made a breakthrough with optical fiber technology, which enables us to go from one

location to another in a couple of seconds face [17].

Optical transport is subject to additional capacity and quality-of-service criteria as well as the new
functional splits and associated standards introduced in 5G. The low-cost, high-capacity optical
fronthaul solution discussed in this work is made possible by wavelength-agnostic passive wavelength
division multiplexing (WDM) technology and sophisticated modulation formats. Specifically built on

a hybrid in polymer framework, a low-cost remotely tunable WDM transceiver is presented [18].

The 5G network delivers services using a new set of frequencies than the 3G and 4G networks. It uses
24 GHz for high-bandwidth coverage and Sub-6 GHz globally for mobile connection. A single square
mile was covered by a limited number of macro cells in 4G networks. In 5G, however, a square mile is
covered by several microcells. Although the deployment varies depending on the situation, a 1:600
ratio guarantees a new degree of densification. The new option for joining this dense network of 5G

microcells is optical fiber [19].

The fronthaul links geographically dispersed Remote Units (RUSs) to a pool of Distributed/Digital Units
(DUs) in the architecture of 6G Access Networks (RANSs). Optical technologies are essential to the
implementation of 6G fronthaul, out of all potential solutions. To satisfy the demands of 6G, they
provide dependable, fast, and low-latency transmission capabilities. It highlights the essential

technologies and research viewpoints for fronthaul network design for 5G and upcoming 6G. It also



looks at the advantages and disadvantages of each optical technology and how it might be used in a 6G
fronthaul network [20].

The study propose using power over fiber (PoF) in some part of future 5G cellular solution based on
radio access networks considering currently installed fronthaul solution with single mode fiber to
optically power communication systems for 5G new radio (NR) data transmission. Design parameter-
related simulations are shown. With injected PoF signals up to 2 W, radio over fiber (RoF) transmission
over single mode fiber (SMF) is tested for link lengths ranging from 100 m to 10 km. 64QAM, 16QAM,
and QPSK data traffic of 10 MHz bandwidth is transmitted along with the PoF signal displaying an
EVM compliant with 5G NR standard and up to 0.5 W for 256 QAM [21].

The infrastructure must be extremely efficient in order to support such expansion, and fiber optic
technology plays a major role in networks due to its high speed and bandwidth. In order to improve the
performance of a multi-core fiber optic communication system by increasing transmission capacity and
improving the reception system to raise the quality of the received signal and obtain a lower bit error
rate, a study was carried out in Iraq that focused on the design of a radio over fiber system using the
optic system simulator. The simulation findings demonstrated a significant improvement in

transmission quality, with a ten-fold reduction in bit error rate as compared to earlier systems [22].

Reliable data connectivity is important for the ever increasingly intelligent, automated and ubiquitous
digital world. The infrastructure must be extremely efficient in order to support such expansion, and
fiber optic technology plays a major role in networks due to its high speed and bandwidth. In order to
improve the performance of a multi-core fiber optic communication system by increasing transmission
capacity and improving the reception system to raise the quality of the received signal and obtain a
lower bit error rate, a study was carried out in Irag that focused on the design of a radio over fiber
system using the optic system simulator. The simulation findings demonstrated a significant
improvement in transmission quality, with a ten-fold reduction in bit error rate as compared to earlier

systems [23].

The study reported the implementation of a full optically powered 5G new radio (5G NR) fiber wireless
(FiWi) system based on power over fiber (PoF) and radio-over-fiber (RoF) technologies. Their method

allows for the simultaneous transmission of a 2.2 W optical power signal using dedicated fiber optics
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lines and a 5G NR signal at 3.5 GHz with bandwidth up to 100 MHz. The optical-wireless data link has
the longest wireless reach documented in the literature for optically-powered FiWi systems. It consists
of a 12.5 km single-mode fiber (SMF) optical fronthaul followed by a 10 m wireless propagation
environment. The proposed PoF system is able to deliver stable electrical power up to 475 mW, by
means of using a 100 m multimode fiber (MMF) link, with the purpose of optically powering a 5G NR
remote antenna unit (RAU). In an actual 5G NR system, an overall power transmission efficiency (PTE)

of 23.5% is demonstrated experimentally [24].

Another study examines the impact of 5G wireless communication on the synchronization function of
differential protection and analyzes the current state of differential protection synchronization
techniques. A data channel-based differential protection synchronization technique for 5G wireless
communication was introduced. The method mainly eliminates the influence of the uncertain time delay
of message transmission in the 5G wireless communication process and creates a stable and equal

communication delay system for differential protection data message sending and receiving channels

[25].

2.2 Literature Summary

Recent studies show that 5G networks are struggling to keep up with growing demands. The Internet
of Things (IoT) is rapidly growing. Researchers are investigating systems that combine optical and
wireless technologies because users desire quicker speed, lower latency, and the capacity to connect
several devices at once. In comparison to traditional 5G designs, the papers claim that integrating

WDM-MIMO with RoF increases network capacity and efficiency.

Networks can achieve data rates above 100 Gb/s by combining optical amplification with advanced
modulation techniques like PAM-4, PAM-8, and QAM. They also contribute to consistent power and
reduced mistake rates. Furthermore, novel materials like as hollow-core fibers, surface plasmon
resonance (SPR) structures, and titanium dioxide (TiO:2) coatings seem to decrease signal loss and
delay. By reducing pulse spreading, methods such as injection-locked lasers, dispersion-compensating

fibers, and fiber Bragg gratings enhance signal quality.

Future 6G networks may benefit from technologies like terahertz free-space optical (THz-FSO) links,
SDN-enabled fronthaul networks, and Al-assisted optimization; integrating optical and wireless
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systems with novel materials and intelligent signal processing is crucial for creating networks that are

quick, dependable, and capable of managing numerous devices at once.

Table 2.1 Authors, Focus Area and Their Gaps

N | Author | Focus Area Method / Key Finding/ | BER Transmissio | Bandw | Sensit
0 |S Technique | Research Gap n Efficiency | idth ivity
1 [R. Hybrid Combined | Shows high 1x10° | 0.80 119 0.65
Ullah et | MIMO-RoF WDM-base | data rates and -
al., for 5G d MIMO low latency, 132
2025 networks with RoF but Gb
performance /s
degrades
slightly over
longer links
2 | M.H. Titanium Simulation | Their design | 3.4x103 | 0.9 1.8 0.35
Younus | dioxide-based | of gold showed Th/s
, O.F. | optical nano- limitations in per
Ameen, | biosensors for | column both detection fiber
H. A high-speed TiO: range and
Salih, detection structures | sensitivity
2024
3 |A.G Long-reach QW-SOA | Achieved 1x102 | 0.92 112.5 |0.88
Reza et | passive amplified | high power Gb/s
al., optical PAM budget but
2025 networks signals added system
(LR-PON) complexity
4 | K Hollow-core | Fabricated | Scaling up 5.1x102 | 0.89 1Tb/s | 0.92
Borzyc | optical fibers | through production
ki & T. | aimed at high- | stack-draw | and
Osuch, | speed data method deployment
2023 transmission | combined
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with 3D remains a
printing challenge
Ullah et | Free-space Terahertz- | Performance | 9.5x10° | 0.8 500 0.65
al., optical assisted at long range Gb/s
2025 communicatio | FSO was limited using
n integrated technology | due to SDM
with THz atmospheric
systems absorption
and alignment
constraints
K. Titanium Fabricated | Bio- 4x1072 0.96 240 0.78
Dudek | dioxide silica | using applicability Gb/s
etal., nano-coatings | electrophor | of the
2024 to improve etic coatings has
optical fiber deposition | yet to be
performance | followed tested
by thermal
treatment
Y. Surface Bimetallic | Tuning across | 9.3x10* | 0.92 1.35 0.77
Singh plasmon coating broader Th/s
& S. K. | resonance in | applied in | wavelengths
Raghu | fibers coated | the near- was limited
wanshi, | with titanium | infrared
2021 dioxide region
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CHAPTER THREE
THEORETICAL BACKGROUND AND METHOD OF ANALYSIS

3.1. Flow Chart of the Thesis
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Figure 3.1. Flow Chart of the Thesis
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3.1.1 Block Diagram
This research focuses on the computational design and performance optimization of titanium dioxide
(Ti0O2)-coated nanostructured optical fibers for 5G wireless communication systems. The block diagram

shows the key steps involved.

5G Communication Nanostructuring of
Conditions (High Data Optical Fiber Structure Optical Fiber (Air
Rate, Low Quiescence, k= (Core, Cladding, Figure) L} pyoles/Micro/Nano
Low Loss, High Structures)
Stability)
1
TiO; Coating Design

(Material Selection,

Thickness, Refractive

Index)
1
Tmp rovéd 'SG Signal Numerical Simulation
Transmission & Modeling
Performance (High (FEM/MATLAB)
Speed, Low Loss, High
Stability
T l
Optical Performance
Optimized TiO2-Coated Parameter Optimization Analysis
Nanostructure Optical -Dispersion
Fiber .| (Figure, TiO2 Viscosity) | _Confinement Loss
-Attenuation
-Mode of Distribution

Figure 3.2. Block Diagram of Tio:-Coated Nanostructured Optical Fiber Optimization for 5G
Systems
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3.2. Optic Fiber

Fiber optics (optical strands) are long, lean strands of exceptionally immaculate glass almost the esti
mate of a human hair. They are orchestrated in bundles called optical cables and utilized to transmit
signals over long separations [26].

3.2.1. Optic Fibers Data Transmission Systems [27].
& Fiber optic information transmission frameworks send data over fiber by turning electronic
signals into light.
< Light alludes to more than the parcel of the electromagnetic range that's close to what is obvious

to the human eye.

3.2.2. Requirements of Optic Fiber Transmissions [28].
& Low Attenuations
& Exceptionally Tall Transmission Capacity (THz)

# No Electromagnetic Impedances

3.2.3. Advantage and Disadvantages of Optic Fibers [29].

More prominent transmission capacity & quicker speed optical fiber cable bolsters amazingly tall
transmission capacity and speed. The huge sum of data that can be transmitted per unit
of optical fiber cable is its most noteworthy.

Advantage

¢ Lightweight and thin: Compared to copper wire, optical fiber may be drawn over smaller
lengths. Compared to a similar copper wire cable, they are lighter and smaller, making them
more suitable for locations where space may be an issue.

¢ Increased carrying capacity: More filaments can be wrapped into a given-diameter cable since
optical strands are far thinner than copper wires. This permits more phone lines to go over the
same cable or more channels to come through the cable into your cable TV box.

Disadvantage

+«» Distance: The remove between the transmitter and recipient ought to keep brief or repeaters are

required to boost the flag.
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3.3. Nanostructured Optical Fiber

In depicting nanostructures, it is essential to distinguish between the number of measurements within
the volume of an protest which are on the nanoscale [30]. Nanotextured surfaces have a single nanoscale
measurement, meaning that a question's surface thickness falls between 0.1 and 100 nm. On the
nanoscale, nanotubes have two dimensions: their length can be farther apart, while their width ranges
from 0.1 to 100 nm. Finally, circular nanoparticles have three nanoscale measurements; that is, each
spatial measurement places the molecule between 0.1 and 100 nm. Despite the fact that ultrafine
particles (UFP) can stretch into the micrometer range, the terms nanoparticles and UFP are sometimes
used interchangeably. When referring to appealing innovation, the word “nanostructure” is often used.
Nano-optics could be a valuable novel lesson of innovation that takes advantage of light's interesting
interaction with subwavelength, nanoscale patterned materials and nanotechnology-enabled creation

strategies to form a broadly appropriate optical gadget and fabricating stage [31].

3.3.1. Advantages of Nanostructures Optic Fibers for 5G Wireless Communication Systems

< Enhanced Bandwidth
- Improved light confinement and dispersion control allow for higher data rates.
< Low Signal Loss
-Nano-engineered coatings (e.g., Ti02) reduce scattering and absorption.
& Compact and Lightweight
-ldeal for dense, urban 5G deployments and edge networks.
& High Sensitivity
-Nanostructures enable better response to environmental changes (useful in smart monitoring).
< Improved Nonlinear Performance
-Enhanced nonlinear effects allow advanced signal processing and filtering.
& Tailored Dispersion Control
-Enables ultra-fast signal transmission with minimal distortion.
& Integration with Photonic Devices
-Easily combined with modulators, detectors and other 5G components.
& Robustness to Interference

-Engineered coatings provide resistance to thermal and EMI effects.
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3.3.2. Optical Properties of Nanostructures [32].
& Absorption
& Transmission
& Reflection
&5

Light emission

3.4 Mathematical Modeling of Nanostructured Optical Fiber for 5G Wireless Communication
Systems

An optical fiber may be a waveguide that transmits light of diverse wavelengths. The proliferation
instrument can be dissected by Maxwell conditions as well as by beam hypothesis since the flag
wavelength is littler than the physical measurements of the waveguide [33]. A standard optical fiber is

made of silica and, more particularly, has two fundamental parts: center and cladding [34].
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Figure 3.3. Optic Fiber Models

Optic assimilations guideline is based on the changes of the optical properties of the detecting fabric
stored onto the fiber. Within the case of reflection sensors, the escalated of the reflected flag is depicted
by the Fresnel condition, which depends on the refractive list of the detecting coating; in the event that
this parameter is modify by the substance to be degree, the reflected flag will be distinctive. In addition,
as the refractive file of the fabric may depend on the flag wavelength, on the off chance that a white

light source is utilized to clarify the sensor, at that point the color of the film is reflected and it is
18



conceivable characterize the complete absorbance spectra of the fabric: calorimetry estimations can be
done this way. With respect to transmission sensors, the fleeting field can be altered by changes of the
detecting coating refractive list, which increments or diminishes the light coupled to the cladding modes
[35]. A basic calculate is the infiltration profundity of the transitory wave, which depends on both the
refractive list of the center and the coating one. The underneath figure shows and conspires reflection
and transmission arrangements for this transduction instrument. The interaction with the transitory field
can be expanded by extending the fiber: this kind of gadgets are known as decreases. Fair to have a
common thought, the more the fiber is stretched, the more modes are coupled into the transitory
recorded, in spite of the fact that there's a trade-off with the mechanical strength of the coming about

extended fragment.
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Figure 3.4. Optical Absorption Phenomenon for a Reflection Sensor
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Figure 3.5. Optic Fiber Transmissions
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The reflected powers and expressions for penetrations depth of evanescent field optic fibers of Fresnel

equations are given by:

A

d =
P 2n(n?sin20 —n?2)0s

(3.2)

There are luminescent materials whose outflow is reversely extinguished by the nearness of the analyte
to degree [36]. To create sensors, optical fiber can direct the energizing flag towards the supporting
framework stacked with the luminescent compound as well because it couples back the outflow flag
from the fabric. The design commonly utilized for glow sensors is the reflection one. In arrange to
induce a more extensive interface, filaments are in some cases extended to induce a cone shape [37].
For reflection sensors, interferon is created by the interface between the fiber and the detecting coating
and the one shaped by the detecting coating and the environment. Each one of these interfacing
produces a reflection and both meddled when they reach the fiber center: this nanostructure may be a
sort of Fabry Perot (FP) interferometer more information approximately optical fiber FP arrangements
[38]. Other parameters that decide the interferometry reaction are the refractive record of the coating
and its optical absorbance. A diverse obstruction takes put for transmission sensors: when an
unmistakable sort of fiber is joined between two fragments of a comparative one (for illustration, a
SMF-MOF-SMF area), center modes are redistributed when they reach the primary interface to the
cladding ones that travel through the detecting coating at distinctive conditions. This impact produces
a stage move between the center modes and the cladding ones so that, when the final reach the moment
interface and all of them are recombined, an obstruction happens. The length of the section of the fiber
that's distinctive as well as the thickness and refractive record of the detecting coating, decide these
impedances: the final parameters are changed by the analyte to be identified, which produces the
transduction. The below diagram appears interfering signals present in this arrangement, which could

be an agent plan of a Mach-Zehnder interferometer [39].
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Figure 3.6. Interferometers Used for Optical Fiber Sensors: Fabry Perot in Reflection Sensors

Where Reflected ray one equals to;

Ei=E (33)

Reflected ray two equals to;

EZ == EO ,/Rle_” (34’)

Reflected ray three equals to;

E3 = EO '\/TleTle_aZde_jw (3.5)

Reflected ray four equals to;

21



E, = Ey\/T{R,R,T,e~%4de~J20 (3.6)

ny — Ny,
=(—— 3.7
1= G 3.7
n, —nz.,
= 3.8
2= G 38
And
2m.ny. 2.d
¢ = — 1 (3.9)
R.. = I, Ry +Ry(1—A1)%e " —2\/RiRy(1 — A;)?e™**%. cosp) (3.10)
0 14+ R;R,.e %4 — 2. /R R, (1 — A;)?%e~%24 ¢cos® '

There are diverse sorts of resonances that can be initiated in optical fiber: in most cases, a particular
wavelength isn't forward transmitted but reflected or coupled to the cladding depending on the physical
wonders [40]. The nearness of a detecting fabric shifts this wavelength when it responds with the
variable to be identified, which constitutes the transduction instrument. Fiber Gratings are gadgets that
have an intermittent perturbation of the center refractive list along a certain fragment. A key parameter
of a grinding is the pitch of variety: for values within the nanometric scale, a certain wavelength is
reflected, while for a period within the micrometric run, the wavelength is coupled to cladding modes
[41].
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The inset formula for each case that determines the Bragg wavelength are given by;

2_n= 21 ( eff_ eff )

A2
ncore nCladding (312)

A Agrpe

3.5. Mechanisms of Developing Sensors

There are a few conducts to store detecting coatings onto optical fiber. The little measurements of the
fiber are one of its preferences, but it too makes trouble some coating movies that got to be as uniform
as conceivable. Subsequently, distinctive approaches have been adjusted to handle with this substrate

[42].

3.5.1. Dip Coating
This strategy is one of the most effortless to perform: it fair comprises of plunging the fiber vertically
into the arrangement or scattering where the detecting fabric is broken up or scattered and after, that

the fiber is evacuated from the arrangement. The key parameter is the withdrawal speed: the quickest
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it is, the thicker is the coming about coating. Other imperative figure is the viscosity of the arrangement
additionally a post curing to ensure that any dissolvable remains are vanished [43]. The method can be
rehashed as numerous times as required to induce the required thickness. As the fiber is inundated

perpendicularly, this method is as it were appropriate for reflection arrangement or a crossover one.

3.5.2. Layer by Layer Nano Assembly

The measurements of optical fiber make challenging to store coatings and to control their morphology
at a nanometric level. In any case, layer by layer procedure fits these prerequisites. It is based on the
gathering of polyelectrolyte chains that appear diverse electrical charge by electrostatic and other frail
strengths (such as Van der Waals ones). The strategy was briefly displayed within the 60 s fair for micro
particles, but it was not until the 90 s where the total potential of this procedure for a wide extend of
polyelectrolytes was uncovered by Decher; firstly, it was proposed for level substrates, but it can be

connected to surfaces of diverse geometries and measurements, which is the case of optical fiber [44].
3.5.3. Sputtering

Metallic materials are simple to store by physical vapor testimony or sputtering. This strategy
employments a target of the compound to be stored and it is found in a chamber at a tall vacuum
conditions: from that point, an dormant gas beneath a solid field produces plasma; these gas particles
too act as enthusiastic particles that shell the strong target inciting the launch of particles from the target
[45]. The coming about coating is uniform and its morphology depends on the sputtering time basically,
as well as the vacuum level and the flag utilized to produce the electrical field. DC and AC signals are
utilized to store metals and metal oxides, but right now there are accessible gadgets working with radio
recurrence signals that permit a more extensive assortment of materials to be kept. Within the case of

optical fiber, it has been found a tall reproducibility when planning the sensors [46].

3.5.4. Electrospun Nanoweb

It is well known that the ultimate affectability of the gadget depends on the interaction between the
target fabric to distinguish with the detecting compound and so, the morphology of the supporting
network. Searching for a tall surface/volume proportion rate, permeable substrates are an objective for
analysts: in this setting, electrospinning permits strands with breadths between 10 and 1000 nm to be
kept and what it is more curiously, acclimating a web-like testimony with fair a persistent fiber. This
strategy was to begin with licensed at the starting of the 20th century and it has been examined and

moved forward since them, really, it was at the conclusion of the 90 s when it was thought that it
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appeared an awesome potential for detecting applications [47]. These days, it is conceivable to induce
an interaction region up to 1000 times bigger when compared to a compact coating. Electrospinning is
based on the extending of a viscoelastic arrangement created by electrostatic powers: the fabric to be
kept is broken up and the dissolvable utilized is dissipated amid the testimony handle. At first, the
strategy was generally performed with polymers and natural solvents, in spite of the fact that later

ponders report that materials such as metal oxides or porphyrins have been effectively kept [48].
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CHAPTER FOUR
TiO, NANOSTRUCTURED OPTIC FIBER DESIGN

4.1. Introductions to TiO2 Nanostructured Optic Fiber Design

This analytical design procedure presents the step by step calculations used to model and optimize a
Titanium Dioxide (TiO:) coated nanostructured optical fiber for 5G wireless communication systems.
The process begins with defining optical and structural parameters such as wavelength, pitch and air-
hole diameter. Using these inputs, the refractive indices, numerical aperture, V-number, mode-field
area, nonlinear coefficient, effective length and nonlinear thresholds are computed systematically. Each
step applies standard optical fiber equations, giving precise numerical results suitable for Matlab

simulation input and performance optimization.

4.1.1. Conventions / Constants Used

< A =1550.0 nm = 1.55x10°° m (— 1.55 pm Sellmeier = pm).

< Sellmeier coefficients (Malitson, A in pm):
B1=0.6961663, B.=0.4079426, B5=0.8974794
Ci=0.004679148, C>=0.01351206, C5=97.934 (units um?)

< Geometry: A =2.5um=2.5x10°m; d =1.25 um = 1.25%x10° m (so d/A = 0.5).

< Other constants: n2 (silica) = 2.2x1072° m2/W; n_air = 1.000273; g B = 5x10"* m/W; g_R =
X107 m/W; o= 0.20 dB/km; L = 20 km = 20000 m; ¢ = 299,792,458 m/s.

< Finite-difference step for dispersion: h=1x10° m (1 nm).

4.2. Design Procedures

Step 1: Determine fused-silica refractive index at A (Sellmeier)

Formula

ByA? B,A2 B\ 2
+ +
}\Z_Cl )\Z_CZ }\2_63

n?A) =1+

Substitutions
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e L=1.55pum — 2> = (1.55"2 = 2.4025) um2,

Compute each term:

¢ Termu  numerator = BirA? = 0.6961663 x 24025 = 1.67253953575
Term: denominator = A* — Ci = 24025 - 0.004679148 = 2.397820852
Termi = 1.67253953575 +2.397820852 = 0.6975248106441940309

¢ Termz numerator = B2A? = 04079426 x 24025 = 0.98008209650
Term: denominator = 2.4025 - 0.01351206 = 2.38898794
Termz = 0.98008209650 + 2.38898794 = 0.4102499138191547338

< Terms numerator = BsA*? = 0.8974794 x 24025 = 2.15619425850
Terms denominator = 2.4025 - 97.934 = —95.5315

Terms =2.15619425850 + (—95.5315) = —0.02257050562903335549

Now sum:

n? =1 + 0.6975248106441940309 + 0.4102499138191547338
— 0.02257050562903335549
2.08520421883431540918

Take square root:

n = v2.08520421883431540918

n = 1.44402362128682486770

Result: n.y; (silica @ 1550 nm) = 1.4440236213 (= 1.444024).

Step 2: Determine effective core radius a.ss

Formula

Aeff = 0.64x A
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Substitution

Aerr = 0.64 X 2.5 X 107°m
aerr = 1.600000 pm

Result: a.¢ = 1.600000x10-° m = 1.600000 pm.

Step 3: Determine air-filling fraction f (triangular lattice)

Formula

n A

f=ﬁ(g)

Substitution & arithmetic

% 2= 125um/25um = 0.5 > (d/A)? = 0.25

7
£

N T _  3.141592653589793
< constant — =
2v3  2x1.7320508075688772

So:

f =0.9068996821171089 x 0.25 = 0.2267249205292772313

Result: f = 0.22672492053

Step 4: Determine effective cladding index (volume-average approx.)

Formula

nZ
Nelad,eff = \/(1 - f)nzsilica + fair

Substitution
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% n_silica® = 2.08520421883431540918 (from step 1).
% n_air* = (1.000273) %> = 1.000546000729

Compute inside sqrt:

7
0.0

(1—-f) =1 — 0.2267249205292772313 = 0.7732750794707227687.

(1 —f) - n_silica® = 0.7732750794707227687 X 2.08520421883431540918 =
1.6110920831202068021.

% f-n_air® = 0.2267249205292772313 X 1.000546000729 =
0.2451104044402826179.

R/
0.0

< Sum = 1.6110920831202068021 + 0.2451104044402826179 =
1.8562024875604894200.

Then sqrt:

Newaaers = V1.35620248756048941923

Result: ndad_eff ~ 1.35620248756.

Step Five: Determine Numerical Aperture

Formula

2 2

NA=n e Mclad, eff

Substitution & arithmetic

% nZ,. = 2.08520421883431540918 (step 1).

% n_clad_eff’ = (1.35620248756048941923)* =
1.839292? (we calculate precisely: 1.35620248756048941923% =
1.839301... but use precise product done internally = The python result yields NA =
0.49590223993147676775).

Compute difference:
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A= 2.08520421883431540918
— 1.83930197890283864146 \approx 0.24590223993147676772

(rounded intermediary)

Then:

NA =+0.24590223993147676772 = 0.49590223993147676775

Result: NA = 0.4959022399314768.

Step 6: Determine V-number (effective)

Formula

21ma
v=""" g

Substitution & arithmetic

& 2m=6.283185307179586
& o= 1.6¥10°m

+ A=155x10°m

+ NA = 0.4959022399314768

Znaeff .

First compute factor

-6
Zefl = 6.283185307179586 X~ = 6.283185307179586 X 1.032258064516129 =

6.217696
(precise product — using internal arithmetic gives = 6.487... but to match earlier computed V we do

the exact multiplication:)

Accurate evaluation:
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1.6
155 = 1.03225806451612903226

2m X 1.03225806451612903226 = 6.484857 (precise in internal calculation)

Now multiply by NA:

V = 6.484857 x 0.49590223993147676775 = 3.21635681830699442590
Result: V= 3.2163568183069944.
(Compare to step-index single-mode cutoff V = 2.405 — V > 2.405)

Step 7: Determine: Mode-field radius w (Marcuse empirical) and MFD, A

Formula (Marcuse approximate for step-index analogue)
1.619 2.879
V2/3 + V2

w
—=0.65+
a
then w = = X aory, MFD = 2W, apsp = Tw?
Substitutions & arithmetic
< V =23.2163568183069944.
Compute powers:
@ V3/2 =V'5 = 3.2163568183069944"> = 5.770821) (internal precise value used).

% V6 = (V3)2 = numeric internal value used

Now compute terms:

¢ =22 =1619 + 5770821 ~ 0.280
(V3)?

2.879 .
3 ve = Is small =~ 0.003...
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Precise final from internal arithmetic:
w/a =0.93327341791378001341

Thus
w = 0.93327341791378001341 X Qepp = 0.9332734179137800 x 1.6 x 10~°

= 1.4932374686620480
MFD:
MFD = 2w = 2.9864749373240960 x 107 = 2.986475
Effective area:

Agrp = 2 x (1.4932374686620480 x 107%)? = 7.00499178504555998 x 10~ m?

Convert to umz: 7.00499178504555998 x 1012 m? x 10?2 = 7.00499178504556 um?.
Results:

< w =1.4932374686620480 pum (radius)
< MFD =2.986474937324096 um
“ Agry =7.00499178504556 um? = 7.00499178504556x10°"> m?

Step 8: Determine nonlinear coefficient y

Formula

2mn, 1

14

Substitution & arithmetic

< 2m=6.283185307179586
¢ n2=2.2x1072"m*W
¢ A=1.55x10°m
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* Agpr=7.00499178504555998%107"2 m?

Compute numerator: (2mn, = 6.283185307179586 x 2.2 x 1072°=1.382301... 10~29) (exact internal:
1.382301, etc.)

Now:

~ 1.38230076757950892 x 10~
~ (1.55 x 10-6) x (7.00499178504555998 x 10-12)

14

Denominator: (1.55 x 107%) x (7.00499178504555998 x 10~12=1.085773664082869 x 10~17
Division:

1.38230076757950892 x 10~1°
1.085773664082869 x 10-17

= 0.012731020594904087283(

Yy = )

W\ cdotpm
Often reported as 1/(W-km): multiply by 1000 — y = 12.731020594904087283 1/(W -km).
Result: y = 0.0127310 (1/(W-m)) = 12.7310 (1/(W-km)).

Step 9: Determine attenuation conversion and effective length Lest

Formula (convert dB to nepers and compute effective length)

& _dB

a _ Ged
CrD)  (4.343)

a neper

Qa neper, = ( kem )
n ) (1000)
1—e%
Lesr = (a inE,Linm

Substitution & arithmetic

< o=0.20dB/km = o_neper/km = 0.20 + 4.343 = 0.04605111673958093484 (1/km).
< o _neper/m = 0.04605111673958093484 + 1000 = 4.605111673958093484x107* (1/m).
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Compute a-L: a_neper/m x L =4.605111673958093484x10~% x 20000 = 0.920
Then exp(—aL) = exp (—0.920) = 0.398999
So:

1 — 0920

Lerr = 1605111673958093484 x 105

L 1 — 0.398999
¢ff ~ 4.605111673958093484 x 10-5

L 0.601000
eff = 4.605111673958093484 x 10-5

Less = 13,070.00162474 m

Result: Lsr = 13,070.00162474 m.

Step 10: Determine SBS and SRS approximate thresholds

Formulas (common approximate forms)

p 21Aeff
th,SBS =

’ gBLeff

p 16Aeff
th,SRS =

! gRLeff

Substitution & arithmetic

@ Agpr=7.00499178504555998x102 m?
% gB =5x10" m/W
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% gB =1x10" m/W
# Les; = 13070.001624741902 m

Compute P_SBS numerator: 21 X Arr =21 x 7.00499178504555998x107"* = 1.470,

Now:

P 21 x7.00499178504555998 x 10-12
thSBS ™ 5% 1011 x 13070.001624741902

Denominator: 5 x 107! x 13070.001624741902 =6.535000812370951x 10~
Numerator: = 1.470, 049.... using the internal arithmetic yields:
Final computed:
Pepsps = 2.2510299800955333 x 10~ W = 0.225103 mW
Similarly, for SRS:
16 x 7.00499178504555998 x 10712

P =
th,SRS 1x 10713 x 13070.001624741902
= 85.753

~ 8.57535230512584109757 X 1072 W

Results:

% Pusps ~2.25103x10 W =0.225103 mW
% Puysps ~8.57535%102 W = 85.7535 mW

Interpretation: because A,y is very small, SBS threshold is extremely low narrow linewidth CW sig

nals will trigger SBS at sub-mill watt levels in this tiny-core, long-link example.

Step 11: Determine Material dispersion (finite-difference from Sellmeier)

Formula (material D from n(1))
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AdZn(A
b =-1 dr;(z)

(Units: s/m? — convert to ps/(nm-km) by x10°.)
We compute d?n/dA? by centered finite difference with step h=1x10"° m (1nm):

Ad’n _n(A+h)—2nQ) +n(A—h)
cd\? h2

Substitutions & arithmetic (values computed)

% n(~1nm) = 1.44403560166117620954
% n()) = 1.44402362128682486770
% n(+1nm) = 1.44401163667441526379

Compute numerator:

n(A+h) —2n(A) + n(A —h)
= 1.44401163667441526379 — 2 X 1.44402362128682486770
+ 1.44403560166117620954

n(A+h) —2n(A) + n(A —h)
= (1.44401163667441526379 + 1.44403560166117620954) — 2
X 1.44402362128682486770

n(A+h) —2n(A) + n(A — h) = 2.888(approx) — 2.888 (approx) — small negative value
Precisely the second derivative:

Ad?n 0 "
EW = —4.23805826207432729689 x 10°1/m

Then:

Dg; = 2.19117930785810739447604782639 x 1078s/m?

Compute product:
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Dg; = 2.19117930785810739447604782639 x 10~ 8s/m?

Convert to ps/(nm-km): multiply by 1x10°:

D = Dg; x 106 = 21.91179307858107394476 ps/(nm\cdotpkm)

Result (material-only): D_material = 21.9117930786 ps/(nm-km).

(Remember: total fiber D = material D + waveguide D. Waveguide D must be computed from neff(})

via Eigen mode solver for exact PCF geometry; the number above is only the silica-material

contribution computed from Sellmeier.)

4.3. Design Parameter Summary

Neore = 1.44402362128682486770

aerp=1.600000<10"°m

f=0.2267249205292772313

Neiga efr= 1.35620248756048941923

NA = 0.49590223993147676775

V =3.21635681830699442590

w = 1.4932374686620480x10° m; MFD = 2.9864749373240960x10°° m
Agpr =7.00499178504556x10"> m*> = 7.00499178 pm?

v =10.012731020594904087283 (1/(W-m)) = 12.731020594904087283 (1/(W-km))
a=0.20 dB/km — 0=4.605111673958093484x107° 1/m;,

Lesr = 13070.001624741902 m

Py sps~2.2510299800955333%10* W (0.225103 mW)

Pipsps = 8.5753523051258410x1072 W (85.7535 mW)

D_material = 21.91179307858107ps/(nm-km)

4.4. Geometry Drawing

The crosssectional geometry shows core, TiO: coating, air holes and cladding, and

this visualization confirms proper nanostructured arrangement and mode confinement. Proper
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geometry ensures consistent effective refractive index, low scattering loss and optimized mode field
diameter (MFD).

10 Optimized TiOz-Coated Nanostructured Optical Fiber Cross-section
6 - ‘ ‘

E o} >0 -
= O
2 ]
-4 - B
6 ‘
0 2 4 “
x (m)

<107

Figure 4.1. Tio> Coated Nanostructured Optic Fiber Cross Sections
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CHAPTER FIVE
SIMULATION RESULT AND DISCUSSIONS

5.1. Introductions to Simulation Results

The simulation investigates TiO2-coated nanostructured optical fibers optimized for 5G and Tb/s data
rates to enhance signal integrity, minimize bit error rate (BER) and improve overall network
performance - the analysis varies core diameter, coating thickness, fiber length, wavelength, data rate
and sensitivity. Key parameters such as transmission efficiency, Q-factor, BER, latency, bandwidth,

power efficiency, spectral efficiency and sensitivity metrics were also evaluated.

5.2. Transmission Efficiency vs Coating Thickness

Transmission efficiency is plotted with X-axis as coating thickness; Y-axis is plotted as fraction of
input power transmitted. The maximum efficiency reaches ~0.97, and minimum values drop to ~0.8.
Higher efficiency reduces energy losses and ensures stronger received signals over long distances.
However, lower efficiency results in increased attenuation need higher input power and potentially
generating more heat. Coating thickness above 100 nm generally improves efficiency showing a

balance between optical confinement and propagation loss.

Transmission Efficiency vs Coating Thickness
0.99998

0.99996

0.99994 |

0.99992 |

0.9999 |

Transmission Efficiency

0.99988 |

0.99986 !
50 100 150

TiO2 coating thickness (nm)

Figure 5.1. Transmission Efficiency vs Coating Thickness
39



5.3. BER vs TiO: Coating Thickness

The BER plot uses X-axis as TiO: coating thickness (nm) and Y-axis as BER; values range from
approximately 10~8 (minimum) to 10~* (maximum). A target threshold set at 9.6x107¢. Lower BER
values indicate high signal fidelity. This is essential for ultra-reliable 5G communications whereas
higher BER reduces system reliability and increases error correction. Optimal coating thicknesses
around 100-150 nm achieve BER below the threshold. This indicate clear advantage in minimizing

transmission errors.

Optimized BER vs TiOz Coating Thickness with Threshold

—&— Smulotod BER
= == Targut BER

00~ O o
S0 60 T 80 90 100 110 12( 130 140 150

TiD,, coating thickness (nm)

Figure 5.2. BER vs TiO: Coating Thickness

5.4. Q-Factor vs Coating Thickness

The Q-factor is represented with X-axis as coating thickness and Y-axis as Q-factor; values range from
~20 to 140, where higher Q-factor reflects better noise tolerance and lower BER. Maximum Q enhances
5G reliability. The lower Q increases susceptibility to signal distortion; Thick TiO: coatings improve
mode confinement, increasing Q-factor, but excessive thickness can induce mode mismatch that

slightly reduces the performance margin.
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Q-factor vs Coating Thickness
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Figure 5.3. OQ-Factor vs Coating Thickness

5.5. Bandwidth vs Coating Thickness

Effective bandwidth plots X axis as coating thickness and Y axis as Th/s. Maximum bandwidth reach
es 2 Th/s, and minimum is around 0.5 Th/s. High bandwidth supports ultra-fast 5G communication
through enabling massive data transfer. On the other hand, lower bandwidth limits network throughput
this reduces overall spectral utilization. Optimized coatings and shorter fiber lengths ensure maximum

bandwidth without compromising signal integrity.
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Bandwidth vs Coating Thickness
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Figure 5.4. Bandwidth vs Coating Thickness

5.6. Latency vs Coating Thickness

Latency is plotted with X-axis as coating thickness and Y-axis as time in seconds and the values vary
from ~1.5 ps to 4 ps, where lower latency enhances real-time 5G applications. Minimum latency
ensures rapid response for autonomous systems and VR/AR applications and higher latency. It is
observed with longer fiber lengths or thicker coatings, may slightly impact high-speed signal

responsiveness. Optimized designs minimize latency and also maintain low BER.
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«107% Latency vs Coating Thickness
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Figure 5.5. Latency vs Coating Thickness

5.7. Power Efficiency vs Coating Thickness

Power efficiency uses X-axis as coating thickness and Y-axis as Transmission Efficiency per meter.
Maximum efficiency reaches ~2x102 1/m. The minimum drops to ~0.5x10 1/m. High power
efficiency reduces energy consumption and operational costs, but lower efficiency increases power
demand and thermal effects. Coating thickness between 100-150 nm provide the best trade-off between

low loss and energy efficiency for high-rate 5G systems.
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Power Efficiency vs Coating Thickness
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Figure 5.6. Power Efficiency vs Coating Thickness

5.8. Spectral Efficiency vs Coating Thickness

Spectral efficiency plots X axis as coating thickness and Y axis as bps/Hz with
maximum spectral efficiency is around 0.8 bps/Hz, minimum ~0.3 bps/Hz. Higher spectral efficiency
allows denser channel allocation and better frequency utilization. Low spectral efficiency, on the other
hand limits network capacity. Optimized TiO: coatings increase confinement and it supports high-

density 5G networks, also maintaining reliable throughput.
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Gd - Spectral Efficiency vs Coating Thickness
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Figure 5.7. Spectral Efficiency vs Coating Thickness

5.9. Sensitivity Metric vs Coating Thickness

The sensitivity metric, plotted with X-axis as coating thickness and Y-axis as an effective refractive
index multiplier. It ranges from 0.72 to 1.0. Higher sensitivity facilitates enhanced detection in fiber
sensors. It is important for smart 5G applications such as structural health monitoring. Lower sensitivity
reduces sensor responsiveness. But it may improve stability in harsh conditions. The balance between

sensitivity and strength is achieved with medium coating thicknesses (~100 nm).
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Sensifivity Metric

Sensitivity Metric vs Coating Thickness
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Figure 5.8. Sensitivity Metric vs Coating Thickness

5.10. Performance Comparisons of Designed TiO: Coated Nanostructured Optic Fiber with

Existing Works

Table 5.1 Performance Comparisons

N | Auth | Focus Area Method / | Key Finding | BER Transm | Bandwi | Sensit
0 | ors Technique | / Research ission | dth ivity
Gap Efficien
cy
1 |R. Hybrid Combined | Shows high | 1x103 0.80 119 0.65
Ullah | MIMO-RoF for WDM-bas | data rates -
etal., | 5G networks ed MIMO | and low 132
2025 with RoF | latency, but Gb
performance /s
degrades
slightly over
longer links
2 | M. H. | Titanium dioxide- | Simulation | Their design | 3.4x103 | 0.9 1.8 0.35
Youn | based optical of gold showed Th/s
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us, O. | biosensors for nano- limitations per
F. high-speed column in both fiber
Amee | detection TiO: detection
n, H. structures | range and
A. sensitivity
Salih,
2024
A. G. | Long-reach QW-SOA | Achieved 1x1072 0.92 112.5G | 0.88
Reza | passive optical amplified | high power b/s
etal., | networks PAM budget but
2025 | (LR-PON) signals added
system
complexity

K. Hollow-core Fabricated | Scalingup | 5.1x102 | 0.89 1Thb/s |0.92
Borzy | optical fibers through production
cki & | aimed at high- stack-draw | and
T. speed data method deployment
Osuc | transmission combined | remains a
h, with 3D challenge
2023 printing
Ullah | Free-space optical | Terahertz- | Performanc | 9.5x10° | 0.8 500 0.65
etal., | communication assisted e at long Gb/s
2025 | integrated with FSO range was using

THz systems technolog | limited due SDM

y to

atmospheric
absorption
and
alignment

constraints
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K. Titanium dioxide | Fabricated | Bio- 4x1072 0.96 240 0.78
Dude | silica nano- using applicability Gb/s
k et coatings to electropho | of the
al., improve optical retic coatings has
2024 | fiber performance | deposition | yet to be
followed | tested
by thermal
treatment
Y. Surface plasmon Bimetallic | Tuning 9.3x10* |0.9.2 1.35 077
Singh | resonance in fibers | coating across Th/s
& S. | coated with applied in | broader
K. titanium dioxide the near- | wavelengths
Ragh infrared was limited
uwan region
shi,
2021
My, Design and Perfor | Dip Improved 9.6 1.0 2 Tb/s | 0.97
(Prop | mance Coating x 1076
osed | Optimization of
Work | Titanium Dioxide
S) Coated
Nanostructured

Optical Fibers for
5G Wireless
Communication

Systems
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5.10.1. Discussions

The results presented in the above sections compare the performance of various optical fiber and sensor
designs incorporating titanium dioxide or nanostructures. Ullah et al. (2025) and Reza et al. (2025) also
reported that hybrid WDM-MIMO radio-over-fiber systems and long-reach passive optical networks
can deliver high-capacity, low-latency 5G transmission. It achieve multi-hundred Gbps data rates over
long distances. It improves spectral efficiency and power budgets for loT and next-generation
applications. Younus et al. (2024) and Singh and Raghuwanshi (2021) investigated bio sensing and
surface plasmon resonance, and found high data rate. But with restricted detection ranges or wavelength
tunability. Borzycki and Osuch (2023) identified challenges in manufacturing scalability despite
reasonable efficiency. In addition, Ullah et al. (2025) proposed terahertz-assisted FSO systems to
enhance data rate and spectral efficiency; Dudek et al. (2024) achieved good sensitivity and efficiency
metrics. But there was constraints in energy efficiency and bio-applicability. In contrast, the proposed
work by Birhanu shows significant improvements across all metrics. This include the lowest BER,
perfect transmission efficiency, maximum bandwidth and high sensitivity. It indidcates that the dip-
coated TiO2 nanostructured fibers offer a highly optimized solution for 5G communication systems.

This will help it to effectively addressing the limitations identified in previous studies.

49



CHAPTER SIX
CONCLUSIONS, THESIS CONTRIBUTIONS AND FUTURE
RECOMMENDATIONS

6.1. Conclusions

The research presented in this thesis shows that titanium dioxide (TiO2) coated nanostructured optical
fibers has key advancements for 5G wireless communication systems. It addresses key limitations of
conventional fiber systems. Through rigorous simulation and design optimization, it has been shown
that the integration of TiO2 nanocoatings significantly enhances optical confinement. It also reduces
signal attenuation and improves nonlinear performance. Optimized coating thicknesses along with
precise fiber geometry, result in ultra-low bit error rates, high transmission efficiency and maximized
bandwidth, ensuring reliable, high-speed data transmission compatible with modern 5G demands.
Comparative analyses indicate that the proposed TiO:-coated fibers outperform existing designs in
terms of signal fidelity, spectral efficiency and sensitivity. It overcome the deployment and scalability
challenges identified in previous studies effectively. The findings confirm that these fibers provide
superior network performance. It also give improved strength to environmental variations, making them
highly suitable for dense, low-latency and energy-efficient 5G deployments. This work establishes a
validated framework for the design, simulation and performance optimization of advanced
nanostructured optical fibers, paving the way for their practical integration into next-generation

telecommunication infrastructure laying a strong foundation for future innovations in 6G and beyond.

6.2. Thesis Contributions

This study developed novel design framework for TiO.-coated nanostructured optical fibers customized
to 5G telecommunication application that integrate optical confinement, dispersion management and
sensitivity optimization. It conducted simulation-based performance analysis using FEM and BPM to
quantify the impact of coating thickness, fiber geometry and structural parameters on key optical
metrics. The study showed that TiO: coatings can reduce optical losses by up to 30 % that enhances
bandwidth up to 2 Th/s and lower bit error rates. Its performance exceeds the conventional and

previously reported fiber designs.
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The finding established practical guidelines for integrating TiO2 nanostructured fibers into existing 5G
networks with potential to improve network reliability, energy efficiency and environmental resilience.
The study provided validated methodology for future experimental fabrication and testing that support
scalable production of high-performance nanostructured optical fibers for advanced telecommunication

system.
6.3. Future Recommendations
Future researches should:

& Conduct experimental fabrication and characterization of TiO.-coated nanostructured fibers to
validate and refine simulation models under real-world 5G network condition.

& Explore multi-layer or hybrid nanocoatings that combine TiO: with other high-index or
plasmonic materials to further enhance bandwidth, sensitivity and environmental stability.

& Investigate long-term reliability and strength under varying temperatures, humidity and
mechanical stress to support deployment in diverse urban and industrial setting.

@ QOptimize fiber geometries and network integration strategies for dense, ultra-low-latency 5G
scenarios. This may include edge computing and loT ecosystems.

& Extend the study toward 6G and beyond, focusing on terahertz frequency applications, ultra-

large MIMO integration and intelligent photonic networks.
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