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ABSTRACT

Over the past few years, photonic crystal fibers (PCFs) have emerged as a promising
class of optical fibers, offering immense potential across a wide range of applications,
particularly in telecommunications and sensing technologies. Initially, research on
PCFs was mainly focused on enhancing key optical characteristics such as dispersion,
nonlinearity, confinement losses, and birefringence. However, with ongoing
advancements in fiber fabrication techniques, PCF-based sensors have gained
increasing attention, especially in the domain of sensing. A notable development in
this field is the rapid progress of surface plasmon resonance (SPR)-based sensing
technologies. Traditional prism-based SPR sensors, known for their label-free
detection and real-time monitoring capabilities, are becoming less favorable due to
limitations such as low sensitivity, bulky configurations, and high manufacturing
costs. In response, PCF-based sensors have been introduced as a more efficient
alternative, offering compact design and improved performance while eliminating the
need for extensive experimental setups. This thesis explores the design and analysis of
PCF-based sensors tailored for both physical and biological sensing applications. By
carefully optimizing the structural parameters of the PCF-based refractive index (RI)
sensor, it is possible to achieve high sensitivity, a broad sensing range, and simplified
fabrication processes.

This thesis begins by providing a concise overview of the development of fiber-
optic sensors. Optical fibers serve as effective sensing elements by continuously
monitoring variations in the surrounding analyte. While traditional optical fibers are
applicable for SPR sensing, their structural and optical limitations hinder further
advancement in this area. To overcome these challenges, PCFs have been introduced
an innovative class of fibers that integrate the benefits of both optical fibers and
photonic crystals. PCFs exhibit unique features that surpass the capabilities of
conventional fibers. Among their many applications, PCF-based RI sensors have
shown remarkable adaptability in diverse sensing domains, including physical,
biological, and chemical detection.

The following chapter presents a comprehensive literature review on PCF-
based RI sensors for physical and biomedical applications. The review begins with an
overview of the fundamental concepts, including mode coupling theory, birefringence,
and wavelength sensitivity. It then provides a concise explanation of the suitability of
PCFs for RI-based sensing applications, followed by an in-depth discussion on PCF-
based SPR sensors. Key areas covered in the discussion include temperature
monitoring, analysis of blood components, malaria detection, and sensing of various
fluid analytes.

The next chapter examines a circular-shaped hollow-core PCF filled with
ethanol. The study focuses on analyzing key optical properties such as dispersion,
effective mode area, confinement loss, and nonlinear coefficient across a wavelength
range of 800 nm to 1600 nm. The primary objective is to attain a near-zero dispersion
wavelength (ZDW) using the finite element method (FEM). By varying the filling
configuration, air in the entire ring, ethanol in the central ring, and ethanol in the entire
ring, ZDW values of approximately 880 nm, 1220 nm, and 1250 nm are achieved,



respectively. This type of PCF holds significant potential for applications in sensing,
nonlinear optics, laser systems, and telecommunications.

The following chapter presents a detailed study of a twin-core photonic crystal
fiber (TC-PCF) structure designed for temperature and chemical sensing applications.
The proposed design features two solid cores separated by a vertically aligned elliptical
air hole, which allows for independent light propagation in each core and results in
high birefringence. The sensing mechanism is based on mode coupling between the
two cores, which significantly enhances sensitivity. The performance of the TC-PCF
sensor has been evaluated through simulations using the FEM. The findings
demonstrate the sensor's high sensitivity and its suitability for both temperature and
chemical detection. Numerical simulations reveal that the 3 cm long TC-PCF sensor
has been optimized to exhibit a high temperature sensitivity of approximately 21.5
pm/°C across a broad temperature range of 0 to 1200 °C. Additionally, for chemical
sensing, a sensor with a fiber length of just 0.03 cm achieves a maximum sensitivity
of 6667 nm/RIU. This chapter covers the theoretical background, structural design,
and performance analysis, emphasizing the real-world applicability of TC-PCF-based
Sensors.

Next chapter focuses on the design and investigation of advanced biosensing
methods utilizing PCFs for the early identification of a range of diseases, such as
multiple forms of cancer, essential blood constituents, and malaria. The research
employs FEM simulations conducted in the terahertz (THz) frequency range to analyze
mode coupling behaviour in TC-PCF structures, aiming to achieve superior sensitivity
and accuracy in biomedical sensing applications. By thoroughly examining key design
parameters of PCF, the proposed sensors demonstrate exceptional sensitivity and
performance in identifying diseases, thereby supporting progress in biomedical
diagnostics and enhancing healthcare technologies.

The following chapter introduces a SPR-based PCF sensor specifically
designed for the detection of diabetes. Gold is employed as the plasmonic material and
is incorporated in a layered structure to enhance the sensor’s overall performance. The
design is analyzed using FEM simulations to assess its capability in identifying
diabetic conditions. In this sensor configuration, two concentric layers of air holes are
organized in a hexagonal lattice, and a thin layer of gold is coated onto the fiber to
enable the excitation of the SPR effect. This effect arises when the surface plasmon
polariton (SPP) mode interacts with the core-guided mode under phase-matching
conditions. Diabetes-related samples, each characterized by a distinct RI, are
introduced into the fiber structure. Variations in Rl between normal and diabetes-
affected samples cause a measurable shift in the SPR resonance wavelength during
confinement loss analysis. The sensor achieves a sensitivity of 2400 nm/RIU, as
determined by tracking changes in the loss spectrum. With its simple sensing approach,
the proposed SPR-PCF sensor offers a practical and cost-efficient solution for diabetes
monitoring.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Optical Fiber Systems

In recent years, the field of optical fiber technology has undergone rapid evolution, serving as
a catalyst for numerous emerging technologies and advanced applications. This progression
has been driven by the unique characteristics of optical fibers, which, when combined with
optoelectronic components, have given rise to highly effective sensing systems. One such
development is the Fiber Optic Sensor (FOS), which benefits from the inherent advantages of
optical fibers such as geometric flexibility, environmental compatibility and high sensitivity.
Operating at frequencies far beyond those used in microwave technologies, optical devices
support significantly higher bandwidths. As a result, optical waveguides enable much faster
data transmission compared to microwave waveguides. Conventional optical fibers are
composed of two concentric layers: a core and a surrounding cladding. The core has a higher
refractive index than the cladding, which ensures that light signals are confined within the core
through the mechanism of total internal reflection (TIR). There are certain structural
restrictions, such as modal cut-off wavelength, a limited material selection and a limited core
diameter in the single-mode domain in conventional optical fiber, despite excellent
performance in telecom and non-telecom applications.

The concept of Photonic Crystal Fiber (PCF) was first introduced by Pochi Yeh in 1978 [1],
where he proposed a structure featuring alternating layers of high- and low-refractive-index
materials surrounding a low-index core. This type of configuration, known as a Bragg grating,
represents a one-dimensional (1D) photonic crystal structure. Later, in 1992, Philip Russell
developed a more advanced form of PCF using a two-dimensional (2D) photonic crystal
structure incorporating an air core. The potential of PCFs to overcome the limitations of
conventional optical fibers gained recognition in 1996 [2], marking their formal entry into
optical fiber research. These fibers, often referred to as microstructured or holey fibers [3], are
typically fabricated using undoped silica embedded with arrays of tiny air holes. A standard
PCF comprises a core and a cladding. The core is usually formed by omitting the central air
hole, while the cladding is made up of a periodic arrangement of air holes surrounding the core
along the fiber length. PCFs represent a novel class of optical fibers that merge the guiding
principles of traditional fibers with the photonic bandgap effects of photonic crystals, offering
capabilities that are unattainable with standard fiber designs. The design of PCFs can be
tailored extensively by adjusting parameters such as the diameter of the air holes, the pitch
(distance between adjacent holes), the refractive index of the material, hole shape, and lattice
geometry. Due to the PCF’s design flexibility, an enormously single-mode fiber can be formed
over the optical spectrum and they do not have a cut-off wavelength.

1.1.1 Wavelength Windows Used in Fiber-Optic Communication

A In the optical spectrum, fiber-optic communication windows are specific wavelength ranges
where optical fibers show the small amount of dispersion and attenuation (signal loss), which
makes them perfect for long-distance and high-speed data transfer. These windows, which are
generally in the near-infrared (NIR) spectrum, are classified according to the transmission



characteristics of the fiber shown in Figure 1.1. Signal attenuation is lowest in the following
three optical windows.

a) Short wavelength band (First Window): The first optical window has a minimum signal
loss of 4 dBkm™ and wavelength ranges from 800-900 nm. For optical fiber communication,
this band was the first to be used in the 1970s and early 1980s.

b) Medium wavelength band (Second Window): The second optical window, often known
as the O-band, is centred at 1310 nm and provides 0.5 dBkm™. This band came into use in the
mid1980s. Now a days long distance communications system operates in this band.

c¢) Long wavelength band (Third Window): The third optical window has a loss of 0.2 dBkm"
Land is centred at 1550 nm, popularly known as the C-band. Almost all new communications
technologies in the late 1990s functioned in this band. Because it provides the least amount of
signal attenuation among all the optical windows, the 1550 nm wavelength is therefore the best
choice when making optical system for long distance communication.
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Figure 1.1 Relationship between attenuation and wavelength for optical window [2]

1.1.2 A Brief Overview of Fiber-Optic Sensors

Sensors that employ optical fibers to find changes in environmental parameter such as pressure,
strain, temperature, or chemical composition are known as fiber optic sensors (FOS). Fiber
optic communication technology development has been strongly connected with the
development of fiber optic sensors. Because of their multiple sensing potentials such as absence
of electric current conductivity, limit to radio frequency, high sensitivity, ease of combination
with different structure and constituents, portability, and cylindrical shape, the FOS are
superior to electrical sensors for analysing and changes in the environment can be detected [4,
5].

1.1.3 Block Diagram of Fiber Optic Sensors

Figure 1.2 represents block model of a FOS that include an Optical source such as a Laser or
LED, optical fiber, a transducer for sensing, a detector such as a PIN or Avalanche Photodiode



and electronic processing such as an oscilloscope, optical spectrum analyser and wave analyser.
The optical fiber carries the light that the optical source produces. The optical fiber transmits
light generated by the optical source. As the light passes through the sensing region, its
characteristics are altered in response to the measured parameters. It then continues through
the fiber to a detector, which captures these changes. Finally, electronic processing devices
interpret and display the resulting data [5]. Increasing advancements in research and
development have directed to the expansion of FOS devices used in a variation of technological
areas, including as military, industrial, agricultural, medical, civic and food. FOS is used to
measure the concentrations of biomolecules and bio samples in the biomedical area. FOS is
used to detect torsion, rotation, displacement, acceleration, and strain. Temperature, Gas,
Chemical composition, and pressure have been measured by FOS in the context of
environmental monitoring [6].

Optical Optical
Fiber Fiber

N

Figure 1.2 Block model of fiber optic sensors

1.1.3.1 Classification of Fiber Optic Sensors

The detailed classification of FOS, based on their sensing locations, operating principles of
light and application is shown in Figure 1.3. Based on sensing locations, FOS are mainly
classified into two part which is known as intrinsic FOS (IFOS) and Extrinsic FOS (EFOS).

a) A block diagram of IFOS is shown in Figure 1.4. In IFOS, the modulator works as element
within the fiber, where the sensing occurs. The fiber’s physical characteristics endure the
changes that will take place, which is accomplished by a portion of the fiber link. The physical
characteristics are phase, intensity, polarisation, and frequency can emerge in any form.
Detector measures changes in the characteristics of light transmitted within the fiber if any
additional changes made to the fiber’s outside. The main advantages of intrinsic sensors are
that they produce scattered sensing across long range distances. IFOS provide the best
performance and can be used to replacement for sensing physical parameters such as pressure,
temperature, and curvature [7].
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Figure 1.3 Classification of Fiber-Optic Sensor
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Figure 1.4 Block diagram of intrinsic FOS

b) The block diagram of EFOS is shown in Figure 1.5. The fiber in the EFOS just works as a
carrier from the sensing region that transports light information from and to the optical device,
it does not involve in any sensing. The transducer, that is separate from the fiber link, modifies
the light in these kinds of sensors. Other external environmental factors are regulating and
changing the light. The ability to reach remote locations and remarkable protection against
noise distortion of the measurement signals are the main benefits of these sensors.
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Figure 1.5 Block diagram of Extrinsic FOS

Based on operating principle of light FOS are mainly classified into four types known as
Intensity, Polarization, Phase and Wavelength and their detailed explanation is given below.

a) Intensity: The intensity-based FOS measures change in light intensity as it propagates
through the fiber. This type of sensors requires more light, hence fibers with large diameter of
cores are generally used. These types of sensors have several important benefits such as
affordability, ability to multiplex, dispersed sensor functionality and ease of use. These sensors
are classified into two groups based on their principles: evanescent wave sensors, which are
used to detect chemical and biological sensors and microband sensors, which are used to detect
physical characteristics like pressure, temperature, and displacement.

b) Polarization: The sensors that only transfer and retain one polarization state are known as
polarization dependent FOS. There exist three different polarization state: linear, circular, and
elliptical. The direction and angle of the electric field component of the light determine the
polarization of the light field. It is called the linear state of polarization when the electric field
path remains in the same direction during the propagation of light. An ellipse is formed in the
elliptical state, where the electric field vector terminates then the path of electric field changes.
Two perpendicular linear components with identical amplitudes and a phase of n/2 make up
the electric field of light. For a circular, the resultant electric field will move in a circular
motion. These sensors’ polarization state gets affected by external factors such as stress or
strain are applied. As a result, the external parameters may be identified when the polarization
output state changes. Polarimetric sensor is the best example for polarization dependent FOS.

c¢) Phase: The changes in phase of light after it has been transmitted through the fiber link are
used to measure and observe the phase-based FOS. The field is changing the phase as it
propagates through the fiber for identification. Phase modulation will be detected using
interferometric techniques, which compare and measure the phase of light in a position fiber to
that of light in the signal fiber. Several interferometers, including the Mach-Zehnder,
Michelson, Sag-nac, and Fabry-Perot models, are used to sense and detect phase modulation.
Certain characteristics, such as fiber length, geometric fiber measures and RI affect the phase
of light. Phase-based FOS works as a sensor element and achieves high sensitivity, among
other characteristics that are necessary for single mode fiber and laser. Fiber gyroscopes,
hydrophones, and multimode gauges are examples of these kind of sensors evolved throughout
the previous few decades as the most efficacious technology in the Micro-Electronics industry.
To cater to the requisition of continuous improvement at both device and performance level,
device-scaling approach has been persistently adapted over the generations of technology.



d) Wavelength: Because of the different environmental conditions and considerations, the
FOS dependent wavelength sensors are planned to sense different wavelengths of light. It is
highly hypothesised that these sensor devices are the best option for measuring temperature,
humidity, and viscosity of fluorescent-based fiber. The Bragg grating sensor, fluorescence
sensor, and black body sensor are the best examples of these kind of sensors.

The FOS are classified into three categories according to their application which is known as
chemical, biomedical and physical sensors.

a) Chemical Sensors: The element that FOS is a device that converts chemical sample data
into a physical signal that can be calculated and is related with the concentration of specific
chemical species. They are an important analyser component. The analyser consists of two
components, the transducer and the receptor, and works according to a sample strategy. The
receptor converts the chemical sample data into an energy signal that the transducer can
measure. A transducer converts the signal from the chemical sample data into diagnostic signal.
For gas analysis, pH level analysis and determining the chemical amount in a sample, the
chemical FOS is used. Furthermore, recent studies have focused on using PCF to detect
chemicals such as ethanol, methane, acetylene.

b) Biomedical Sensor: The electronic devices known as biomedical FOS are crucial to health
care research because they convert the non-electrical factor found in the biomedical area into
electrical parameters that are simple to detect and measure. They are very helpful in collecting
and storing human physiological and pathological information. Portability, flexibility,
miniaturisation, and the possibility of remote access are the key advantage of these sensors, the
human body is not subjected to electrical interactions. Blood flow assessment, pulse
monitoring, and glucose content valuation are just a few of the uses for biomedical FOS.
Furthermore, in the biomedical field, PCFs have been broadly studied and scrutinised in recent
years for the precise exposure of biomolecules including Deoxyribonucleic acid (DNA),
proteins, and other blood components.

c¢) Physical Sensor: The physical FOS sensors are made to offer the specifics of physical
properties based on their physical nature and effects. Many physical factors, including
displacement, stress, velocity, torsion, and others, are calculated and measured by the physical
FOS sensors. Many other sensing techniques may be used to study and control these
characteristics. Tunnels, dams, pipelines, bridges, and buildings are examples of civil
compositions that need constant review and monitoring to avoid initial collisions and accidents.
Assistance is required under structural supervision of health for even transversal, bend, and
strain loads. Metal restricts photoelectric sensor, strain sensor, and piezoelectric sensors are
popular names for various kind of physical FOS.

Long-period grating (LPG) optical fibers are special fiber for identification of direction [8].
Fiber Bragg grating (FBG)-based fiber-optic sensors significantly increases performance,
efficiency, and dependability across a wide range of industries, including aerospace,
telecommunications, automotive and energy. Variations in fiber temperature, static pressure,
mechanical tension, and compression can all affect FBGs. By adjusting the center wavelength
of the light emitting source FBG-based fiber-optic sensors can be made more efficient [9].
Light propagation in the core of optical fiber is based TIR principle and the cladding has almost
zero propagation loss. This is crucial for optical communication, but it limits the application of
light for sensing because light does not interact with the environment. Some methods have been
planned for modification of light propagation and improve light interaction with sensing
materials, such as polishing, bending, chemical etching, tapering, and femtosecond grating



inscription. Optical fibers are only able to sense some number of analytes due to their zero
selectivity and low sensitivity, that limits their development and applications, particularly for
biosensors that need to be both highly sensitive and highly selective. Using respective
materials, which may adjust their properties such as conductivity, RI, absorption, when
surrounding environment (analytes) changes. Fiber-optic biosensors and chemical sensors can
be made using several sensing materials, including carbon nanotubes, quantum dots, metal
oxides, metals, polymers, nanowires, graphene, and many more to the fast development of
functional material in recent years. To achieve optical fiber sensing purposes, the optical fibers
would thus record and examine the changes in the sensing analytes. In recent years, a number
of fiber-optic chemical sensors and biosensors have been designed and proposed [10].

1.2 Overview of Conventional Optical Fiber

Figure 1.6 shows the basic construction of a conventional optical fiber, which includes an outer
cylindrical fiber core cladding with a slightly lower refractive index encircling an inner
cylindrical fiber core with a high refractive index. For both the core and cladding fused silica
is commonly used with different dopants are added to slightly change the refractive index [11].
A germanium-doped core and a pure silica cladding made fiber for long distance
communication. There are some dopants which increases silica’s RI such as aluminum,
nitrogen and Phosphorus and some dopants decreases silica’s refractive index such as fluorine
and boron [12]. For making low-index cladding over pure silica cores, index-lowering dopants
are used. TIR phenomenon is used for propagation of light within the core of conventional
optical fiber [13]. When light falls on the boundary with materials having different refractive
indices then some part of light is refracted and some part of light is reflected. When light in a
material with a high RI reaches the boundary with a lower RI, known as the critical angle,
refracted light moves along the boundary. The material reflects all light when the incidence
angle between the normal and the boundary is greater than critical angle. Because of this,
optical fibers use a low-index cladding and high-index core to achieve TIR guiding throughout
the length. Two dimensionless parameters are used to study the guide mechanism of light in
optical fibers are the normalised frequency V, which provide information about number of
modes and the relative RI difference A, which defines the relative RI difference between the
core and cladding. The parameters A and V is defined as [14].
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where, n,; and n, are the RI of core and cladding respectively, a is the radius of fiber core and
A is operating wavelength.

According to Eq. 1.2, optical fibers with V< 2.408 represents single mode fiber (SMF), which
means they are only capable of supporting a fundamental mode and not higher order modes.
The fibers allow multi-mode transmission if VV>> 2.408. Because multi-mode fiber (MMF)
propagation modes are closely random, the mode distribution at different incidence angles is
unstable [15]. SMFs are typically employed for long-distance communication but are
challenging and expensive to fabricate. In contrast, MMFs are mainly utilized for short-range
communication and are comparatively easier to fabricate. Value of A should be lower for SMF
and higher for MMF. MMF suffer from modal dispersion. Figure 1.7 illustrates the cross-
sectional structures of both single-mode and multimode fibers.
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Figure 1.6 Conventional optical fiber (a) Cross-sectional view (b) 3-D view

Figure 1.7 Cross-sectional structures of SMF and MMF

1.3 Photonic Crystal Fiber

A photonic crystal fiber is a novel type of optical fiber characterized by a cladding structure
containing a periodic arrangement of air holes. The cross-sectional structure of the PCF is
illustrated in Figure 1.8. To achieve desired characteristics such as high birefringence, large
mode area, endlessly single-mode behaviour and tailorable dispersion, the PCF’s structural
parameters, like diameter of the cladding air holes (d) and the distance between the two air
holes called lattice constant or pitch A can be engineered [16]. PCFs are also known as micro
structured or holey fiber, which are the advanced technology of optical fiber. Micro-structured
air holes in PCF cladding provide a great arrangement of design adaptability which allows the
PCF to achieve unigue properties such as high birefringence [17], high nonlinearity [18], low
dispersion [19], infinitely single mode [20], large mode area [21], low loss [22]. Russell’s
research team created the first solid core PCF in 1996 and after three-year, Russell’s group was
the first to create hollow core PCF. Later, PCF provide a variety of individual optical properties
that are challenging to achieve with conventional fiber and because it creates new opportunities
in related research field [23].

1.3.1 Classifications of PCF Based on Structural Design

The two types of PCFs are referred to as solid core and hollow core PCF. Their detail
explanation is given below.
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Figure 1.8 Schematic Cross-sectional structure of PCF

a) Solid Core PCF: The solid core is also known as high index fiber. Solid core has high
refractive material (silica) at its center surrounded by low RI material of microscopic air holes
known as the cladding region. Figure 1.9 shows 3-D view of solid core PCF with a triangular
lattice arrangement. The cladding region includes air holes with diameter (d), pitch (A) which
is separation between two air holes. For more desirable optical properties, PCFs structural
geometrical parameters including pitch and diameter can be adjustable. The PCF has been built
in several shapes like Equiangular spirals [24], squares, circles, and triangles [25].

Air holes

Solid Core

Cladding

Figure 1.9 3-D view of solid core PCF

With a propagation constant 3, the light beam travel along the axis of fiber in core as guided
mode. In an infinite homogeneous media, the maximum value of 3 is Nk, where K is the free
space propagation constant and n is the refractive index of the homogeneous medium. Guided
light in a solid core PCF with silica core has an effective refractive index (n.) that meets the

criterion ng > nepp = Kﬁ >npsy, Where ng is the high index silica core and nggy, is the first
0

cladding mode in the infinite periodic cladding structure also known as the fundamental space-
filling mode (FSM).
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b) Hollow Core PCF: In hollow core PCF, a photonic band (PBG) mechanism is used in
propagation of light in the low index region at a particular wavelength. Figure 1.10 illustrates
the 3D view of the hollow-core PCF. The section of air-filling is highly vital, which describe
the hollow core PCF. Knight et al. discussed the air filling fraction and is defined as

m dj

aff = \/_gﬁ 1.3

where dj, the diameter of air hole capillary and A is lattice constant. Air-filling fraction a;( is
B

Ko

large for easy propagation in air, — < 1 must be present for guided modes [26].

Air holes

Hollow Core

Cladding

Figure 1.10 3-D view of hollow core PCF

Hollow-core PBG fibers are a new kind of optical fiber, Figure 1.11 (a) shows regularly
organised micron-sized air holes [27, 28], Figure 1.11 (b) shows a PBG fibers can have rings
of air holes spaced by nano support [29, 30], Figure 1.11 (c) shows a periodic sequence of
micron-sized layers of various material with different Rl [31, 32]. PBG fibers are now offered
in speciality soft glass, polymer, and silica glass applications. The main role of such types of
fibers to focus light into hollow cores that have a refractive index lower than the surrounding
cladding material. Instead of using TIR, PBG fibers use the photonic bandgap effect to confine
light in their hollow cores. In practical terms, bandgaps are described as frequency regions of
improved fiber transmission that arises from destructive interference of core-guided light
within the fiber micro structured cladding. PBG fibers primarily operate in a single mode over
extended propagation distances, enhancing the quality of the transmitted light beam. This
results from the significant variation of radiation losses of a PBG fiber’s core-guided modes,
with just a limited number of low-order modes having low propagation losses. The modes with
the lowest losses will remain till the fiber end when many modes are excited at the fiber input
end. Before the progress of all-dielectric PBG fibers, hollow-core fiber guiding was shown in
the accompanying of metal-coated capillaries [33, 34]. The main benefits of hollow-core PBG
fibers provide for sensing applications are discussed in detail. In such type of sensors, one must
discriminate two modes of operation. Analyte absorption, or the change in the imaginary part
of the analyte’s RI, is first sensed by looking for and identifying small absorption bands in the
fiber transmission spectrum. This is the most basic, non-resonant use of hollow PBG fibers for
optical sensing, where the strong optical field overlap with the analyte is the only benefit. The
sensitivity of these sensors and the signal intensity resulting from analyte absorption are closely
correlated with the sensor length. Many experimental applications of these absorption-based
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sensors have recently studied [35-39]. Detecting variations in the fiber bandgap position allows
a PBG fiber-based sensor to detect changes in the real part of the analyte’s RI, which is second
mode of operation. Functioning within the resonant region, this type of sensor exhibits
sensitivity that remains nearly independent of its length.

(@) (b) (©)

Figure 1.11 Photonic bandgap fibers with different type of hollow-core [40]

1.3.2 Classifications of PCF Based on Propagation of Light

The classification and naming of several PCF types is shown in Figure 1.12. Based on the light
propagation method used, PCFs are broadly categorized as index guiding fibers and photonic
bandgap fibers. TIR causes light to travel through index-guiding fibers. Index-guiding fiber is
further subdivided into highly nonlinear fiber, large mode area fiber, high numerical aperture
fiber and random hole PCF.

a) Highly Nonlinear Fiber: The HNL PCF, has a large index difference between the air-filled
micro structured cladding and the solid silica core. This allows for tight mode confinement in
the core, which leads to a high nonlinear coefficient and a low effective area [41]. Larger air
holes or a smaller core size that forces light to stay confined within the silica core produce
higher effective index difference [42].

b) Large Mode Area fiber: Core diameters of large mode area fibers are significantly bigger,
over 50 times that of free-space wavelengths [43]. The fiber cross-section’s geometrical
characteristics can be changed to make this type of PCF.

c) High Numerical Aperture Fiber: A central core region surrounded by a ring of
comparatively large air-hole cladding makes up a high numerical aperture fiber. For certain
purposes, the numerical aperture can be modified by changing the number of air holes and their
sizes in the cladding region. With a numerical aperture greater than 0.9, high numerical aperture
fibers may therefore collect light with an unusually low loss [44]. The loss may be reduced to
less than 0.1 dB/km with the use of larger air holes [45]. As a result of their great light-
collecting capabilities, HNA PCFs have very low loss.
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Figure 1.12 Classification and naming of PCF

d) Random Hole (RH) Fiber: The random hole PCF, has holes that are spread at random
across the fiber length to guide light. These fibers are made up of silica. The central area is
without any air holes. Random air holes around this, making the cladding region with the lower
effective refractive index [46]. Because the holes in RH PCFs are randomly distributed, the
hole-pitch is an uncertain size, and the distribution of holes must be described by a probability
density function. Like periodic holey fibers, this area serves as the core when there are no air
holes within the hole-pitch form in the center of fiber. Furthermore, the air holes cannot be
found too near to one another. Two important parts of these fibers are the hole-size and the
wavelength to typical hole spacing ratio.

The PBG effect causes light to travel in photonic band gap fibers. Photonic bandgap fiber is
further divided into air guiding hollow core fiber, low index core fiber, Bragg fiber and Fresnel
fiber

a) Air Guiding Hollow Core PCF: Light may flow through the hollow core of the air guiding
hollow core fiber without leaking since it contains air. Figure 1.13 illustrates the cross-section
of the air-guiding core PCF. The cladding region is formed by periodic microstructure air-holes
in the silica background, which act as photonic crystal. Further an important advantage of this
fiber over solid-core fibers is that its performance is less dependent on the absorptive
interaction between the guided light and the fiber’s solid core material. It facilitates stimulated
Raman and Brillouin effects by allowing the propagation of light corresponding to supported
signal wavelengths and power levels that are not possible in traditional solid-core optical fibers
[47].
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Figure 1.13 Cross-sectional view of air-guiding PCF

b) Low Index Core Fiber: Low index liquids, chemicals, or gases are deliberately transferred
into the hollow core of low index core fiber. Cross-sectional view of low index core is shown
in Figure 1.14. Light enters the fiber core through the PBG effect. Even though the liquid’s RI
is lower than silica, the fundamental mode may however guide light through the liquid core for
formation of a suitable range of waveguide parameters. In a particular wavelength range, this
improves the interaction between light and liquid. Since most chemical or biological solutions
consist of water and alcohols, they are the most basic and common liquids for these types of
applications [48].

Figure 1.14 Schematic cross-section view of a low index core PCF

c) Bragg Fiber: The Bragg fiber has a ring structure with alternating lower and higher index
regions which is shown in Figure 1.15. Therefore, these fibers are different from other kinds
of fibers that have holes in the cladding region. This structure differs from the other PCF
structures previously mentioned in that it is made up of two solid materials arranged so that the
RI only fluctuates in a radial direction. This type of index change is useful because it makes it
simple to yield PBG-guidance in the hollow core fiber due to the single periodicity involved.
However, the thermal and thermochemical characteristics of the two solid materials must be
well-matched. Large PBGs and omnidirectional reflections are the results of this specific
fiber’s hollow core surrounded by a solid multilayer structure with a high refractive index
difference.
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Figure 1.15 Cross-sectional view of a Bragg PCF

c) Fresnel Fiber: A ring with a higher index approaches the central hole of the Fresnel fiber,
as shown in Fig. Inaradial direction, this supports waves, which may be defined as Gaussian.
Through superposition, the peak intensity is higher in the low-index air region rather than the
high index ring when the field distribution is appropriate. According to published research, a
Fresnel PCF supports a mode at 1550nm with peak intensity in the center hole [49]. By
changing its width, the structure may be optimised to transmit a remote extensive spectrum of
light down the middle hole. The dispersion may be changed to modify the Fresnel fiber’s
propagation characteristics. The existing works also reports a water-core Fresnel PCF, which
portions guiding characteristics with the air-hole guiding Fresnel fiber. However, there is a
noticeable loss edge at around 0.9 um [50]. This represents that the band gap, which is
associated with Fresnel guidance, has shifted to longer wavelength.

1.4 Overview of Single, Dual, and Multi-Core PCF Architectures

In recent years, PCF with single, dual and multi core configurations has been broadly studied
by researchers. The basic design of a single, dual and multi core PCF using a hexagonal lattice
is shown in Figure 1.16 (a)-(c). In order to make one, two, and more than two core regions,
particular air holes have been removed from the lattice. The number of guiding channels in a
single, dual, or multi-core PCF type is one, two, or several, accordingly. To improve each
probable optical property of a PCF, dual-core PCFs are now frequently used. Removing the air
holes close to the PCF’s central air hole permits for the formation of a dual-core PCF. It has
recently been discovered that dispersion correction is the primary advantage of using dual-core
PCF [51, 52]. A dual-core PCF has important advantage for refractometric and biosensing
applications. Significant interaction between core guided waves and sensing samples is made
possible by its dual guiding channel. Dual-core PCF is also useful for beam splitting, frequency
tuning, and optical switching. Multi-core fiber was introduced in 2009.With its extensive
scaling in the mode field size and nominal change to the dispersion characteristics, multi-core
PCFs have countless potential for high power supercontinuum construction [53, 54].
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Figure 1.16 Design of PCF using (a) Single-core, (b) Dual-core, and (¢) multi-core

1.5 PCF Lattice Configurations: Hexagonal, Circular, and Square Structures

Different lattice patterns of air holes, such as hexagonal, circular, and rectangular, may be used
to design PCF, as shown in Figure 1.17 (a)-(c).

Air-holes in
Air-holes in

Hexagonal
Lattice

Lattice

Air-holes
in Square
Lattice

(c)

Figure 1.17 Design of PCF using (a) Hexagonal (b) Circular, and (c) Square lattice-structures modelling

PCF also uses different lattice structures, including octagonal, star, triangular and honeycomb.
Several materials including silica, Zeonex and TOPAS are used as base material for design of
PCF. Many optical characteristics, including as confinement loss, dispersion, birefringence,
non-linearity, numerical aperture, and sensitivity are influenced by the varied effective
refractive indices of PCF structures with different background materials. Different PCF lattice
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structures have been used in biosensing, liquid sensing, chemical sensing, and gas sensing,
among other applications in recent years [55-58].

1.6 Applications of Photonic Crystal Fiber

In addition to low-loss communication, PCF is showing its adaptability in a variety of other
applications, including dispersion compensation, high-power beam delivery, infinitely single-
mode fiber, Physical sensor, Supercontinuum Generation, Biochemical sensor, Refractive
index sensor as shown in Figure 1.18.

Biochemical
sensor

Dispersion
compensation

Application

High-power
beam delivery

Figure 1.18 Application of PCF in various field

The use of PCF to study different physical potential is a combination of engineering and optics.
Because of high sensitivity, adaptability in design, small size, and durability of PCF sensor
makes superior than conventional optical fiber and electrical sensing systems. Due to unique
nature of PCF, there is a lot of attention for research. The supercontinuum generation (SCG) is
the formation of extensive continuous spectra when one injects almost perfectly
monochromatic light from a laser source. This occurs because high strength pulses propagate
through nonlinear mediums. The parameter that determines SCG are the pulse length, peak
power, and the nonlinear medium’s dispersion in relation to the pumping wavelength. A unique
nonlinear phenomenon that can have a spectral width more than two octaves for lengthy pulses
and comparatively modest intensities is the formation of an ultrabroadband continuum. With a
broad variety of pump pulse durations and pump wavelengths in the visible or near-infrared
spectrum, this effect has been seen in PCFs and shaped fibers [59]. Physical sensor can fill
analytes to interact with light due to their interior structure and flexibility. For several
applications such as in health monitoring, biomedical sensing, remote sensing, physical sensors
are mainly used to measure desired parameters like pressure, torsion, RI, electric field,
magnetic field, temperature, displacement, stress, and strain. Some sensors are used to identify
chemicals that exist such as gases, vapours, or liquids. They are employed in the chemical
industry to sense a range of substances to identify chemical density and leakage. In the medical
field, blood components and hazardous compounds in the body are identified. Food ingredients
are also sensed to identify potentially harmful additives. The RI of a material is measured by
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refractive index sensor, which supports in determining its density, composition, and
concentration. Environmental monitoring, food safety, chemical analysis, and biological
diagnostics all make extensive use of these sensors. The process of forming single mode fiber
is general and achieving a core radius as small as a few micrometres is challenging. However,
there is problem of intermodal dispersion by utilising single mode fiber. Thus, a fiber with an
infinitely single mode larger radius is required. Only single mode propagation is discovered to
be maintained when the ratio of hole size to hole spacing exceeds a certain amount. Any
wavelength can accommodate core sizes ranging from extremely small to very big. Thus, it is
feasible to build a fiber with a core size of tens microns. High-power beam delivery in PCFs is
an important field of research for applications such as in biomedical and defence technology.
Dispersion is a significant phenomenon that requires consideration and compensation. In
general, there are two kinds of dispersion. One is intra-modal or chromatic dispersion and other
is inter-model dispersion. Chromatic means colour, and this kind of dispersion occurs because
light of several colours travels at different speeds. This is classified into two category one is
waveguide dispersion and other is material. The whole dispersion must be zero since
waveguide dispersion has a negative dispersion coefficient. The zero dispersion for standard
fiber is at 1.3 um. At operational frequency, chromatic dispersion can be compensated for zero
wavelengths dispersion. There are multiple paths of transportation within the fiber each has
different velocity and hence reaching at the receiver at a different time, cause intermodal
dispersion. This kind of dispersion may be compensated by infinitely single mode fiber.

1.7 Problem Statement

Conventional optical fibers send data across long distances at high speeds in the form of short
light pulses. It has a few advantages and utilised in several non-telecom applications. Even yet,
they show some limits in the sensing area because of several problems, including low detection
accuracy, a restricted capability to tune for desired optical properties and a more complex
design for high-sensitivity devices. To reduce this, a sensor based on PCF is proposed.

1.8 Motivation

Optical fiber technology has played an important role in the development of modern
telecommunication and sensing systems since its discovery in 1966 by Charles K. Kao. Optical
fiber sensors are widely used because they provide high sensitivity, compact size, and
immunity to electromagnetic interference. Conventional optical fibers have been successfully
used in communication and sensing applications; however, their performance is limited by the
material properties of silica and their fixed structure. In conventional fibers, it is difficult to
control important optical parameters such as dispersion, birefringence, effective area, and
nonlinearity. These limitations reduce their efficiency for advanced sensing applications. To
overcome these problems, Photonic Crystal Fiber (PCF) was introduced in 1996. PCF contains
a microstructured arrangement of air holes in the cladding, which provides greater flexibility
to control the optical properties of the fiber. Due to their special structure, PCFs can provide
high birefringence, adjustable dispersion, high nonlinearity, and strong light-matter
interaction. Because of these advantages, PCFs are widely used in different sensing
applications such as chemical, biological, and temperature sensing. In addition, integrating
plasmonic materials with PCF structures can further improve the sensing performance.
However, several challenges still exist, such as improving parameters like effective area,
birefringence, dispersion, and nonlinearity, achieving high sensitivity over a wide temperature
range, developing compact PCF designs for chemical sensing, studying PCF sensors in the
terahertz frequency range, and exploring plasmonic sensing using optical fibers. Therefore, the
main motivation of this research is to design and analyze PCF-based sensors with high
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sensitivity, low confinement loss, and compact size in order to address the identified research
gaps.

1.9 Research Gaps
Based on the literature survey, the following research gaps were identified:

e There is a scope of improvement in performance parameters of conventional fibers such
as effective area, birefringence, dispersion and nonlinearity.

e High sensitivity of PCF-based temperature sensors over wide detection range of
temperature is still lacking.

e Lack of optimized fiber designs that can deliver PCF-based chemical sensors with high
sensitivity and compactness.

e Limited research found on frequency variation in THz regime-based PCF sensors.

e Not enough research has been found on conventional fiber-based plasmonic sensors for
sensing applications.

1.10 Research Objective

The aim of this thesis is to begin a theoretical study into the modelling, simulation, and
classification of fabricable PCF sensors for physical and biochemicals analytes with different
refractive indices, as well as to explore their sensing abilities. PCF-based physical sensor
measures physical quantity such as (temperature and refractive index) and convert it into a
signal which can be ready by an observer. Furthermore, PCF based biochemical sensor can
convert a chemical (or biological) quantity into an electrical signal. Biochemical sensors are
useful in human health monitoring that includes blood component detection, malaria detection
and fluid analyte sensing, The primary focus of the research area is the designing and analysis
of PCF-based sensors with improved sensitivity, large sensing range, compactness, lower
confinement loss, high birefringence, and other characteristics, which will result in improved
sensing performance in a suitable detection system. The overall objective of this work can be
described as follows:

e Design and analysis of ethanol filled circular shaped hollow core photonic crystal fiber
to enhance performance characteristics.

e Design and analysis of Twin core photonic crystal fiber based temperature sensor with
improved sensitivity over a wide range of temperature.

e Design a compact and highly sensitive hexagonal lattice dual core photonic crystal fiber
based chemical sensor.

e To study the effect of frequency variation in THz regime on sensitivity of Twin Core
PCF based sensors.

e Design a surface plasmon resonance based photonic crystal fiber for sensing application.

1.11 Organization of the Thesis

In this thesis, the PCF based sensors are simulated and examined with COMSOL Multiphysics
software, which employs the finite element method (FEM). Based on the variations of the fiber
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structure parameters, the obtained effective RI data sets with their corresponding wavelengths
for different analytes are used to calculate important parameters such as sensitivity,
confinement loss, detection range, transmission spectrum, and sensing performance, which can
be used to determine the sensing ability of a PCF sensor. This thesis is arranged into seven
chapters. Hence, the chapter layout with brief summaries of each is clearly explained below.

Chapter 1 provides the research background of fiber-optic sensors, research flow, PCF
description, research objectives, and an outline of the entire thesis based on a comprehensive
literature review concerning PCF-based sensors.

Chapter 2 reviews the detail history and previous works on this research in past few years.
Fundamental concepts of PCF as well as the operation of a PCF-based sensor are also
introduced, described, and explored. Finally, at the end of this chapter, the finite element
method, which is a numerical methodology for determining the effective refractive index
required in solving the wave equation, is explained.

Chapter 3 proposes a circular shaped ethanol-filled hollow core photonic crystal fiber. The
optical properties, like dispersion and effective area of the proposed hollow core PCF have
been studied for the wavelength range from 800 nm to 1600 nm. The main focus of this research
work is to achieve nearly zero dispersion wavelength (ZDW) by using finite-element method.
This kind of PCF is useful in sensing applications, non-linear applications, laser technologies
and telecommunication.

Chapter 4 provides an overview of twin-core photonic crystal fiber (TC-PCF) designed for
temperature and chemical sensing applications. The proposed TC-PCF structure consists of
twin solid cores separated by a vertical elliptical air hole, enabling independent waveguiding
and high birefringence. The sensor operates on the principle of mode coupling between the two
fiber cores, enhancing its sensitivity. Finite element method (FEM)-based simulations have
been conducted to analyze the performance of the proposed sensors. The results confirm the
effectiveness of TC-PCF in achieving high sensitivity for both temperature and chemical
sensing. This chapter presents the theoretical foundation, design, and performance evaluation
of TC-PCF-based sensors, highlighting their practical implementation potential.

Chapter 5 presents the design and analysis of advanced photonic crystal fiber (PCF)-based
biosensing techniques for the early detection of various diseases, including different types of
cancer, primary blood components, and malaria. The study utilizes finite element method
(FEM)-based simulations in the terahertz (THZz) frequency range to explore mode coupling in
twin-core PCFs, ensuring high sensitivity and precision in biosensing applications. Through
rigorous analysis of various PCF parameters, the proposed sensors exhibit superior sensitivity
and efficiency in disease detection, contributing to advancements in biomedical diagnostics
and healthcare applications.

Chapter 6 introduces a photonic crystal fiber (PCF) based surface plasmon resonance (SPR)
biosensor for early detection of diabetes. In the designed PCF structure, two layers of air holes
are arranged in a hexagonal lattice, and a thin gold coating is applied to facilitate the excitation
of surface plasmon resonance (SPR). The SPR phenomenon is triggered when the surface
plasmon polariton (SPP) mode couples with the core mode under phase-matching conditions.
The sensor design is analyzed and optimized using COMSOL Multiphysics, which is based on
the finite element method (FEM). This configuration demonstrates potential as an effective
technique for the early detection of diabetes.
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Chapter 7 summarizes the key findings of the research presented in this thesis and explores
future directions in the field of fiber sensors. The discussion focuses on advancements in both
solid and hollow core fiber sensor technologies, highlighting their potential for further
development and applications.
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CHAPTER 2

LITERATURE REVIEW

2.1 PCF-Enabled Sensing Technologies

PCFs have involved the care of several research organisations due to their interesting
properties. The PCFs have air holes, samples of liquids or gases can be filled into them. This
permits interaction between confined light and sensing samples, opening novel sensing
applications that would not have been possible with conventional optical fiber. In sensing field,
applications of PCFs are categorized into physical sensors and biochemical sensors, depending
on the specific parameter they are designed to detect. The physical properties that physical
sensor include are temperature, pressure, torsion, vibration, displacement, electric field, and
refractive index. On the other hand, biochemical sensor, can detect chemical and biological
substance (such as antibody, cell, bacteria, blood component, enzymes, virus, nucleic acid,
etc.). Key element of biochemical sensors is to measure chemical refractive index. Chemical
sensor and biosensor are frequently referred to as biochemical sensors because of their close
interrelation. Some of the main advantages of PCF-based sensors are as follows:

e Different lattice structures can be employed to give adaptability in the sensor design.

e By adjusting structural parameters such as air-hole diameter d, lattice constant called
pitch A, and lattice structure shape sensitivity and sensing range can be controlled.

¢ Inthe sensing process, a hollow air-core can be employed as an analyte sensing channel.

2.1.1 Temperature Sensor

Most commonly, a PCF temperature sensor is referred to as a PCF-based temperature sensor.
Temperature variation is detected by these sensors using the special characteristics of PCFs,
which are optical fibers with a microstructure arrangement of air holes running along their
length. Using optical methods like interferometry or Bragg gratings, one may calculate how
temperature variation affects the PCF’s RI.

For temperature sensing, a twin-core PCF (TC-PCF) with two solid cores separated by an air
hole is used is shown in Figure 2.1 (a). As the light travels through the fiber, it couples between
the two waveguides after being injected into one core. The transmission spectrum of the TC-
PCF is sensitive to temperature variations due to changes in the RI of the base material.
Maximum achieved sensitivity is found to be 18.5 pm/°C with 6 cm long TC-PCF that can
sense temperature range of 0°C to 600°C [60]. Figure 2.1 (b) shows the transmission spectrum
which is measured between 1540 and 1560 nm, exhibits a sinusoidal pattern at different
temperature. Figure 2.1(c) illustrates the electric field vector and magnitude distribution for the
x-polarized even and odd modes, while Figure 2.1(d) presents the corresponding distributions
for the y-polarized even and odd modes, based on the principles of mode coupling theory.

A very sensitive D-shaped PCF temperature sensor based on surface plasmon resonance (SPR)
is discussed in this study. A gold layer is applied on the smooth, polished surface to improve
sensitivity of the PCF and ethanol, chloroform are temperature sensitive material. Under phase-
matching conditions, the core mode couples with the surface plasma mode. The maximum
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achieved sensitivity is 6.36 nm/°C throughout a -5 to 60 °C range [61]. The sensor’s great
manufacturing feasibility and outstanding linearity (R? = 0.9981) make it a good choice for
biochemical and biomedical application. Figure 2.2 (a) represents the cross-sectional structure
of SPR-based temperature sensor including two layers of cladding air holes with diameters d,
di, d2 arranged in hexagon shape and pitch of lattice is A and optimized values of these
parametersare d=2 um d1 = 1.5 um, d2=0.75 pm, dz3 = 1.8 um, r = 6.5 um, A =2.5 um, h =
3.5 umand t =30 nm. Figure 2.2 (b)—(c) depicts the electric field distribution for the y-polarized
core modes and the y-polarized SPP mode. Figure 2.2 (d) represents the y-polarized core mode
and plasmon mode loss spectra and dispersion relations at -5 °C. The y-polarized core mode
shows significant loss with peak between 0.82 and 0.9 um. The y-polarized mode is the ideal
mode for sensing because of its better sensitivity and stronger interaction with the SPP mode.
The real part of the ERI for the SPP and core mode coincides at 0.8568 pum with a maximum
loss peak 317.51 dB/cm. Figure 2.2 (e) represents the variation of temperature (T) and
resonance wavelength (Apeak), from which sensitivity can be calculated. The sensor outperforms
several previously reported PCF-based temperature sensors, surpassing their maximum
sensitivity of 6.36 nm/°C at -5 °C.
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Figure 2.1 (a) Cross-section view of TC-PCF (b) Transmission spectrum of TC-PCF (c) x-polarized even
and odd mode (d) y-polarized even and odd mode [60]
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SPR in a PCF is the basis for an extremely sensitive temperature sensor is studied. Ethanol and
toluene are filled into the central hole and the gold-coated air holes, respectively, to produce
SPR. The sensor provides high sensitivity through the optimization of the air hole’s size and
orientation. From the analysis maximum achieved temperature sensitivity is found to be 7.13
nm/°C and Figure of merit (FOM) is 0.1169/°C in the range of 0°C-70°C. This sensor
represents a lot of potential for applications requiring exact temperature sensing [62]. The
cross-section of the PCF-based temperature sensor, comprising three cladding layers, is
illustrated in Figure 2.3 (a). The diameter of second layer arranged in hexagonal is d> allowing
for modifications to the mode field and coupling, while the core air hole has a diameter di. The
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thickness of gold film is t and ds, d4 have the diameter of outer layer. In ds, a golden ring is
seen in the air hole. To examine how different factor affects temperature sensing
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Figure 2.2 (a) Cross-sectional view of the SPR-based PCF temperature sensor, (b) field distribution of the
y-polarized core mode, (c) field distribution of the y-polarized SPP mode, (d) loss spectra of the core
modes along with dispersion relations for the y-polarized core and plasma modes at —5 °C, (e) variation of
loss spectra with wavelength [61]

performance, the following parameters are set as d; = 2 pum, d2 =1.8 pm, dz=3 pum, d4 = 3 um,
ds=3 um, p =3 um, t =37 nmand r = 10 um. For simulation, a perfect matched layer (PML)
is put at the uppermost layer. Methods for stacking and stretching is used to form PCF as shown
in Figure 2.3 (b). Before the preforms are layered, fiber preforms are first formed. Solid rods,
thick-walled capillaries, and thin-walled capillaries are placed one after the other to create air
holes and guide cores. The prefabricated rods are then placed and pulled with a conventional
pulling tower [63, 64]. The loss spectrum of the y-polarized core mode in the temperature range
of 0 °C to 70 °C is shown in Figure 2.3 (c). This explains how the loss raises and the loss
spectrum redshift as the temperature rises and this is because when the temperature rises, the
filling liquid’s RI changes. The temperature sensor’s experimental setup and three-dimensional
construction are shown in Figure 2.3 (d). Broadband light is produced by lasers. The optical
spectrum analyser (OSA) is then connected to the sensor through a single-mode fiber once it
has been introduced to it. Finally, the optical spectrum analyzer measures the optical spectrum.
The change in FOM and FWHM values at different temperatures is shown in Figure 2.3 (e)
and it is observed that the FOM value rises as the FWHM value falls.

Using the finite element approach for design optimization, a D-type PCF temperature sensor
containing a gold nanowire is studied. To improve performance, important variables such as
air hole width, nanowire size, and spacing were adjusted. Maximum sensitivity achieved is
found to be -19.0 nm/°C that can sense 10 to 50°C. Its minimal manufacturing complexity and
straightforward structure make it very promising for temperature sensing applications [65]. A
schematic of D-shaped PCF in three dimensions is shown in Figure 2.4 (a). The simplified
square air hole distribution of the PCF-based SPR temperature sensor contrasts with the
traditional hexagonal air hole arrangement. A single layer of air holes in the sensor’s makes
manufacturing simple shown in Figure 2.4 (b). The diameter of larger air holes is d1=3.2um,
while the smaller air holes have diameter of d2 = 1.2 um, with pitch of A = 3um. The operation
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Figure 2.3 (a) Cross-sectional view of temperature sensor (b) Structure of the Stacked preform of sensor
(c) Loss spectrum in y-polarized core mode (d)Experimental setup of PCF sensor (e) At different
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of the sensor, illustrated in Figure 2.4(c), involves a broadband light source (BBS), a single-
mode fiber (SMF), an X-direction polarization controller, the D-shaped PCF-SPR temperature
sensor, a temperature-sensitive material (PDMS), and an optical spectrum analyzer (OSA). The
impact of the air hole spacing on the loss spectrum is shown in Figure 2.4 (d). As the air-hole
spacing raises from 2.8 umto 3.2 um, the resonance wavelength shifts to blue. This is because
the energy is contained within the core by the air holes that surround it. The leakage channel
for fiber core energy expands as A rises. Field distribution is shown in Figure 2.4 (e)-(f). The
performance of sensor is significantly influenced by the size of the gold nanowire. Figure 2.4
(9) illustrates how different gold nanowire diameter (dz) affects the loss spectrum. To examine
the impact of the gold nanowire characteristics on the sensor’s performance, the diameters of
gold nanowires ds were measured at 400, 500, 600, 700 and 800 mm, respectively.

A several more temperature sensors are included in Table 2.1

Table 2.1 Performance parameters of some PCF-based temperature sensors.

Ref. Sensor Structure Temperature Sensing Range
Sensitivity(nm/°C)
[66] Hexagonal PCF 5 30°C - 60°C
[67] Side Throw PCF -4.09 20°C - 50°C
[68] D-shaped PCF 6.1 0°C - 60°C
[69] Ultracompact 2.82 0°C - 100°C
[70] Sag-nac interferometer 1.65 25°C - 33°C
[71] LPG 1.356 20°C - 50°C
[72] Polarization-maintaining PCF(PM-PCF) 2.58 25°C - 42°C
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2.1.2 Refractive Index Sensor

A refractive index sensor based on PCF is an optical sensor that uses unique properties of PCFs
to recognize changes in the RI of an infiltrated or surrounding medium. Strong light
confinement and improved evanescent field interaction with the material are made possible by
the micro structured arrangement of air holes in PCFs. These sensors are particularly sensitive
for use in chemical detection, environmental monitoring, and biological sensing since they
work based on concepts like surface plasmon resonance (SPR), interferometry, or modal
analysis.

A refractive index sensor based on liquid-infiltrated dual-core PCF is studied, in which two
fiber cores are separated by an air hole and filled with analyte liquid form independent
waveguides. For sensor’s performance a numerical analysis is done by using mode coupling
theory reveals an immense sensing range. Maximum achieved sensitivity is found to be of
—65,166.10 nm/RIU at a wavelength of 1.25 um for a 1cm long PCF. The wavelength shift is
observed on the transmission spectra by mode coupling between the cores that uses different
RI and it can sense low Rl as 1.30 [73]. A single microfluidic analyte channel (n,) is placed
between two solid core is shown in Figure 2.5 (a) that contains triangular array of low index
air holes of diameter d =3um and the two cores are spaced by two times of pitch 2 A. Hole-to
hole distance is pitch (A) =5 um in this study. Using COMSOL Multiphysics software, which
is based on FEM, the fundamental modes (x-even, x-odd, y-even and y-odd transmission super
modes) is shown in Figure 2.5 (b)-(e). The power transmission of dual core PCF in both
polarized modes (x-polarized and y-polarized) is shown in Figure 2.5 (f) when the analyte RI
na= 1.3 is placed into center hole and nature of transmission spectra is sinusoidal.
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Based on SPR, a plasmonic material-coated circular-shaped PCF fiber (C-PCF) sensor is
studied for RI sensing in the range of 1.7-3.7 um. By selectively infiltrating the liquid, a twin
resonance coupling profile is shown by finite element method (FEM) simulations. A
magnesium fluoride (MgF2) coating on fused silica is applied to a nano-ring gold layer in the
sensor to improve performance. A transmission dip of -34 dB, a resolution of 3.70094 x 10°*
RIU, a birefringence of 3.9 x 107, and a high sensitivity of 27,958.49 nm/RIU are achieved
from analysis. With its superior RI sensing abilities, the C-PCF sensor is a promising option
for next-generation biosensing application [74]. A schematic diagram of cross-sectional view
of C-PCF is shown in Figure 2.6 (a). For effective loss profile calculation, the simulation uses
a circular perfectly matched layer (C-PML) as a boundary condition. The diameter d; = 1 um
for circular one-layer air holes, denoted in white with pitch of A1 = 3.95 pum and positioned
inside the gold layer ring. Diameter d2 =1 um with pitch A2 = 6.05 um are the holes outside
the MgF2 layer ring into which analyte is filled. The thickness of MgF2 and gold layers are 40
nm and 50 nm, respectively. To solve Maxwell’s equations, the FEM splits the sensor into
homogeneous triangular or quadrilateral subspaces which is known by mesh analysis is shown
in Figure 2.6 (b). Using FEM, the sensor is divided into 578 vertex elements, 27,978 elements,
and 4,071 boundary elements. Figure 2.6 (c) shows the transmission spectra of the C-PCF for
RI between 1.32-1.38. The nature of power is sinusoidal and vary from 0 to 1. The output
spectrum has a delay as the RI rises because the curve gets thicker. From the analysis, the
spectrum for RI of 1.38 represents the most lag, whereas the spectrum for RI 1.32 represents
most forward. Figure 2.6 (d) represents a schematic representation of experimental set-up of
C-PCF based sensor. The polarization controller, single-mode (SM) fiber, optical spectrum
analyser (OSA), and optical tuneable source (OTS) are the main part of this configuration.
Figure 2.6 (e) represents the transmittance spectra for Rl = 1.32-1.38. For Rl = 1.38, the
maximum transmittance of 34 dB is attained. Compared to the lower RI analyte, which showed
a sharp downward peak, the higher RI analyte had a denser curve. Therefore, analytes with
higher RIs of 1.38 and 1.37 two different downward peaks, respectively while other showed
just ones. Additionally, the analyte with n = 1.38 had the most lag in its transmittance profile,
whereas the one with n = 1.32 had the most forward.
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A D-shaped PCF refractive index (RI) sensor featuring a wide detection range and
exceptionally high sensitivity is investigated. A layer of gold is placed on the polished surface
of the design, which makes manufacture simple by avoiding coating within air gaps. The
sensor’s properties are examined and achieved maximum sensitivity of 31,000 nm/RIU and
detection range of 1.32 to 1.40 for refractive index. The structure makes it extremely good for
sensing applications by improving sensing performance and allowing for further optimization
through the adjustment of structural parameters or the thickness of the gold layer [75]. D-
shaped SPR-based sensor is made up of three layers of different size air holes in a triangle
lattice is shown in Figure 2.7 (a). By taking advantage of gold’s ductility and resistance to
oxidation, the top portion of the PCF is polished carefully and gold layer is applied to the
polished surface to stimulate surface plasmons. The diameter d; = 1.0 um of four smaller red
air holes placed in vertical direction and d> = 1.2 pm is diameter of other air holes. D = 2.0 ym
is the diameter of the largest air hole next to the fiber core. The green area above the gold layer
represents the aqueous analyte. The mode field distribution for y-polarized, SPP, and coupling
modes are shown in Figure 2.7 (b)-(d), where colour brightness denotes energy transmission
and arrows show field direction. Energy moves from the core mode to the SPP mode when the
core mode and SPP mode resonance, maximizing core mode loss. The study focuses on y-
polarization loss because the coupling between the SPP and core modes is higher in y-
polarization than in x-polarization. The dispersion relation and loss curve as the wavelength
changes for analyte’s RI is 1.35 is shown in Figure 2.7 (e). The effective RI curves for the SPP
mode and core mode in y-polarization denoted by the red dashed line and black dashed line,
respectively. The y-polarized core mode loss is shown by the blue solid line. The maximum
loss is 474.32 dB/cm at 2.0 um. The core and SPP modes effective refractive curves intersect
at the resonant wavelength at 3 um. The loss spectrum for 1.8, 2.0 and 2.2 um air hole sizes is
shown in Figure 2.7 (f). At 280 dB/cm (2.49 um), 349 dB/cm (2.65 pum), and 419 dB/cm (2.83
pm), respectively, the loss rises as the diameter increases, indicating a red shift in resonance
wavelength. This is explained by the air hole gap shrinking, which improves light confinement
in the y-polarization and makes coupling with the SPP mode easier. The value of loss is
strongly influenced by the thickness of the gold layer as shown in Figure 2.7 (g). At 2.65 pm
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for 20 nm, loss rises to 349 dB/cm, 582 dB/cm at 1.8 um for 30 nm, and 902 dB/cm at 1.52 um
for 40 nm. Loss peaks blue shift as thickness increases, but exact phase matching adjustments
are made possible by a reduction in the space between peaks.
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Figure 2.7 (a) Cross-section view of D-shaped PCF (b) Field distribution y-polarized core mode (c) SPP
mode (d) Coupling mode (e) Loss curve and dispersion curve versus wavelength (f) Loss change with
different diameters of air holes for na=1.38 (g) Loss variation at different thickness of gold layer [75]

To detect low refractive indices, a dual-core PCF-based SPR sensor that is extremely sensitive.
For avoid of oxidation, a protective coating of titanium dioxide (TiO.) is applied on silver
which plasmonic material. By outperforming previously published PCF-SPR sensors, the
sensor achieves remarkable wavelength and amplitude sensitivities of 116,000 nm/RIU and
2452 RIU?, with resolutions of 8.62 x 1077 and 5.55 x 107¢ RIU, respectively. For range of
1.29-1.39, this sensor has strong Figure of merit (FOM) 2320 makes it ideal for organic
chemical, biosensing, and pharmaceutical applications [76]. Figure 2.8 (a) represents two
layers of air holes make up the square lattice structure of the sensor is studied. To improve the
interaction between the surface plasmon polaritons (SPP) and core-guided modes, two air holes
(d2) from the top of the first ring are shrunk. To make dual-core PCF, two air holes from the
centre of first ring are also removed. The optimized parameters of the PCF are d1 = 1.8 um, d2
= 1.0 ym, d3 = 1.65 um, pitch A = 3.3 pm, and thickness of the silver and TiO2 are 65nm,10nm
and opening of the microchannel is 1.75 um, respectively. Figure 2.8 (b) explains the method
for formation of sensor. The fiber is formed by first stacking all of the capillaries and solid rods
together, then drawing at a predetermined pace, a process known as the stack and drawn method
[77]. The employment of solid rods, thin capillaries, and thick capillaries results in large, tiny,
and no air holes, correspondingly [78]. Polishing is done after the completion of fiber
manufacture [79] . Through a polishing procedure, the second ring’s huge thin-walled capillary
and a portion of the fiber will be polished, while the remaining capillary forms the
microchannel. This is followed by the use of the chemical deposition technique [80] and to
cover the fiber’s polished surface with silver and TiO». The field distribution for the plasmonic
and core-guided modes at RI of 1.36 is shown in Figure 2.8 (c)-(d). In plasmonic mode, the
optical field is focused on the metal-coated sensing layer, whereas in the core guided mode, it
stays contained within the core. Figure 2.8 (e) represents the field distribution at the resonance
point. Figure 2.8 (f)-(g) analyse the effect of thickness of TiO2 and silver on loss spectra. There
is blue shift with less propagation loss when the thickness of silver changes from 55 nm to 75
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nm and a red shift with higher propagation loss occur as the thickness of TiO layers changes
from 5 nm to 15 nm due to changes in the phase matching condition caused by changes in
effective RI of fundamental and SPP modes. The amplitude sensitivity of the sensor for the
variation of analyte RI ranging from 1.34 to 1.39 is shown in Figure 2.8 (h).

(b)

Solid rod Thin wall capillary
O Thick wall
capillary

20»“)

I

N " : SR S,
1.6 57 1.8 1.9 2.0 24 16 1.7 18 1.9 20
Wavelength (um) Wavelength (um)

Loss (dB/cm)
Loss (dB/cm)

&
o
=

-1000 -

-1500 -

Amp. Sensitivity (RIU-)

-2000 (-

-2500

4 - L = L - 4 i i
1.2 15 18 21 24

Wavelength (um)

Figure 2.8 (a) Schematic illustration of the PCF sensor, (b) stacked preform of the fiber, (c) field
distribution of the core mode for n, = 1.36, (d) SPP mode, (e) resonance condition, (f) loss curves for
varying Ag layer thickness, (g) loss curve variations with TiO: thickness, (h) amplitude sensitivity [76]

The design, analysis, and fabrication of a highly sensitive D-shaped plasmonic PCF sensor for
RI sensing have been studied. The sensor functions by linking the surface plasmon mode with
the core-guided mode at the metallic-dielectric interface, where the resonance frequency vary
between 1.33 to 1.354 in relation to the analyte RI. The final design is manufactured using the
stack-and-draw approach after the sensor’s geometrical characteristics are optimized to
increase sensitivity using the FEM method. With a resolution of 3.4 x 10 RIU, the
manufactured sensor has a high sensitivity of 294.11 nm/RIU. This sensor is a helpful in
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biological sensing applications, especially for glucose concentration detection, as glucose
levels impact the analyte’s RI within the tested range [81]. The 3-D schematic representation of
the biosensor is shown in Figure 2.9 (a). Based on a silica background material, the proposed
PCF has an air hole diameter of d = 2.4 um and a triangular lattice with pitch A =2.8 pm. A
horizontal etch is performed at a distance of 2.9 pm from the core region to create the D-shaped
surface. A solid silica rod is placed at the centre to form the core region shown in Figure 2.9
(b), which shows the stacked view of the biosensor. Figure 2.9 (c) represents the confinement
loss of the quasi-TM core-guided mode and the wavelength dependency of the real part of the
effective indices for both SP and quasi-TM core-guided modes. Under certain conditions, the
study is carried out A = 2.8 um, d = 2.4 um, t = 40 nm, na = 1.33. The core-guided mode
exhibits high confinement at A =1000 nm because of the large difference in effective indices,
which inhibits coupling. At the resonance wavelength A = 1163 nm, however, the effective
indices of both modes equalise, leading to diminished confinement of the quasi-TM core-
guided mode and facilitating maximum power transfer from the core mode to the SPP mode.
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Figure 2.9 (a) 3-D view of D-shape biosensor (b) Cross-section of the PCF’s stacked preform (c)
Confinement loss curve (d) Linear fitting for the resonance wavelength dependency on the sample R1 [81]

The suggested sensor’s linearity across the RI range being studied is ensured by studying the
resonance wavelength change with the analyte R1. With a step of 0.002, the linearity analysis
is carried out within the RI range of 1.33 to 1.354. Figure 2.9 (d) represents that the proposed
design has a high degree of linearity across the intended range, with a R-squared value of
0.98508. Table 2.2 includes some additional PCF-based RI sensor.

Table 2.2 Performance analysis of previously reported RI sensor

Ref. Structures Range of RI detection Sensitivity (nm/RIU)
[82] D-shaped PCF with solid core 1.33-1.38 7300
[83] | Two rings based hexagonal PCF 1.33-1.37 4000
[84] D-shape PCF 1.35-1.41 8129
[85] D-shaped PCF based on SPR 1.33-1.37 5200
[86] Silver-graphene coated surface 1.46-1.49 3000
[87] Spiral PCF 1.33-13.8 4600
[88] Hollow-core silver coated PCF 1.33-1.37 4200
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2.1.3 PCF-Based Biosensors

A biosensor is a diagnostic device that detects certain biological molecules (such as proteins,
DNA, viruses, and blood component) by combination of transducer with a biological sensing
element. Food safety, biotechnology, environmental monitoring, and medical diagnostics all
make extensive use of biosensors. PCF-based biosensors have drawn a lot of interest among
biosensing technologies because of their high sensitivity, small size, and ability to function
under challenging conditions.

For identify blood components such as RBCs, WBCs, HB, plasma and water, a highly sensitive
PCF-based sensor has been designed and studied. Numerical simulations using COMSOL
Multiphysics proved the performance of sensor is outstanding with relative sensitivities of up
t0 99.89 % at wavelength 7 um. The sensor has a two-layer cladding structure with octagonal
and circular air holes and an octagonal core, which confirms favourable propagation properties
including controlled beam divergence and reduced confinement loss. Due to its sophisticated
design, it may be used for optical communications as well as medical diagnostics, making it a
viable tool for the biomedical and telecommunication industries [89]. A core, cladding, and
perfectly matched layer (PML) include the cross-section view of blood component sensor with
total diameter of 40.8 um is shown in Figure 2.10 (a). Two rings of air holes make up the
cladding and an octagonal core hole surrounded by circular holes in the second ring and
octagonal holes in the first ring. The core length | = 7.55 pum detects several blood components.
The second ring has circular air holes with a diameter d = 7.6 um. The mode distribution profile
of different blood component within the fiber core at an operating wavelength of 7pum is shown
Figure 2.10 (b)-(f). Relative sensitivity measures the interaction between optical light and
detecting analytes, such as water, plasma, HB, WBCs, and RBCs shown in Figure 2.10 (Q).
Relative sensitivity rises in the lower wavelength range at first, but then falls as the wavelength
rises. Confinement loss is the term used to explain the tendency of light signals to leakage from
the fiber’s core with respect to wavelength which is shown in Figure 2.10 (h). Confinement
losses rise as the wavelength increases.
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Figure 2.10 (a) Cross-section view of blood component sensor (b) Mode profile of RBCs (c) HB (d) WBCs
(e) plasma (f) water at operating wavelength 7um (g) Relative sensitivity versus wavelength (h)
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The THz regime is used to detect blood components using a mono-rectangle based PCF
biosensor that is built and analysed using FEM. Relative sensitivity of HB, WBCs, RBCs,
water, and plasma at 2.2 THz exceeds 95 % which indicate the excellent sensitivity. Moreover,
it shows little confinement loss (1072 cm™) and low effective material loss (~0.005 cm™).
Fabrication possibility is confirmed by the biosensor’s square-shaped core and circularly
organised air cladding. This sensor is a viable choice for blood component detection since it
provides high sensitivity with little losses in the operating range of 1-3 THz [90]. A square core
(500 pm x 500 um) and a suspended circular cladding with four air pieces make up the PCF
structure shown in Figure 2.11 (a). To reduce light confinement in the fiber material, the
cladding circle is L = 582.5 um from the center of the core’s square arm. The ideal size of strut
IS 7.5 pum. The total radius of fiber is 1050 um which includes a PML of 105 um. Figure 2.11
(b) represents meshing analysis of PCF that contains 992 boundary element, 8344 domain
elements. Figure 2.11 (c)-(d) represents the mode field distribution in x-polarized and y-
polarized respectively at 2.2 THz for RBC. Effective material loss (EML) and confinement loss
(CL) are the most common types of losses that any may experience when propagating in THz
region. These loss characteristics have been measured. The EML measurement is shown in
Figure 2.11 (e). The observed EML values for x-polarization for water, plasma, WBC, HB, and
RBC blood component at 2.2 THz frequency are 0.0046 cm®, 0.0047 cm™, 0.0049 cm™, 0.0048
cm?, and 0.005 cm™, respectively. The sensitivity of the sensor, which is its most critical design
characteristics are carefully selected to provide a greater level of sensitivity performances. In
the x-polarization direction, the sensitivity for water, plasma, WBC, HB, and RBC is around
94.97 %, 95.37 %, 95.87 %, 95.54 % and 96.17 % respectively at 2.2 THz regime as shown in
Figure 2.11 (). Figure 2.11 (g) represents the numerical aperture (NA) varied for the three
struts of 6.5 um, 7.5 um and 10 um. The different application areas determine the NA values.
Based on analysis, the 6.5 um strut has a higher NA of 0.1963 in x-polarization. The x-
polarization values for 7.5 um and 10 pum struts are 0.1954, 0.1934, respectively.
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Figure 2.11 (a) Cross-section view of biosensor (b) coarse mesh of the biosensor (c) field distribution x-
polarized RBC (d)y-polarized RBC (e) Effective material loss curve (f) Relative sensitivity curve (g)
Numerical Aperture curve [90]

PCF-based circular plasmonic biosensor studied in this work is proposed to detect different
blood components in the visible and near-infrared range. The sensor exhibits excellent
performance with a Figure of merit (FOM) of 325 in the HE;;' mode and a maximum amplitude
sensitivity of 5078.99 RIU™ using Al-doped ZnO as the plasmonic material and finite element
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analysis. Furthermore, the design exhibits encouraging results in terms of optimising sensor
length and resolution. The study includes discussion of the stack-and-draw method’s
fabrication feasibility and tolerance analysis, which shows great promise for developing
medical biosensing [91]. To improve coupling between the core (fundamental) mode and the
SPP mode, a sensor is designed whose cross-sectional view is shown in Figure 2.12 (a).
Structure of PCF includes two different sizes (d: and d2) air holes. The circular lattice is firmly
empty of certain holes to balance the movement of the evanescent field. Between neighbouring
holes, the pitch is P1 = 2 um and P> = 1.02 um. The thickness of sensing channel ring ts =2 um
and width of plasmonic ring is Wazo =30 nm. The electromagnetic field profiles of core mode
and SPP mode for x-polarized and y-polarized is shown in Figure 2.12 (b)-(e). From Figure 3.4
() loss peak for higher RI analytes such as HB and WBC are shifting towards longer
wavelengths. This is because the corresponding RI of the SPP mode also varies for higher RI
analytes, which leads to the shifting of phase-matching points. Amplitude sensitivity (AS) of
this sensor is shown in Figure 2.12 (g), where AS is also shifting to longer wavelengths and
maximum AS is seen for HB-RBC. The CL and AS for the different blood components in HE};!

are shown in Figure 2.12 (h)-(i). It is evident that compared to HEL!, the distances between
neighbouring CL curves are greater.
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To detect several blood components, including RBCs, HB, WBCs, plasma and water, this study
offers a plasmonic biosensor based on PCF. Based on SPR theory, the sensor is simulated and
measured using FEM. It has a titanium oxide layer for enhanced adhesion and a gold layer for
plasmonic response. A very sensitive loss peak is produced when the sensor detects changes in
the RI of blood components. It has an amplitude sensitivity of —574.3 RIU!, a detection limit
of 0.02, and a maximum wavelength sensitivity of 12,400 nm/RIU. The RI resolution ranges
from 8.06 x 10°¢to 5.0 x 10~° RIU. These results suggest that they have a great arrangement of
possible for application in medical diagnostics [92]. Figure 2.13 (a) shows a cross-sectional
view of the PCF-based plasmonic biosensor coated with titanium dioxide and gold for the
detection of different blood component. The two rings of circular air holes arranged in a
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hexagonal arrangement with triangular lattice constant A=1.7 um make up the cladding region.
There are six tiny air holes with diameter do = 0.2 um in the first ring. Ten large air holes with
diameter d= 1.36 pum and two microscopic ones with a diameter of d. are located vertically in
the second ring. The round surface of the PCF is covered with an exterior layer of titanium
dioxide and gold, which have thickness of ti =35 nm and tg=25 nm, respectively. Figure 2.13
(b)-(c) represents the electric field strength during mode coupling. In core-mode propagation,
the field is stronger in the core, whereas in SPP-mode propagation, it is stronger in the
plasmonic area. This is because SPP-mode concentrates energy in the PCF plasmonic area,
whereas core-mode confines most of the energy in the core. The distribution of the normalised
electric field along the radial x-direction of the proposed PCF’s cross-section is shown in
Figure 2.13 (d). The PCF’s cross-section’s radial x-direction shows a gradual decrease in the
electric field, which is strongest in the middle of the PCF core. The core mode CL and effective
refractive index (ERI) of the core and SPP modes at different wavelengths for different blood
components, such as RBCs, HB, WBCs, plasma, and water are shown in Figure 2.13 (e). Every
component shows a unique loss peak at a particular resonance frequency when the core and
SPP modes ERIs line up. Differences in the ERI for each blood component reason for the
variance in peak loss values between the samples. Table 2.3 include some other PCF based RI
sensor for detection of blood component.
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Figure 2.13 Cross-sectional view of PCF (b) Electric field strength for core-mode (c) Electric field
strength for SPP mode (d) At wavelength of 1032 nm for RBC samples normalised electric field along the
radial x-direction (e) Variation of core-mode confinement loss and ERI of core and SPP mode [92]

Table 2.3 Performance characteristics of different PCF based RI sensor for detection of blood component

Ref. Structure Relative sensitivity %

RBCs HB WBCs | Plasma | Water
[93] Circular hollow ring 56.05 66.47 53.72 54.04 55.09
[94] Benzene shaped core -- -- -- 77.84 --
[95] Porous core 80.93 80.56 80.13 79.91 79.39
[96] Rectangular hollow core | 93.50 92.41 92.25 90.48 89.14
[97] Circular hollow ring 55.83 58.05 62.72 65.05 66.47
[98] Ring resonator 56.05 66.47 53.72 54.05 55.09
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A highly sensitive and reasonably priced PCF sensor is designed to detect malaria by
monitoring variations in RBCs RI across the sequence of the parasite’s life cycle. With
maximum sensitivity of 11,428.57, 9473.68 and 9655.17 nm/RIU, respectively. The sensor
indicates spectral variations in transmission corresponding to the ring, trophozoite and schizont
phase of malaria infection. It has a single elliptical channel that is filled with RBC samples.
Due to simple design makes it a practical instrument for early malaria diagnosis because of
number of benefits including mobility, environmental compatibility and simplicity of detection
[99]. Circular air holes arranged hexagonally encircle the core elliptical channel PCF biosensor
for detection of malaria infection using COMSOL Multiphysics software characterized by
semi-major and semi-minor axes (a and b) is shown in Figure 2.14 (a). These air holes, which
represent the pitch of the biosensor, are placed at a distance P=2 pum with diameter da = 1.4
pm. The structure is covered with thick perfectly matched layer (PML) of 1.3 um. Total
diameter of biosensor is 8.8 um including the PML. Figure 2.14 (b) represents the meshing
arrangement for the sensor includes 8,944 boundary elements and 10,894 domain elements
make up the whole mesh system. The final geometry of the biosensor has 132 borders, 33
domains, and 132 vertices. Figure 2.14 (c) shows the transmission spectra of different stage of
malaria having different RI, due to this shift is observed based on the concept of mode coupling
theory. Because of center horizontal elliptical channel present on which samples of RBC is
placed and forms two fiber core. x-even, y-even, x-odd, and y-odd are the four even and odd
super modes that result from mode pairing between the two cores. Figure 2.14 (d)-(g)
represents how the electric fields are oriented towards these four super modes. The biosensor’s
coupling length as a function of operating wavelength is shown in Figure 2.14 (h).
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Figure 2.14 (a) Cross-sectional view of the biosensor (b) Meshing arrangement of the biosensor (c)
Transmission spectrum versus wavelength (d) Electric field distribution of x-even (e) y-even () x-odd (g)
y-odd super modes of malaria biosensor at A=1.30 um for normal RBC (h) Coupling length between
normal and infected RBCs during cells during different stage of the parasite [99]

For x-polarization, the maximum coupling lengths were measured as 203.125 mm for healthy
red blood cells (RBCs), while for the parasite-infected stages, the values increased to
240.740 mm, 325.000 mm, and 406.250 mm during the ring, trophozoite, and schizont phases,
respectively. In the case of y-polarization, the coupling lengths were found to be 196.969 mm
for normal RBCs and rose to 232.142 mm, 309.523 mm, and 383.352 mm for the ring,
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trophozoite, and schizont stages, respectively. Additionally, it was observed that increasing the
wavelength resulted in a reduction of the coupling length.

A SPR biosensor based on PCF is studied. It measures changes in RBCs to diagnose malaria
early. SPR is made possible by the hexagonal arrangement of air hole PCF and gold coating,
which link the core and SPP modes. The ring, trophozoite, and schizont phases of malaria can
be detected by shifting the SPR resonance wavelength caused by malaria infected RBCs, which
have different RI than healthy RBCs. High wavelength sensitivities and a low detection limit
(0.029) make the sensor ideal for diagnosing malaria in its early stages. Maximum achieved
wavelength sensitivity of this sensor is 13714.29 nm/RIU and 14285.71 nm/RIU for x-
polarized and y-polarized respectively for ring phase [100]. Figure 2.15 (a) represents a cross-
sectional view of the PCF biosensor for malaria detection. It is made up of two layers of air
holes arranged hexagonally with a triangular lattice structure using silica as base material.
There are tiny and big air holes in both layers with diameter do = 0.2 A and d= 0.6 A
respectively. The triangular lattice structure’s lattice constant is A. The PCF’s circular surface
is covered with an exterior gold coating of thickness tg =40 nm. To identify malaria, RBC
samples are placed in a biochemical layer of thickness trec = 1 pm that is applied over the gold
layer. A circular PML with thickness tpm =1.2 pm and scattering boundary conditions has
been added to absorb the radiation energy from the PCF’s surface. Figure 2.15 (b) represents
the experimental set-up of PCF that contain single mode fiber (SMF) that is connected to the
sensor through splicing is used to transmit broadband light as part of the measurement setup
for malaria detection using the PCF biosensor. RBC samples is controlled by a pump as they
pass through a channel over a gold layer within a flow cell. The interaction between RBCs and
ligands such as erythrocyte-binding antigen-175 (EBA-175), erythrocyte-binding ligand-1
(EBL-1), and erythrocyte-binding antigen-140 (EBA-140) causes a shift in the resonance
wavelength due to changes in the ERI. A computer displays this shift once an OSA detects it.
New samples are tested once the sensor has been cleaned with deionised water. Figure 2.15
(c)-(f) represents the simulated PCF biosensor, where the arrow indicates the direction of the
electric field distribution and light is limited in the core mode and SPP mode. The x-polarized
mode and y-polarized mode’s core mode field are shown in Figure 2.15 (c)-(d), respectively.
At a resonance wavelength of 932 nm. Figure 2.15 (e)-(f) represents the SPP mode in the x-
polarized and y-polarized modes respectively. Resonance wavelengths of 762 nm, 806 nm, 836
nm, and 858 nm are measured at gold thickness of 30 nm, 35 nm, 40 nm, and 45 nm,
respectively, with peak core losses of 14.05 dB/cm, 11.33 dB/cm, 8.322 dB/cm, and 5.838
dB/cm shown in Figure 2.15 (g). The resonance wavelength exhibits red shifts as gold thickness
rises and blue shifts as gold thickness falls from the optimal value. Plasmon damping causes a
broadening of the loss peak, which might result in inaccurate sensing, if the gold thickness is
increased or decreased by an ideal 40 nm thickness. Therefore, for the best analysis, the
thickness should be kept modest.

D-shaped PCF sensor based on SPR with a micro-rectangular hole is studied. By increasing
interaction between the metal layer and the core-guided mode, the opening facilitates
manufacturing and increases sensitivity. To efficiently create surface plasmons, gold is used as
the plasmonic material. Compared to previous designs, the sensor outperforms them with a
maximum wavelength sensitivity of 67,000 nm/RIU, a resolution of 1.5 x 10° RIU, and a
Figure of merit of 279.16 RIU™. Furthermore, it is used to identify malaria, exhibiting unique
sensitivity to various phases of RBCs [101]. The cross-sectional view of D-shaped PCF
construction is shown in Figure 2.16 (a). The top portion with air holes is removed to form the
D-shaped structure. The cladding, which has number of air holes, is made of silica as the
substrate material. Three different kind of circular air holes with different sizes make up the
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structure. The diameter of the greatest air hole D=2.4 um next to the fiber core and the diameter
of the four smaller air holes D1 in the vertical direction is 1.2 um. The diameter of the extra air
holes D2 is 1.4 pm and pitch A=2.2 um. Figure 2.16 (b) shows the PCF sensor’s serial
manufacturing process. The stack and draw method is used to build the PCF [102]. This process
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Figure 2.15 (a) Cross-sectional layout of the PCF biosensor, (b) experimental setup for the PCF-based
SPR sensor, (c) x-polarized core mode field distribution, (d) y-polarized core mode field distribution, (e)
x-polarized surface plasmon polariton (SPP) mode, (f) y-polarized SPP mode at a 932 nm resonance
wavelength for the malaria ring stage, and (g) variation of peak loss in the y-polarized mode with
different gold layer thicknesses [100]
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involves piling the solid rods and capillaries, and adding thick and thin capillaries allows to
adjust the size of air holes. The fiber’s top half is polished to provide a smooth surface once
the manufacturing process is finished. A rectangular micro-opening has been grooved into the
fiber’s smooth surface. Femtosecond laser micromachining or focused ion-beam milling can
be used to generate the rectangular micro-opening [103]. A chemical vapour deposition process
is used in this small rectangular aperture channel to coat the gold layers shown in Figure 2.16
(c). On a curved surface, the gold layer may also be precisely covered using the atomic layer
deposition (ALD) technique [103]. The black and blue lines in Figure 2.16 (d) explains the
wavelength-dependent changes in the ERI of the core and SPP modes, respectively. Where a
phase matching condition permits maximum energy transfer between the core and SPP modes,
these RIs intersect at the resonance wavelength (1.38 um). Propagation loss is shown by red
curve, peaks at this resonance because of evanescent field penetration into the analyte and metal
layers. Figure 2.16 (e) represents the loss curve for the sensor as the bio analyte RI changes in
increments of 0.01 from 1.30 to 1.40. A higher interaction between core-guided and SPP modes
is shown by the loss peak increasing from 1.30 to 1.36 with increasing RI values. Table 2.4
include some other PCF based RI sensor for identification of early stage of malaria at different
stages. Some other PCF based RI sensor for malaria detection is studied in Table 2.4.

Table 2.4 Performance characteristics of various PCF-based RI sensors utilized for malaria detection

Ref. Methods Sensitivity %

[104] Immuno-chromatographic test 97.6

[105] Automated detection 93
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[106] Flow cytometry 91.26
[107] Microscopic rapid diagnostic test 84.6
[108] Quantitative buffy coat examination 96.92

\
\

Y

Slnckmn Pnli\hing Iuldh inal
Process Process Drawing Drawing

(b)
< 3 — ] 30— ] 3] — 32
(;ase Reaction Cell =|. 1.4345,~1.38 pm 12004 ===RI=133 RIS1LI w— w138

~
. . . Gases : s, v ey Corem
. 00 0 ° -] T f—

RIC136 s (137 w138
E 1000 wm—1=].39 o— 1140

In

g

I.asc (dR/em)

Out g 1,397 Phase Matching Poiat

QO 138 4e= ¢ @ Re(nef)
i~ |.,l7 s |oss (dB/cm);
= «SPP

1.3
130 135 140 145 150

-
z

e

12 14 16 18 20 22 24 26 28 30 32

Wavelength (um) Wavelength (um)

(c) (d) (e)

Figure 2.16 (a) Cross-sectional illustration of SPR sensor (b) Stacking and drawing method for
fabrication of PCF (c) Chemical vapor technique for vapor coating (d) Loss characteristics curve and
dispersion relation between core mode and SPP mode for RI =1.36 [101]

2.1.4 PCF based Chemical Sensor

PCF based chemical sensor is an optical sensor that tracks variations in behaviour of light to
recognize chemical mixture using PCF. This sensor is having great sensitivity, small size, and
ability to endure electromagnetic interference make them important. By changing the fiber’s
structure or covering it with material that respond with specific analytes, chemical detection is
accomplished. Chemicals that meet the fiber’s surface or enter its air holes influence light
propagation by changing the RI. To determine and analysis the chemicals present, this change
IS measured.

A chemical sensor with a dual core PCF and hexagonal lattice structure is designed and
examined using the FEM method in COMSOL Multiphysics software. Benzene, ethanol, and
water are among the several chemicals that are contained within the two cores, which are
divided by an air hole. At a wavelength of 1.55 um, numerical simulations show good optical
characteristics with a maximum coupling length of 0.45 mm. The sensor achieves maximum
wavelength sensitivity of 9615 nm/RI1U with a fiber length of 0.5cm [109]. The sensor’s cross-
sectional structure is depicted in Figure 2.17(a), incorporating perfectly matched layer (PML)
boundary conditions. COMSOL Multiphysics software is used to analyse the sensor’s guiding
characteristics. This construction forms two cores in the PCF by removing two air holes. A
change of substances, including ethanol, water, and benzene, are present in the central air hole
that divides the fiber’s two cores. The diameter of air holes and pitch are measured to be 1.4pum
and 2um, respectively. Figure 2.17 (b) shows the ERI difference changes for several
compounds with respect to wavelength. As light tends to diffuse out of the core, the RI of the
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fiber’s basic mode with increasing wavelength. Therefore, Birefringence rises with
wavelength. Figure 2.17 (c) represents the transmission spectrum curve for the x-polarized
mode of the DC-PCF sensor of length 0.5 cm when the center hole is filled with chemicals.
The DC-PCFs transmission curve is sinusoidal. By shifting the peaks with changes in the
various RI of chemicals, the sensitivity of sensor can be determined. COMSOL Multiphysics
software is used to examine the four basic modes of the fiber sensor shown in Figure 2.17 (d)-
(9). The distribution of the electric field for each of the four odd and even modes is shown by
the arrow diagram inside the core.
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Figure 2.17 (a) Cross-section view of sensor (b) Birefringence with wavelength (c) Transmission curve
versus wavelength (d) Field distribution odd x-polarized (e) odd y-polarized (f) even x-polarized (g) even
y-polarized [109]

(€9)

A new type of PCF sensor has been designed for the detection of chemical substances at
terahertz (THz) frequencies. It includes a hexahedron core and an octagonal cladding. The
performance of sensor is measured using relative sensitivity (RS), EML and CL. Air hole
diameter and core size are two design parameters that are optimized using FEM simulations.
At 1 THz the sensor has low confinement losses and high relative sensitivity of 91.25 % for
ethanol, 93.80 % for benzene, and 89.95 % for water are observed. Because of this, it may be
used in a variety of settings, such as THz communication systems, industrial quality control
and physiological monitoring [110]. Figure 2.18 (a) represents geometrical structure of
octagonal PCF including hexahedron core. The optimized parameter of core that contains two
layers are core diameter dc= 72 um, two layers of core pitch Pc = 75 um, five layers of cladding
diameter d; = 260 pum and pitch of five-layer cladding P1 = 350 um. Depending on the changes
of + 2 percentage maximum value of sensitivity is obtained which shown in Figure 2.18 (b) for
either the central air hole or the additive frequency stratification. The full light is clearly
flowing across the middle region for the x and y polarized mode shown in Figure 2.18 (c)-(d).
Figure 2.18 (e) represents the confinement loss which shows flat response across the frequency
range of 2.10 THz to 3 THz. At 1 THz, the CL for chemical such as ethanol, water and benzene
are 7.75x 1078, 7.80 x 108 and 7.85 x 10 dB/m, respectively.

A new type of porous core-PCF (PC-PCF) with a slotted rectangular core structure and Kagome
cladding has been created for extremely sensitive terahertz chemical detection. To achieve high
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birefringence, minimum confinement loss, near-zero dispersion, large effective area, high
sensitivity and a high numerical aperture, the fiber’s design was optimized using a complete
FEM approach. The fiber’s may be used in terahertz region that need polarization-preserving
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Figure 2.18 (a) Cross-sectional view of octagonal PCF (b) RS versus frequency for + 2 % variations for x
and y polarized (c) x-polarized field circulation (d) y-polarized field circulation (e) CL versus frequency
for different chemicals [110]

transmission and has great potential for commercial use in chemical and biological sensing.
From analysis of simulation results maximum achieved sensitivity is 85.6 %, 85.7 % and 85.9
% and low confinement loss of 4.5 x 10° cm™® 1.7 x 10° cm™, and 1.02 x 10° cm™ for water,
ethanol, and benzene respectively in THz range [111]. The cross-section of the PCF is
illustrated in Figure 2.19 (a). Dcore represents the diameter of core, Pcis called core pitch
represents center-to-center distance between two air holes in the core region, w represents the
width of core air hole, and L, L1, L2, Ls, and L4 denote the lengths of the core air holes, which
are 372 um, 332 um, 288 um, 244 um, and 198 um, respectively. The optimum value for Dcore,
Pcand w is 360 um, 38.8 um, and 32.32 um. In the Kagome region, d and d; are the values of
strut width and distance between parallel strut having values of 195.38 um and 4 pm
respectively. Figure 2.19 (b)-(c) explains the interaction of light strength with analyte water for
x-polarized mode to explain the modal characteristics. It is evident that the core region is only
traversed by the fundamental modes. Figure 2.19 (d) represents the relative sensitivity of the
PC-PCF in the x-polarization mode. For numerical study, the length of the slotted holes in the
core region remains constant. Sensitivity of this chemical sensor is studied using three different
analyte such as water, ethanol and benzene having RI value 1.33, 1.354, 1.366 respectively.
Due to higher RI of benzene compared to ethanol and water, it has the highest relative
sensitivity. Furthermore, it can be observed that relative sensitivity rises with frequency up to
1.6 THz before beginning to fall. Figure 2.19 (e) represents the birefringence versus frequency.
From observation it is found that birefringence is linear. The value of birefringence for water,
ethanol and benzene are 0.0065, 0.005, and 0.0043 respectively at optimized design parameter.
Figure 2.19 (f) shows how effective area varies as a function of frequency. When frequency
increases, light pulses are narrowly noted in the porous core region, representing that the
effective area shrinks with frequency. The corresponding effective areas for ethanol, benzene,
and water are 69800 um?, 71100 um?, and 69300 pum?, respectively. Some other PCF based
chemical sensor is studied in Table 2.5.
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Figure 2.19 (a) Cross-sectional view of THz PC-PCF sensor with enlarged core (b) Field distribution x-
polarized for water (c) Field distribution y-polarized for water (d) Relative sensitivity for x-polarization
(e) Birefringence as a function of frequency (f) Effective area as a function of frequency [111]

Table 2.5 Performance characteristics of some other PCF sensors for chemical detection

Ref. Structure Operating region Relative Sensitivity %
[112] Hexagonal and octagonal PCF A=15pum 25.1
[113] V-shaped PCF A=15um 23.75
[114] Hexagonal PCF A =133 um 49.17
[115] Porous cored octagonal PCF A =1.33 um 67.66
[116] Circular PCF A=1.33 um 29.25
[117] Folded cladding PCF A=1.55pum 64.19
2.2 Summary

This chapter includes a literature review and contains basic information on the PCF sensor,
concept of mode coupling theory, SPR concepts, PCF-based RI for physical, biomedical, and
chemical sensing applications. There has been extensive discussion of different methods to
improve the sensing capabilities of these sensors. Beginning with the fundamentals of PCF
optic sensors, explain how a PCF can be used for sensing applications including physical,
biomedical, and chemical substances. Section 2.1.1 covers PCF-based temperature senor and
explains how temperature variation affects the PCF’s RI. Section 2.1.2 covers PCF-based RI
sensor and explains how strong light confinement and improved evanescent field interaction
with the material are made possible by the micro structured arrangement of air holes in PCFs.
Section 2.1.3 covers PCF-based RI sensor for biomedical application to detect biological
molecules such as proteins, DNA, viruses, and blood component and explains optical
characteristics such as coupling length, birefringence and transmission spectrum changed with
RI of biomolecules. Section 2.1.4 covers PCF-based RI sensor for chemical sensor and explains
how chemicals that meet the fiber’s surface or enter its air holes influence light propagation by
changing the RI.
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CHAPTER 3

EFFECT OF SELECTIVELY-FILLED-ETHANOL ON
DISPERSION CHARACTERISTICS OF CIRCULAR SHAPED
HOLLOW CORE PHOTONIC CRYSTAL FIBER

3.1 Introduction

In recent years, photonic crystal fibers (PCF) are garnered a lot of attention due to their unusual
and remarkable features and properties [118]. PCF also known as Holey fibers or Micro
structured fibers, represents one of the major applications of the photonic crystals [119, 120].
PCFs have the capability to control the light that enters the fiber, which was previously
unfeasible due to their conventional design issues. By adjusting the number of liquid filled
holes, pitch distance and air hole size of the PCF, the structural cross-section may exhibit
unique properties such as controlled effective area, low confinement loss, dispersion control
and higher nonlinearity [121]. However, some researchers have used the air holes filled PCF
to regulate the optical and transmission characteristics of the PCF by filling them with other
types of liquids like as water [122], ethanol [123], liquid crystals [124, 125] and polymers
[126-128]. By suitably tailoring their optical characteristics, liquid-filled PCFs are employed
for various sensing parameters such as temperature, magnetic field, refractive index (RI) and
many other applications [129-132]. Using an asymmetric circular Dual Core-PCF, Md.
Mahbub Hossain et al. demonstrated a PCF Chloroform infiltration temperature sensor in 2018
[133]. Shi et al. also demonstrated stress and temperature sensors with alcohol filled holes in
their experiments [134]. Furthermore, theoretical PCF structures for water-ethanol [135],
ethanol, benzyne and water [136] solutions are proposed. The researcher recently presented a
liquid-filled PCFs-based tunable multiband pass filter [137].

Thus, the intention of this work is to design a selectively filled ethanol circular shaped hollow-
core PCF for the zero-dispersion wavelength. The proposed PCF configuration is designed
using the COMSOL software, which uses the full-vector finite element method (FV-FEM). For
geometry statistics 38 domains, 152 boundaries, 152 vertices and for mesh statistics 14172
triangular elements, 1224 edge elements, 152 vertex elements are analyzed. This kind of PCF
is useful in nonlinear applications, sensing applications, laser technologies and
telecommunications.

3.2 PCF Design

The proposed circular shaped hollow core PCF geometry is shown in Figure 3.1. In this design,
a diameter, d 0of 0.22 um and a pitch length, A of 1.5 um is chosen for circular holes with silica
as the PCF background material. The RI of ethanol (nema = 1.352) and air (nair = 1), are
considered. Equation (3.1) gives the RI of silica (nsiiica) which is called Sellmeier equation.

A2 Ay A? AzA?

2 _ A
nsilica(ﬂ) =1+ A2-B, + A2-B, A2-B;

(3.1)

The operational wavelength in pm is denoted by A and the Sellmeier coefficients are A1 =
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0.696166300, A, = 0.407942600, A; = 0.897479400, B; = 4.67914826x10° pm? B, =
1.35120631x10 um? and Bs = 97.9340025 um?, respectively [129].

A Perfectly Matched Layer (PML) boundary condition is applied at the outer boundary to
absorb the outgoing electromagnetic waves and prevent artificial reflections during simulation.
Additionally, a fine mesh has been employed to ensure numerical accuracy and stability of the
FEM-based simulation results.

The PCF effective mode area is an important characteristic that attracts a lot of attention in a
vast area of applications. A PCF having a large effective mode area is highly useful in field of
lasers and telecommunication devices, whereas a PCF having a small effective area is
considered suitable for non-linear effects. The effective area, A, of the PCF is determined

using the below equation

_ (JIEPdxdy)*
Aerr = [T praxay (32)

where ‘E' represents the fundamental modes of PCF transverse electric field [138, 139].
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Figure 3.1 Geometry of proposed Circular shaped hollow core PCF

The effective area of the fiber is intimately linked to nonlinearity. The nonlinear coefficient
can be determined using the below equation

- E) 0

where nz denotes the nonlinear refractive index of PCF, A denotes the wavelength and A.s
denotes the effective area of PCF. For silica material (no= 3.2 x 10?2 m?/W) is considered [138,
140].

Confinement loss (L) is the term for the attenuation caused on by the waveguide geometry.
This is a new type of loss that occurs in single material fibers especially in PCFs because they
are generally made of silica and can be determined using the below equation

L. = —20log,o€ *mIners] = 8.686k Im[n, /] (3.4)
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where k, represents the propagation constant (k = 27T/ /1) in free space and Im[neff] denotes
the imaginary part of the complex effective index [120].

The dispersion parameter, D of PCF is calculated by using equation (3.5)

_ & dzRe[neff]

D =
c daa?

(3.5)
where ¢ denotes light velocity in vacuum and Re[n.sf] represents the real part of effective
refractive index [121].

3.3 Results and Discussion

Figure 3.2 shows the basic mode's electric field profile of PCF with and without ethanol filling
the holes. The FV-FEM mode solver is used to compute the effective refractive indices (n.ss)
of the proposed PCF basic guided modes. At transmission wavelength of 1500 nm, n..f
becomes 1.379906281, 1.333575804 and 1.417018929 when air is poured into the entire hole
ring, ethanol is poured into the middle hole ring and ethanol is poured into the entire hole ring,
respectively. The variation of n. (. with wavelengths is shown in Figure 3.3. According to the
figure as wavelength increases, the n, ¢, of the proposed PCFs decreases.

[@ ] [®)]

O,

Figure 3.2 Electric field profile for the basic modes of PCF (a) air is poured into the entire hole ring (b)
ethanol is poured into the middle hole ring (c) ethanol is poured into the entire hole ring, at A = 1500 nm

After obtaining the effective refractive indices for various modes of the PCF, the effective area
is calculated using equation (3.2). At transmission wavelength of 1500 nm, the effective area
of the proposed PCF comes out to be 4.36 pum?, 4.91 um? and 6.39 um? when air is poured into
the entire hole ring, ethanol is poured into the middle hole ring and ethanol is poured into the
entire hole ring, respectively. The effective mode area variation with wavelengths is shown in
Figure 3.4. According to the graph, the A, of the proposed PCF increases as the wavelength
increases and it can also be shown that pouring ethanol into the hole ring increases the effective
mode area compared to pouring air into the hole ring.

The existence of ethanol in the cladding section increases the n,r, of the cladding section of
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the PCF because ethanol has a higher refractive index than air. As a result, when compared to
air-filled holes, the difference in RI between cladding and core region is smaller. When light
passes through the ethanol-filled fiber’s core, some of it leaks into the cladding region,
increasing the effective area. As a result, the ethanol-filled PCF’s effective mode area is larger
than the air-filled PCF.
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Figure 3.3 Effective refractive index variation with wavelength
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Figure 3.4 Effective area variation with wavelength (a) air is poured into the entire hole ring (b) ethanol is
poured into the middle hole ring (c) ethanol is poured into the entire hole ring

After obtaining the A.r; of the PCF, the nonlinear coefficient is calculated using equation
(3.3). At transmission wavelength of 1500 nm, the nonlinear coefficient of the proposed PCF
comes out to be 31.17, 27.36 and 21.28 when air is poured into the entire hole ring, ethanol is
poured into the middle hole ring and ethanol is poured into the entire hole ring, respectively.
Figure 3.5 represents the variation of nonlinear coefficient with respect to wavelength of the
proposed PCF. It can be seen that nonlinearity of the proposed PCF decreases as the wavelength
increases.
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The confinement loss of the proposed PCF is calculated using equation (3.4). At transmission
wavelength of 1500 nm, the confinement loss of the proposed PCF comes out to be
1.03878x10° dB/m, 9.18252x10° dB/m and 2.63927x10° dB/m when air is poured into
the entire hole ring, ethanol is poured into the middle hole ring and ethanol is poured into the
entire hole ring, respectively.
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Figure 3.5 Nonlinear coefficient variation with wavelength (a) air is poured into the entire hole ring (b)
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Figure 3.6 represents the variation of dispersion parameter with respect to wavelength of the
proposed circular shaped hollow core PCF as calculated from equation (3.5). The ZDW is
determined to be 880 nm, 1220 nm and 1250 nm when air is poured into the entire hole ring,
ethanol is poured into the middle hole ring and ethanol is poured into the entire hole ring,
respectively. As indicated from the graph, when the number of hole rings filled with ethanol
increases, a shift in zero dispersion towards higher wavelength is observed, as compare to hole-
rings filled with air. As the value of dispersion is extremely sensitive to the fiber parameters
and the doping level of the materials, like the difference between the refractive indices and core
radius, dispersion can be changed by doping the silica with different materials and changing
the n.¢¢ values of the guided mode. Additionally, a rise in effective refractive indices can lead
to an increase in dispersion. Since, the ZDW values achieved in our case are almost close and
equal to the values of pump wavelength as required by the fiber laser devices, this kind of PCF
is found useful in the area of laser technology as well, other than their already proven
utilizations in the field of sensing, telecommunication and non-linear applications. Based on
our research work, a comparison of optical parameters of PCF with and without ethanol filling
the holes is presented in table 3.1. Highest effective area is achieved when ethanol is filled into

the entire hole ring. ZDW is attained for all proposed PCFs with maximum wavelength
reaching in PCF entirely filled with ethanol.

Table 3.1 Comparison of changes in parameters with and without ethanol filling the holes

Optical parameters | Air is poured Ethanol is poured Ethanol is poured
into the entire into the middle hole | into the entire hole
hole ring ring ring
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Figure 3.6 Dispersion graph of the circular shaped hollow core PCF when (a) air is poured into the entire
hole ring (b) ethanol is poured into the middle hole ring (c) ethanol is poured into the entire hole ring

3.4 Summary

This research work proposes a circular shaped hollow core PCF designed by COMSOL
software using finite element method. By regulating the number of hole rings poured with
ethanol, the optical characteristics of the proposed PCF, such as effective area, confinement
loss, dispersion and nonlinear coefficient have been investigated. This study clearly indicates
that when the number of ethanol-filled hole rings increases, the zero dispersion wavelength can
be shifted from 880 nm to 1250 nm, which lies in the near-infrared region. We may conclude
from this research that ethanol has a considerable impact on the effective area and dispersion
parameter. This kind of proposed PCF is very useful in non-linear applications, sensing
applications, laser technology and telecommunication.
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CHAPTER 4

DESIGN AND ANALYSIS OF TWIN CORE PHOTONIC
CRYSTAL FIBER FOR TEMPERATURE AND CHEMICAL
SENSING APPLICATION

This chapter is divided into two main sections. Section 4.1 focuses on the design and simulation
of a TC-PCF for temperature sensing. The structure, featuring two solid cores separated by a
vertical elliptical air hole, enables high birefringence and mode coupling, resulting in a
temperature sensitivity of 21.5 pm/°C over a range of 0 to 1200°C. The effect of air hole
diameter variation on sensor performance is also analyzed.

Section 4.2 presents a TC-PCF-based chemical sensor, where the two cores are filled with
chemicals like ethanol, benzene, and water. The unique elliptical hole arrangement enhances
sensitivity, achieving a maximum of 6667 nm/RIU with a compact 0.03 cm fiber length. This
design offers practical advantages in fabrication and aims to support industrial chemical
detection applications.

4.1 Twin core photonic crystal fiber based temperature sensor with improved sensitivity
over a wide range of temperature
4.1.1 Introduction

Of late, optical fiber sensors have outshined traditional electronic sensors for multi-sensing
capabilities such as pressure, stress, temperature, strain and acoustic signals as they offer a
great number of advantages over latter such as light weight, high sensitivity, relatively
inexpensive, immunity to radio frequency interference and their ability to multiplex sensor
networks. In the field of photonics, photonic crystal fibers (PCFs) exhibit a great potential
compared to conventional optical fibers. Physical characteristics of PCF’s like refractive index,
pressure, displacement, curvature, temperature, torsion, vibration, and electric field can be used
to analyse optical sensors. Its endless single-mode feature and structural analysis make it a
factor to consider for a variety of applications, including sensor, splitter [141]-[143], narrow
band pass filter [144], photonic crystal fiber coupler [145], [146], and wavelength MUX and
DEMUX [147]. A growing number of TC-PCF sensors have been created in recent years, such
as pressure [141], Refractive Index (R.l.) [142], bio and temperature sensors [148], [149].
Many research groups have been actively involved in enhancing the temperature sensitivity of
dual core-PCF. For ex. S. Revathi et. al investigated a pressure and temperature sensor based
upon Dual-Core Photonic Quasi-Crystal Fiber in 2015 and obtained a temperature sensitivity
of about 20 pm/°C over the range of 0 to 1000°C [149]. Similar results have also been observed
by S. Jegadeesan et. al over the same temperature range using different model of PCF [150].
D. Chen and group presented a Dual-Core PCF based pressure/temperature sensor in 2011
achieving a temperature sensitivity of around 20.7 pm/°C over the range of 0 to 1000°C [151].

In this work, we propose a PCF with twin solid cores separated by single vertical elliptical air
hole for a wide temperature sensing range of up to 1200°C. When optical light enters the TC-
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PCF from first core, it travels along the TC-PCF from first core to second core. When
temperature is applied to the TC-PCF, the optical light at the edge of output in second core is
measured with the help of optical analyzer using the transmission graph. The shift in
transmission curve of TC-PCF is observed due to change of R.I. of silica material which thus
helps in determining the temperature sensitivity of the TC-PCF. COMSOL software, which is
based on the Finite Element Method (FEM), is used to design the proposed TC-PCF setup.

4.1.2 PCF structure and result analysis

The proposed TC-PCF is made up of twin-fiber cores separated by single vertical elliptical air
hole. Figure (4.1.1) illustrates the geometry of the proposed TC-PCF. Two missing holes
depicted as A and B represents the twin fiber cores of the PCF. Pitch (A) is the center-to-center
length between air holes. A diameter, d of 1.4 um and a pitch length, A of 2 um is chosen for
air holes for the proposed PCF and pure silica is taken as a background material. The major-
axis of the single elliptical hole in the proposed configuration is a = 1.4 um, the minor axis, b
= 0.9 um and the R.1. of air, nair = 1 is considered. Equation (4.1.1) gives the R.I. of pure silica
(nsitica) Which is called Sellmeier equation.

c1A? cpA? c3A?
17 L G 3

2 —
nSiliCCl (2‘) - 1 + lz—d1 Az—dz AZ_d3

(4.1.1)

The operational wavelength in pm is denoted by A and the Sellmeier coefficients are
€1=0.696166300,  C,=0.407942600,  c3=0.897479400,  d1=4.67914826x10°  pum?
02=1.35120631x102 um? and ds = 97.9340025 pum?, respectively [152].
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Figure 4.1.1 Geometry of proposed twin core PCF

In this work, due to small core-to-core length, twin fiber cores inside the PCF form two
waveguides, each of which is independent (accompanying with coupling mode) to each other.
At 1550 nm, Figure 4.1.2 depicts the electric field vector and amplitude distribution of the four
polarized super-modes viz., the x-even, x-odd, y-even and y-odd. The coupling effect observed
in TC-PCF is attributed to these super-modes based on FEM.
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Figure 4.1.2 Electric field vector and amplitude distribution of the four super-modes: (a) x-polarization
even (b) x-polarization odd (c) y-polarization even and (d) y-polarization odd

Figure 4.1.3 shows the schematic diagram of the PCF sensing set up. Broadband light source,
temperature controller and optical spectrum analyzer are the essential tools. A single-mode
fiber (SMF) can be used to feed light into the fiber core A of the proposed TC-PCF from a
broadband light source. Through another SMF, the output signal can be seen from the fiber
core B in an optical spectrum analyzer. The PCF’s surrounding environment temperature can
be adjusted using the temperature control chamber.

Silica

TC-PCF
Core B
Broadband @ Teperature @» Optical
Li Control Spectrum
ight Source
SMF Chamber SMF Analyzer

Figure 4.1.3 Schematic of PCF sensing set up for temperature sensor

At 1550 nm, the nZ;, even and odd modes are 1.4013807059 and 1.4006623442, respectively

and for nf_,’ff even and odd mode are 1.4009086063 and 1.4001836831, respectively. Figure

4.1.4 demonstrates how the n,f of the even and odd modes variation with wavelength for x-
polarized and y-polarized modes. The effective refractive index falls as the wavelength
increases.

The An,, fluctuation, which is An,, = |[n, — n,|, for x and y polarized modes is depicted in
Figure 4.1.5. As the effective index difference between the core and cladding increases, the
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wavelength increases. The rise in An,, of the TC-PCF implies that light is trapped more tightly
in the core.
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Figure 4.1.5 Variation in An,, with wavelength

The TC-PCF coupling length is defined as

T A
Le=7 [ 2l — i
|IBe _lgol Zlne_nol

where i = x,y, the even and odd mode propagation constants of the TC-PCF are B¢ and B¢,
respectively. Even and odd mode effective refractive indices are represented by ni and n},
respectively [146], [153]. We first estimated the effective refractive indexes of x and y
polarized modes, then calculated the difference in effective refractive indexes for x and y
polarized modes and finally determined their coupling lengths using equation (4.1.2) for

(4.1.2)
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different wavelength.

Figure 4.1.6 depicts the change in coupling length as a function of wavelength. To determine
the value of Coupling length for different wavelength using Eq. (4.1.2), the n,f of four super
modes are first computed followed by the An,,, for x and y polarized mode. It should be noted
that the y-polarized coupling length is smaller than that of x-polarized mode and that the
coupling length reduces as the wavelength increases.
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Figure 4.1.6 Coupling length variation with wavelength

Confinement loss is the term for the attenuation caused by the waveguide geometry. This type
of loss occurs in single material fibers, especially in PCFs because they are generally made of
silica and given by

Confinement loss = —20log10€"k’m["eff] = 8.686k Im[neff] (4.1.3)

where k represents the propagation constant (k = 27T/ A) in free space, A denotes the
wavelength and Im[neff] represents the imaginary part of the complex effective index [154].

The confinement loss of the proposed TC-PCF is calculated using equation (4.1.3). At
transmission wavelength of 1550 nm, the low confinement loss of the proposed PCF comes out
to be 1.23x10* dB/cm, 2.14x10* dB/cm, 2.77x10* dB/cm and 5.39x10%° dB/cm for
x-polarized even, x-polarized odd, y-polarized even and y-polarized odd modes, respectively.

Birefringence causes double refraction when a light ray strikes a birefringent material,
polarization splits it into two different rays that travels in slightly different directions. The
birefringence parameter, B of TC-PCF is calculated by using equation (4.1.4).

B = |Re(n};;) — Re(n),/)| (4.1.4)
where the effective R.l. of x and y polarized modes are represented by ng, and nsz,

respectively [155]. When birefringence is low, the x and y polarized coupling lengths are
almost equal, making it tough to split the light. These two modes are excited because the
proposed twin-core PCF structure supports mode coupling between the two cores. Among
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these, the mode that shows higher sensitivity to changes in the sensing parameter is more
suitable for sensing applications.

According to Figure 4.1.6, the x polarized coupling length of the proposed TC-PCF is larger
than that of y-polarized mode. The high birefringence of 4.721x10** and 4.787x10* is achieved
for even and odd mode, respectively at A = 1550 nm. The changes in birefringence with
operational wavelength and at the applied temperature are shown in Figure 4.1.7.
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Figure 4.1.7 Variation in birefringence with (a) wavelength (b) temperature applied (°C)

Following a length L, the TC-PCF power transfer is computed by using equation (4.1.5).
. 2 71.
I(1) = sin (ZAneoL) (4.1.5)

The effective R.I. difference is denoted by (An,,) and effective R.I. of the even and odd modes
are represented by the letters n} and n!, respectively [146], [156].

Figure 4.1.8 illustrates the TC-PCF power transmission graph for x-polarized mode when the
length is 3 cm at sensing temperature range of 0°C to 1200°C. It should be noted that the
proposed TC-PCF power transmission curve is sinusoidal.
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Figure 4.1.8 TC-PCF transmission curve with a length of 3 cm
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The sensitivity of the proposed twin-core PCF for temperature sensing is determined by shifting
of peaks with the rise in temperature detected across the wide range of 0 to 1200°C. The twin-
core PCF temperature sensitivity is defined as

Sa(nmRIU™Y) = Adpeqr /AT (4.1.6)

where Aldpeak represent the overall shift in wavelength peak due to fluctuation in temperature
and AT is the shift in temperature [157].

The R.I. value of the TC-PCF will vary very little above normal temperature due to the effect
of thermo-optic, when heat is applied to the fiber. Due to its almost zero thermal expansion,
silica is a ceramic with interesting uses as a filler in composites [158]. The relation between
refractive index and applied temperature is determined by using equation (4.1.7).

n=ny+T- (4.1.7)

where n, denotes the R.I. of pure silica at zero degree celsius and the thermo-optic coefficient
of silica is obtained by using the following formula [155]:

= =1075(1/°C) (4.1.8)
For the sensing temperature range of 0°C to 1200°C, Figure 4.1.9 depicts the shift of the
wavelength peak. The transmission graph is linear, shifting to a higher wavelength when the
temperature rises.

Peak wavelength (nm)

0 200 400 600 800 1000 1200
Temperature ( °c )

Figure 4.1.9 Transmission spectrum peak wavelength (nm) with applied temperature (°C)
Figure 4.1.10 depicts the numerical fitting line for shift in wavelength spots in the transmission

curve of TC-PCF when the temperature is applied. For a 3 cm fiber, the twin-core PCF has a
temperature sensitivity of 21.5 pm/°C.

The proposed sensor performance is summarized in Table 4.1.1. The presented sensor
outperformed the recently published PCF sensors, as shown in Table 4.1.1.
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Figure 4.1.10 Numerical line fitting for various wavelength shift values for a 3 cm long TC-PCF at wide

temperature range of 0 to 1200°C

Table 4.1.1 Performance comparison of different PCF sensors with our proposed PCF sensor

Reference Sensitivity Sensitivity
Range

[149] 20 pm/°C 0°C to 1000°C
[150] 20 pm/°C 0°C to 1000°C
[151] 20.7 pm/°C 0°C to 1000°C
[159] 18.5 pm/°C 0°C to 600°C
[160] 15.61 pm/°C 300°C to 1200°C

Proposed 21.5 pm/°C 0°C to 1200°C
PCF

4.1.3 Impact of diameter variation on sensitivity

Figure 4.1.11 shows the TC-PCF power transmission graph for the x-polarized mode with
different diameters when the length is 3 cm at a sensing temperature range of 0°C to 1200°C.
According to figures 4.1.11-a, 4.1.11-b and 4.1.11-c for a temperature sensing range of 0 to
1200°C, the twin-core PCF can achieve a temperature sensitivity of 20 pm/°C at d = 1.2 um,
21.5 pm/°C at d = 1.4 um and 20.5 pm/°C at d = 1.6 um, respectively. As indicated from the
graph, when the diameter of hole rings is taken as 1.2 um, a blue shift towards higher
wavelength is observed, as compared to the diameter of hole rings taken as 1.4 um and when
the diameter of hole rings is taken as 1.6 pm, a red shift towards lower wavelength is observed,
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as compared to the diameter of hole rings taken as 1.4 um. The variation of sensitivity of
proposed TC-PCF with different diameter shown in Table 4.1.2.
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Figure 4.1.11 TC-PCF transmission curve with different diameter of d, (a) 1.2 um (b) 1.4 um and (c) 1.6
pm

Table 4.1.2 Comparison of sensitivity of proposed TC-PCF with different diameters

Diameter Sensitivity
d=12pum 20 pm/°C
d=14pum 21.5 pm/°C
d=16pum 20.5 pm/°C

4.1.4 Summary

Using the COMSOL software and the Finite Element Method, we have proposed a
temperature-sensor based on twin-core PCF highly sensitive over a wide range of temperature.
The high sensitivity is ascribed to the unique combination of circular and elliptical air holes
arranged in our proposed structure. The R.1. of pure silica at different temperature is determined
using the thermo-optic coefficient equation. Furthermore, the proposed PCF temperature
sensitivity is evaluated using coupling length and transmission spectrum calculations. Under
broad temperature sensing range of 0 to 1200°C, the twin-core PCF can achieve a temperature
sensitivity of 21.5 pm/°C for 3 cm fiber length with the diameter of 1.4 um. The key advantages
of a TC-PCF based temperature sensor are its low cost, small size, and better stability. Using
the current existing known PCF manufacturing techniques, facile fabrication of proposed TC-
PCF is possible.
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4.2 Hexagonal lattice twin core photonic crystal fiber based chemical sensor
4.2.1 Introduction

The development of photonic crystal fibers (PCFs), which have salient optical characteristics,
has demonstrated the potential advantages of optical fibers in sensing applications [161]-[164].
These micro structured fibers stand out especially for chemical and biological sensing due to
their exceptional qualities, including their tiny size and relative compatibility [165]-[167].
While in conventional fibers, designing is so difficult, the size of the core is constrained,
selection of material is tough etc. Additionally, these geometry restrictions make the system
less flexible to identify the characteristics of fibers, such as birefringence [166], confinement
loss [168], dispersion [166], relative sensitivity [169] etc. PCF enables long-distance light
propagation that was previously impossible. It is possible to control the characteristics of light
propagation by modifying the air holes in the core and cladding region. In the areas of nonlinear
optics [170], sensing [171] and optical communications [169], numerous research
investigations have previously been conducted. It has been suggested to use a PCF refractive
index (RI) sensor that is based on the surface plasmon resonance (SPR) phenomena. Because
the inside side of the air holes in these fibers contains metal, they are particularly challenging
to make. As a result, the use of fibers based on SPR has extremely few applications. Simple
twin core PCF sensors are extremely effective because they have high sensitivity, easy
fabrication, simple design and require less metal wires for their construction.

In this research work, we proposed a novel type of chemical sensing fiber with two solid cores
separated by a vertical elliptical hole. The sensitivity of the TC-PCF can be determined by
examining the variation in the transmission curve of the TC-PCF caused by changes in the
refractive index of different chemicals, such as ethanol, benzene, and water. The proposed TC-
PCF configuration is designed by the FEM-based COMSOL Multiphysics version 5.2a.

4.2.2 PCF design and result analysis

Figure 4.2.1 shows the configuration of a proposed hexagonal lattice twin core PCF chemical
sensor. Two air holes are eliminated from this design, creating two PCF solid cores. The twin-
fiber cores of the proposed TC-PCF are separated by a vertical elliptical hole and filled with
different chemicals such as ethanol, benzene and water. The proposed Photonic Crystal Fiber
will have elliptical air holes with a pitch length (A) of 2 um. The minor axis of the elliptical
hole is 0.9 um, while the major axis is 1.4 um. The background material selected is pure silica
and its refractive index (R.1.) is determined by the Sellmeier equation [172] and R.1I. of air (Nair
=1) is considered. The refractive index of various analytes like ethanol (n = 1.354), benzyne
(n = 1.366) and water (n = 1.33) is considered [173]. When compared to other complex
structures that have been previously published, this form of PCF structure is quite simple to
fabricate. Here, a normal mode of Mesh analysis is chosen to investigate the proposed PCF
using COMSOL Multiphysics software.

Four super modes in the x and y-polarization are possible according to the theory of PCF mode
coupling [174]. Due to the distinct cores, these four super-modes are possible. The electric field
profile distribution of the four super modes at 1.55 um are shown in Figure 4.2.2.
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Silica Air hole

Figure 4.2.1 Cross-section of proposed twin-core PCF
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Figure 4.2.2 The distribution of the amplitude and vector of the electric field for four super-modes: (a)
and (b) are x-polarization with even and odd symmetry, respectively, while (c) and (d) are y-polarization
with even and odd symmetry, respectively

The PCF sensing setup, as illustrated in Figure 4.2.3, requires crucial equipment such as a
temperature controller, broadband light source, and optical spectrum analyzer. Light can be
introduced into the fiber-core A using a single-mode fiber (SMF) from the broadband light
source, while the output signal can be observed from the fiber core B using another SMF and
an optical spectrum analyzer.

Optical
Broadband ((‘)) @
P d PCF .
Light Source ropose ?;wtlt rum
SMF SMF nalyzer

Figure 4.2.3 TC-PCF sensing arrangement for chemical sensor
The nZ;, even and odd modes at 1.55 um are 1.410891625 and 1.407693967, respectively,
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while the n) . even and odd modes at 155 pm are 1411224356 and 1.408240529,
respectively. Figure 4.2.4 shows how the n, . of the even and odd modes for x-polarized and

y-polarized vary with wavelength. As the wavelength increases, the n,; decreases.

Figure 4.2.5 shows the An,, fluctuation, where An,, = |n, — n,|, for the x and y polarized
modes. When there is an increase in the wavelength of light, the An,, between the core and
cladding of a fiber also increases. The increase in the An,, of the proposed PCF indicates that
the confinement of light in the core has become stronger.
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The coupling length of the proposed PCF is computed using Eqg. (4.2.1).

T A
Le=7 [ 2l — i
|IBe _lgol Zlne_nol

The TC-PCF has even and odd mode propagation constants represented by B: and B,
respectively, where i is either x or y. Additionally, even and odd effective R.I. are denoted by
n’ and n’, respectively [175], [176]. We have determined the coupling length value for various
wavelengths using Eq. (4.2.1). The coupling length variation as a function of wavelength when

(4.2.1)
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the central hole of the TC-PCF is filled with different chemicals such as ethanol, benzene and
water shown in Figure 4.2.6. It should be noticed that the coupling length decreases with
increasing wavelength. The TC-PCF coupling length varies depending on the chemical used
and when water is poured into the central hole of the TC-PCF, it can provide a maximum
coupling length of 0.24 mm at a 1.55 pm wavelength. Also, a small coupling length results in
a greater mode coupling between the two fiber cores.
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Figure 4.2.6 The variation of coupling length with wavelength

The birefringence of the proposed PCF, which is the cause of the double-refraction
phenomenon, is computed using Eq. (4.2.2). In the presence of a birefringent material, the
polarization of a light ray leads to its division into two rays, which propagate in separate
directions.

B = |Re(n%) — Re(n),,)| (4.2.2)

Where the effective refractive indices of the x and y polarized modes is denoted as ng¢, and
ngff, respectively [177]. At 1.55 pm wavelength, the high birefringence of 3.327x10* and
5.466x10*, respectively is attained for the even and odd modes when water is poured into the

central hole of the TC-PCF. Figure 4.2.7 illustrates how birefringence changes with operational
wavelength.

Equation (4.2.3) is used to calculate the power transfer of the TC-PCF after a length L.
T
(1) = sinZ(IAneoL) (4.2.3)

In the given context, the effective refractive indices difference is denoted as (An,,) and the
effective refractive indices of the even and odd modes are denoted as n., and n} respectively
[175]. Figure 4.2.8 depicts the power transmission graph of TC-PCF for different chemicals
when the PCF length is just 0.03 cm. The proposed power transmission graph for TC-PCF
displays a sinusoidal pattern, which should be duly noted.



61

x 10°

=
S
i

=@== Even mode - Ethanol
== Even mode - Benzene
== Even mode - Water
== Odd mode - Ethanol
Odd mode - Benzene
Odd mode - Water

=
N
T

-
T

Birefringence
o o
(2] [ee]
T T

©
N
T

©
N
T

r r

0.8 1 1.2 14 1.6 1.8 2
Wavelength (um)

Figure 4.2.7 The variation of birefringence with wavelength

1} | == Ethanol
- Benzene
Water

0.8

0.6

Transmission

0.2

r

0.8 1 1.2 14 1.6 1.8 2
Wavelength (pm)

(]

Figure 4.2.8 The transmission characteristics of TC-PCF, with a specific length of 0.03 cm

To evaluate the proposed TC-PCF sensitivity for chemical sensing, the shifting of transmission
peaks is observed by changing the refractive index (RI) of different chemicals. The TC-PCF
temperature sensitivity can be described as

Sp(nmRIU™Y) = Aldyeqr/Ang (4.2.4)

where Aldpeak represent the overall shift in transmission curve and An, is the shift in Rl of
different chemicals [178]. The sensitivity of the twin-core PCF, which is 6667 nm/RIU, is
achieved for a fiber length of only 0.03 cm. With other published papers, we have compared the
proposed design sensitivity response. Using a gold nanofilm coated photonic crystal fiber,
Zhen-Kai Fan et al. demonstrated a SPR sensor in 2019 achieving a RI sensitivity of around
3978 nm/RIU [179]. In their study of a SPR sensor based on a PCF with large-sized
microfluidic channels, P. Bing and group found that the sensor had a maximum wavelength
sensitivity of 2000 nm/RIU for a RI detection range of 1.33to 1.39 [180]. G. An et al. presented
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a PCF-SPR sensor with a maximum wavelength sensitivity of around 3233 nm/RIU and an
extra-wide RI detection range of 1.30 to 1.79 [181]. C. Liu et al. presented a SPR sensor in
2018 achieving a RI sensitivity of around 6300 nm/RIU [182]. The main benefits of a proposed
chemical sensor based on TC-PCF are its inexpensive price, compact size and improved
stability.

Table 4.2.1 summarizes the suggested sensor performance. Table 4.2.1 shows that the sensor
presented in this study exhibited superior performance compared to the PCF sensors that were
reported recently. The proposed twin-core photonic crystal fiber (TC-PCF) structure shows
better performance than previously reported sensors due to several design advantages. The
twin-core configuration enables strong optical coupling between the two cores, which
significantly increases the sensitivity to refractive index variations of the analyte.

Table 4.2.1 Comparison of the performance of various PCF sensors, including the PCF sensor proposed

in this study
Reference Sensitivity
[179] 3978 nm/RIU
[180] 2000 nm/RIU
[181] 3233 nm/RIU
[182] 6300 nm/RIU
Proposed PCF 6667 nm/RIU

4.2.3 Summary

This research presents a chemical sensor based on twin-core photonic crystal fiber (PCF) with
a hexagonal lattice structure. The sensitivity of the sensor is evaluated using the Finite Element
Method and COMSOL software by analyzing the coupling length and transmission spectrum.
The results demonstrate the potential of the proposed PCF sensor for chemical sensing
applications. The highest sensitivity achieved for the proposed fiber sensor is 6667 nm/RIU
when the fiber length is 0.03 cm. The result reveals that the size of the proposed TC-PCF
chemical sensor is very compact, of simple design, and easy to fabricate when compared to
other reported works. The small fiber length can help to overcome associated practical physical
constraints during designing and achieve a less complex PCF architecture.
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CHAPTER 5

DESIGN AND ANALYSIS OF ADVANCED BIOSENSING
METHODS UTILIZING PCF FOR THE EARLY
IDENTIFICATION OF A RANGE OF DISEASES, SUCH AS
MULTIPLE FORMS OF CANCER, ESSENTIAL BLOOD
CONSTITUENTS AND MALARIA IN TERAHERTZ
FREQUENCY REGIME

This chapter is divided into three main sections. Section 5.1 presents a twin-core photonic
crystal fiber (TC-PCF) designed for early cancer detection using the refractive index
differences of normal and cancerous cells in the terahertz (THz) regime. The structure features
a central elliptical hole for sample infiltration and achieves exceptionally high sensitivity (up
to 1.67 x 10° nm/RIU) for various cancer types, validated through FEM simulations.

Section 5.2 introduces a D-shaped dual-core PCF (DC-PCF) sensor aimed at detecting major
blood components (RBCs, WBCs, plasma, water, and hemoglobin) in the THz range. The solid
core design and mode coupling theory enable high sensitivity (1.49 x 10° nm/RIU) within an
RI range of 1.33-1.4. The impact of air hole pitch on sensitivity is also analyzed.

Section 5.3 proposes a DC-PCF-based biosensor for early malaria detection by identifying
different infection stages through variations in the refractive index of RBCs. The sensor
demonstrates high sensitivity for the ring, trophozoite, and schizont stages, with values
exceeding 1.1 x 10° nm/RIU, making it a promising tool for biomedical diagnostics.

5.1 Twin core photonic crystal fiber for hazardous cancer cell detection with improved
sensitivity in terahertz (THz) frequency regime
5.1.1 Introduction

Photonic crystal fiber (PCF) has emerged as a promising potential for detection of gas and
chemical due to its flexible architecture, low loss, large effective mode area, high birefringence
and low dispersion [183]. PCF sensors are appropriate for biosensing applications since they
do not require a lot of mechanical components [184]. They have recently been used in the
detection of diseases such as oncovirus [185], cholesterol [186], DNA [187] and glucose [188].
More than 9.6 million people died worldwide in 2018 as a result of oncovirus [189], a virus
that has been related to the emergence of cancer. The smaller size of the virus and how it
diverges around the cell region define the effect of cancer existence. Early detection is essential
for lowering mortality rates because cancer is one of the main causes of death around the globe.
As a result, researchers are concentrating on finding new methods for detecting cancer cells
before they spread, and PCF technology has emerged as an effective approach. Leland C. Clark
used a biosensor to monitor blood glucose levels for the first time in 1962, as reported [190].
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Various methods to detect cancerous cells have been developed throughout time, including
microfluidic devices [191], immunocytochemistry [192], electrochemical methods [193], and
Raman spectroscopy [194]. Particularly, spark fused tapers have been proposed for breast
cancer detection using Raman spectroscopy [195], allowing early detection of cancerous cells
at the molecular level. Using a plasmonic optical fiber, C. Ribaut et al. presented an
immunosensor for lung cancer detection in 2017 [196], while N. Ayyanar et al. presented a
novel PCF based sensor for detection of cancerous cell in 2018. The PCF sensor required
cancerous cells to be injected into 0.6 um air holes, but in fact, this was found to be a
challenging operation [197]. A nanocomposite material-coated photonic crystal based sensor
was also presented that year, but it had a low sensitivity of just 43 nm/RIU [198].

A number of applications, including astrophysics, genetics, biomedical research,
spectroscopy, sensing and telecommunications, are finding the terahertz (THz) band to be
more attractive as a suitable frequency range [199]-[206]. This frequency band, which covers
a broad range from 0.1 to 10 THz, offers a unique range of opportunities for different fields
of study and technological advancements. Researchers have successfully developed chemical
and biosensors that operate in the THz range using PCF technology. These sensors can detect
on a wide range of chemical and biological elements, including salinity [207], cholesterol
[208], blood components [203], and adulterated fuel [209]. PCF sensors, as compared to
traditional fiber sensors, provide greater diversity and standard values for optical parameters,
faster detection systems, and adjustable optical parameters with careful modification of the
cladding and core hole of the PCF. PCF sensors also provide a number of advantageous
characteristics, including improved sensitivity, low confinement loss, light weight and
durability. The potential applications in chemical and biological sensing of PCF-based sensors
have expanded due to the broad range of capabilities they provide. These include using surface
plasmon resonance-based biosensors [210]-[212], investigating RNA and DNA [213]-[215],
identifying cancerous cells [216]-[218], categorizing and detecting alcohol [219]-[223], and
detecting formalin [224], [225] The potential applications in chemical and biosensing of PCF-
based sensors have increased as a result of these characteristics.

The proposed work demonstrates the design of a rapid cancer detection method based on a
TC-PCF architecture in the terahertz (THz) frequency regime. Among the cancer cell types
identified are those that cause blood cancer (Jurkat), cervical cancer (HelLa), cancer of the
adrenal glands (PC12), skin cancer (Basal) and two forms of breast cancer (MDA-MB-231
and MCF-7). The FEM-based detection method assumes that the concentration of cancerous
cell is to be 80% in the form of liquid. The finite element approach is used in a specifically
designed PCF to examine the mode coupling of twin cores as part of the proposed method for
early detection of different cancers. A significant difference was observed by comparing the
changes in birefringence, coupling properties, and transmission between cancerous and
normal cells using different refractive indices. The shift of the transmitted spectrum's largest
wavelength dip is used to evaluate the sensitivity of the proposed TC-PCF sensor. This shows
that a simple TC-PCF-based sensor could be used for the early detection of different cancerous
cells.

5.1.2 PCF sensor design

The cancerous and normal cells, which is inserted within the PCF elliptical central hole,
separates the two solid cores that make up the proposed TC-PCF, which is illustrated in Figure
5.1.1 (a). On the base material, the circular air holes are arranged in a hexagonal pattern with
a pointed orientation. The air holes have a diameter (D) 0f 470 um and a pitch (A) of 500 pm
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between any two adjacent air holes, which maintains the PCF over all air filling fraction (AFF)
0f0.94. The PCF is suitable for operation at THz frequencies with low confinement loss owing
to these dimensions and a constant refractive index of 1.53 for the base material (TOPAS),
offering flexibility in fiber manufacture [226], [227]. FEM based COMSOL Multiphysics
software is used to simulate and design the proposed PCF construction. There are two cores
in the PCF named as Core A and Core B. As shown in Figure 5.1.1 (a), these cores are created
by vertically eliminating two air holes that are located in the middle of the PCF. The elliptical
hole in the center of the PCF is used for inserting a normal and cancerous cell to be detected.
The major-axis of the elliptical hole in the proposed configuration is a = 260 pm, the minor
axis, b = 140 pum is considered. According to Figure 5.1.1 (b), the geometrical meshing
statistics required 3173 edge elements, 360 vertex elements and 24,222 triangular elements
for the proposed PCF. The R.I. of the surroundings has a significant impact on the way light
propagates in the core region of PCF. Therefore, both normal and cancerous cells exhibit a
noticeable shift in the coupling length, transmission curve and birefringence. The R.I. and
liquid percentage (%) of both normal and cancerous cells are obtained from [197], [228].
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Figure 5.1.1 (a) Cross-sectional view and (b) geometrical meshing statistics of proposed twin-core PCF
sensor

A general experimental setup to detect different cancerous cells is shown in Figure 5.1.2. A
single mode fiber (SMF) is used in the setup to transmit light into the TC-PCF from a light
source like laser or LED. An optical spectrum analyzer (OSA) can be used to see the output
signal via another SMF. Between the TC-PCF and the SMF, a splice-free connecting approach
can be used to reduce coupling losses. The OSA can be used to examine the shift in wavelength
of the transmission spectra to detect the presence of cancerous cells. This procedure offers a
simple and effective way to detect different cancerous cells.

According to coupling theory, the guided mode of a twin-core PCF contains four supermodes
polarized in the X and Y directions that stand in for the even and odd modes at a frequency of
0.75 THz. The distribution of these four supermodes electric fields in the proposed PCF is
illustrated in Figure 5.1.3.

5.1.3 Results simulation and discussion

The variation of effective refractive index difference between even and odd mode (An,,) for
the x-polarized and y-polarized direction in Figure 5.1.4 show how the effective refractive
index difference for different normal (30-70%) and cancerous cell (80%) decreases as the
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frequency increases. A higher confinement of light within the core is implied by the decrease
in An,, with frequency seen in the proposed TC-PCF.
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Figure 5.1.2 General representation of the PCF sensing setup for cancer cell detection
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Figure 5.1.3 Electric field distribution of (a) x-even, (b) x-odd, (c) y-even and (d) y-odd mode at a
frequency of 0.75 THz

A birefringent material can cause light to be divided into two separate rays that travel in
different directions when it is subjected to polarization. Birefringence is the main cause of the
optical phenomenon, known as double refraction. To calculate the TC-PCF birefringence
parameter, B, equation (5.1.1) is used.

B = |Re(n};) — Re(n),/)| (5.1.1)

where the ng;, and ngff symbols stand for the effective refractive indices of the x-polarized

and y-polarized modes, respectively [228]. The total amount of variations in birefringence with
changes in frequency is shown in Figure 5.1.5 for both cancerous (80%) and normal cell (30-
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70%). The maximum range of birefringence, which exhibits a downward trend, is between
0.0026 and 0.0015. The sensitivity and coupling length of the proposed geometry are directly
correlated with its birefringence. The proposed sensor birefringence starts at 0.0026 and
decreases linearly as the frequency increases until it achieves a low birefringence value of
0.0015.
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Figure 5.1.4 Variation of An,, with frequency for normal and cancerous cell (a) Hela and Jurkat (b)
MDA-MB-231 and PC12 (c) Basal and MCF-7

The smallest length at which the maximum transmission of light can efficiently pass through
the core for a PCF is known as the coupling length. This is applicable to both X and Y
polarization and can be calculated by using equation (5.1.2).

T A
Le=7 TR I
|.Be _.Bol 2|ne_n0|

where BL and B} respectively, are used to denotes the propagation constants of the even and
odd supermodes with i = x,y polarization, symbol A represents the wavelength and the
symbols nl and n}, respectively, denotes the effective refractive indices for the even and odd
mode [229]. The coupling length gradually varies as the frequency changes for both normal
cells (30-70%) and cancerous cells (80%), as seen in Fig. 5.1.6. The graph indicates that the
maximum coupling length that can be achieved lies between 0.8435 m and 6.013 m, with an
upward curving trend.

(5.1.2)

The amount of optical power that is transferred between cores in a TC-PCF varies with the

PCF length (L), according to the mode-coupling theory. The following expression can be used
to describe this:

L) = sinZ(%AnLeoL),with i=xy (5.1.3)
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where symbol An; ., denotes the effective refractive index difference for the even and odd
modes [229].
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Fig. 5.1.5 Variation of birefringence with frequency for normal and cancerous cell (a) Hela and Jurkat (b)
MDA-MB-231 and PC12 (c) Basal and MCF-7

By incorporating both x and y polarized light, the TC-PCF displays the total intensity of the
operating light as output. The total output can be determined by taking into consideration the
unique properties of the orthogonal x and y polarized light [230].

1) = L +1, (5.1.4)

Equation (5.1.3) and equation (5.1.4) can be used to determine the total output intensity.

I =1- cos[ (5.1.5)

n(An, + Any)Ll CoS [n(Anx - Any)Ll

A A
The output intensity spectra for both normal and cancerous cells is illustrated in Figure 5.1.7
using fibers with varied lengths and frequency between 0.7 and 0.8 THz. The maximum dips
observed for different cancerous cells (80%) were at wavelengths of 3.963 x 10° nm, 3.994 x
10° nm, 3.968 x 10° nm, 3.963 x 10° nm, 3.973 x 10° nm and 3.984 x 10° nm for Hela, Jurkat,
PC12, Basal, MDA-MB-231 and MCF-7, respectively with corresponding fiber lengths of 1.0
m, 1.0 m, 0.8 m, 2.0 m, 0.6 m, 0.5 m, respectively. In contrast, different normal cells (30-70%)
showed their maximum dips at 4.207 x 10° nm, 4.207 x 10° nm, 4.189 x 10° nm, 4.237 x 10°
nm, 4.207 x 10° nm and 4.195 x 10° nm for Hela, Jurkat, PC12, Basal, MDA-MB-231 and
MCF-7, respectively with corresponding fiber lengths of 1.0 m, 1.0 m, 0.8 m, 2.0 m, 0.6 m, 0.5
m, respectively.
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The wavelength shift in the transmission spectra caused by change in cancerous and normal
cells is used to determine the proposed sensor's sensitivity. The proposed TC-PCF sensitivity
for cancerous cell is defined as

Sa(nmRIU™Y) = Adpy,/An; (5.1.6)

where Alpip represents the overall shift in maximum wavelength dip and An; is the difference
in R.1. for normal and cancerous cell [228].
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Fig. 5.1.6 Variation of coupling length with frequency for normal and cancerous cell (a) Hela and Jurkat

(b) MDA-MB-231 and PC12 (c) Basal and MCF-7
The proposed sensor has a sensitivity of 1016666.67 nm/RIU, 1521428.57 nm/RIU,
1578571.42 nm/RIU, 1370000 nm/RIU, 1671428.57 nm/RIU and 1507142.85 nm/RIU for
Hela, Jurkat, PC12, Basal, MDA-MB-231 and MCF-7 cancerous cells, respectively, as
obtained by using Equation (5.1.6). A comparison of the sensitivity between the proposed
sensor and the sensor reported in the reference [185], [197], [228], [231]-[233] is shown in
Table 5.1.1. The findings show that our proposed TC-PCF sensor has higher sensitivity over
the currently available sensors, to the best of our knowledge. Previous models had a drawback
in that they only evaluated the performance of individual cancer cells in relation to that of
nearby cancer cells. They didn't compare cancerous cells to normal cells while making their
evaluation. The proposed method aims to get over this limitation by detecting various
cancerous cell bio-samples in contrast to normal cells. This method is considered to be the most
effective one for detecting cancer.
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Table 5.1.1 Comparison between the sensor sensitivity and structure of the proposed and previous

Reference

PCF Structure

reported sensors

Cell Name

Sensitivity
(nm/RIV)

Background
Material

[228] Side polished Cervical cancer (HelLa) 10208.33 Silica
PCF Blood cancer (Jurkat) 10714.28
Adrenal glands cancer (PC12) 10000
Skin cancer (Basal) 17500
Breast cancer (MDA-MB-231) 17857.14
Breast cancer (MCF-7) 18071.42
[197] Dual-core PCF Cervical cancer (HelLa) 7083.33 Silica
Skin cancer (basal) 6000
Breast cancer (MDA-MB-231) 7857.14
[185] Triangular shape Blood cancer (Jurkat) 8571.43 Silica
PCF
[231] Bottom-Side Cervical cancer (HelLa) 20000 Silica
Polished PCF Blood cancer (Jurkat) 22857
Adrenal glands cancer (PC12) 20714
Skin cancer (Basal) 20000
Breast cancer (MDA-MB-231) 21428
Breast cancer (MCF-7) 25000
[232] Heart-shaped PCF Cervical cancer (HeLa) 7916.67 Silica
Blood cancer (Jurkat) 8571.43
Adrenal glands cancer (PC12) 9285.71
Breast cancer (MDA-MB-231) 10000
Breast cancer (MCF-7) 10000
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[233] Side tapered PCF Cervical cancer (HelLa) 4333.33
Blood cancer (Jurkat) 4642.86 Silica
Adrenal glands cancer (PC12) 5500
Skin cancer (Basal) 3150
Breast cancer (MDA-MB-231) 6428.57
Breast cancer (MCF-7) 7142.86
Proposed Twin-Core PCF Cervical cancer (HelLa) 1016666.67 TOPAS
Structure Blood cancer (Jurkat) 1521428.57 (cyclic olefin
Adrenal glands cancer (PC12) 1578571.42 copolymer)
Skin cancer (Basal) 1370000
Breast cancer (MDA-MB-231) 1671428.57
Breast cancer (MCF-7) 1507142.85

5.1.4 Impact of diameter variation on sensitivity

Figure (5.1.8), (5.1.9), (5.1.10) (5.1.11), (5.1.12) and (5.1.13) illustrates the TC-PCF
transmission curve with different diameters for Hela, Jurkat, PC 12, Basal, MDA-MB-231 and
MCEF-7 cell, respectively with corresponding fiber lengths of 1.0 m, 1.0 m, 0.8 m, 2.0 m, 0.6
m, 0.5 m, respectively. Figure (5.1.8-a), (5.1.8-b) and (5.1.8-c) shows the proposed TC-PCF
can obtain a sensitivity of 1008323.56 nm/RIU at D = 466 pm, 1012334.34 nm/RIU at D = 468
pmand 1016666.67 nm/RIU at D =470 pum, respectively for Hela cell. Figure (5.1.9-a), (5.1.9-
b) and (5.1.9-c) indicates the proposed TC-PCF can obtain a sensitivity of 1507142.85 nm/RIU
at D = 466 pm, 1514285.71 nm/RIU at D = 468 um and 1521428.57 nm/RIU at D = 470 um,
respectively for Jurkat cell. Figure (5.1.10-a), (5.1.10-b) and (5.1.10-c) illustrates the proposed
TC-PCF can obtain a sensitivity of 1576757.37 nm/RIU at D = 466 um, 1578486.50 nm/RIU
at D =468 um and 1578571.42 nm/RIU nm/RIU at D = 470 um, respectively for PC 12 cell.
Figure (5.1.11-a), (5.1.11-b) and (5.1.11-c) shows the proposed TC-PCF can obtain a
sensitivity of 1360157.89 nm/RIU at D = 466 um, 1363654.15 nm/RIU at D = 468 um and
1370000 nm/RIU nm/RIU at D = 470 um, respectively for Basal cell. Figure (5.1.12-a),
(5.1.12-b) and (5.1.12-c) indicates the proposed TC-PCF can obtain a sensitivity of 1662471.65
nm/RIU at D = 466 um, 1666757.37 nm/RIU at D = 468 um and 1671428.57 nm/RIU nm/RIU
at D =470 pum, respectively for MDA-MB-231 cell. Figure (13-a), (13-b) and (13-c) illustrates
the proposed TC-PCF can obtain a sensitivity of 1498258.96 nm/RIU at D = 466 um,
1502324.65 nm/RIU at D = 468 um and 1507142.85 nm/RIU nm/RIU at D = 470 um,
respectively for MCF-7 cell. Diameter optimization indicates the proposed TC-PCF sensor has
superior sensitivity at D = 470 um.
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5.1.5 Summary

In this work, for the early detection of different cancerous cells, a novel type of sensor based
on TC-PCF technology has been introduced by using the Finite Element Method and the
COMSOL software. Our proposed sensor comprises injecting the sample cell (normal or
cancerous) in the form of fluid, which interacts with the electric field during the propagation
of light between the two cores of the TC-PCF, into the central elliptical hole of the structure.
The guiding characteristics of transmission, are strongly influenced by the R.I. of the sample
cell. As aresult of the different R.1. values between normal and cancer cells, the proposed TC-
PCF displays distinct optical properties for both types of cells. The proposed sensor can achieve
a high sensitivity of 1016666.67 nm/RIU, 1521428.57 nm/RIU, 1578571.42 nm/RIU, 1370000
nm/RIU 1671428.57 nm/RIU and 1507142.85 nm/RIU for Hela, Jurkat, PC12, Basal, MDA-
MB-231 and MCF-7 cancerous cells, respectively based on numerical analysis. Our proposed
sensor exhibits great potential for the detection of different cancerous cells in the future because
of its simple design and sensing technique.

5.2 Design and Optimization of Terahertz Based D-shaped Photonic Crystal Fiber for
Blood Component Detection
5.2.1 Introduction

Biosensors are devices that employ biological components like antibodies, enzymes and
nucleic acids to detect the presence of certain biological components or substances. RBCs,
hemoglobin, WBCs, plasma, and water are among the components of human blood that are
able to be detected using photonic crystal fiber (PCF) based biosensors [234]. Human blood is
an intricate fluid that composed of over 4000 functional elements [235]. It is essential for
supplying nutrients and oxygen to body cells while aiding in the removal of waste. Blood is
thicker than water because it contains numerous cells and proteins. The average quantity of
blood within a human body is 5 liters (7%) of blood. This blood volume contains 55% plasma,
a liquid portion of which comprises 99% water and the remaining blood volume contains
various components [236]. Protein is an essential part of plasma, playing crucial roles in
promoting blood clotting and facilitating the transportation of diverse substances within the
blood. Blood also contains glucose and variety of dissolved nutrients. Approximately 45% of
the total blood volume is made up of blood cells, with white blood cells engaging in infection
defense, red blood cells are specialized cells responsible for oxygen delivery to tissues and
dedicated to transporting respiratory gases [237]-[239], and platelets aiding in the clotting
process. Analyzing blood samples is an essential part of the diagnostic process to identify the
presence of numerous disorders associated with blood such as thalassemia, anaemia,
myeloma and haemophilia [234].
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By using PCF technology, the sensor not only addresses the limitations of conventional systems
but also enhances optical properties with greater diversity. Moreover, it boasts quicker
detection of biological analytes compared to conventional methods. The PCF-based sensor's
standout achievement is its ability to adjust optical properties by fine-tuning the arrangement,
dimensions, and configurations of its air holes. Furthermore, these sensors built on PCF
technology guarantee elevated sensitivity, compactness, affordability, resilience, and
heightened versatility. This is accomplished by offering effective remedies for a wide array of
environmental and industrial challenges [240]. In recent years, the PCF-based sensor has
emerged as an intelligent component within fiber optic technology, showcasing its substantial
potential across various applications. These encompass chemical sensing [241]-[243], alcohol
sensing [244]-[246], genetic diagnostics [247][14], time domain spectroscopy [248], [249],
cancer detection [250]-[253], medical diagnosis [254], RNA analysis [248], DNA analysis
[255], [256] etc. particularly within the terahertz frequency range. This frequency band,
spanning from 0.1 to 10 THz, occupies the space between microwave and infrared frequencies
within the electromagnetic spectrum. Of particular note, terahertz-based photonic biosensors
have garnered significant attention for their applications in sensing and detection, notably
within the realm of biomedical sensing [257].

However, the benefits of photonic crystal fibers (PCF) provide researchers with the opportunity
to investigate diverse models for detecting various analytes within the THz range. For instance,
a noteworthy achievement in chemical sensing was demonstrated by Asaduzzaman et al., who
attained a sensitivity of 49% at a wavelength range from 0.7 to 1.7 um [258]. Several studies
have been conducted to detect substances like water, benzene, and ethanol. Sen. et al.
introduced a model with a hexagonal structure that achieved relative sensitivities of 57%,
57.27% and 57.18% for water (n = 1.33), benzene (n = 1.366) and ethanol (n = 1.354),
respectively [259]. Additionally, Kanmani et al. proposed a PCF model that achieved
remarkable relative sensitivities of 77.23%, 77.18% and 77.08% for water (n = 1.33), ethanol
(n = 1.354) and benzene (n = 1.366), respectively [260]. In 2019, Podder et al. developed a
PCF sensor that exhibited a relative sensitivity of 63.4% in detecting sulfuric acid for the
maximum concentration of H>SO4 at a wavelength range from 0.8 to 1.8 um [261]. Another
notable example is the circular PCF designed for sensing blood components presented, where
a maximum sensitivity of 66.49% was achieved at a wavelength range from 0.7 to 1.4 um. The
primary aim of this proposed work is to detect numerous human diseases and play a crucial
role in medical science [234]. Further advancements were made by Ahmed et al. in 2018,
achieving an even higher sensitivity of approximately 80.93% for RBCs, 80.56% for
hemoglobin, 80.13% for WBCs, 79.39% for water, and 79.91% for plasma in the THz
frequency range from 1.5 THz to 3.5 THz [236]. In 2020, a novel hollow rectangular core
photonic crystal fiber (RCPCF) was specifically designed for detecting crucial blood
components. This innovative fiber structure features six rectangular air holes arranged in a
horizontal configuration, forming the cladding. Topas was chosen as the primary bulk material
due to its remarkable properties in the THz range. The sensor operational range spans from 0.8
THz to 1.8 THz, offering significant advantages such as a high mode area, minimal
confinement loss, and exceptional relative sensitivity. At the high-frequency end of 1.8 THz,
the RCPCF demonstrates exceptional relative sensitivity results of 94.38% for RBCs, 93.72%
for hemoglobin, 92.94% for WBCs, 90.8% for water, and 92.14% for plasma [262]. Recently
in 2023, Vijayalakshmi et al. developed a bi-core PCF sensor that exhibited a maximum
sensitivity of 6930 nm/RIU in detecting blood component such as RBCs, hemoglobin, WBCs,
plasma, and water, covering the refractive index range of 1.33 to 1.40 [263]. These discussions
clearly indicate that there exists significant potential for enhancing the sensing properties of
PCF-based models.
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In this study, a DC-PCF has been proposed for detecting primary blood components such as
RBC, WBC, water, plasma and hemoglobin. The proposed sensor has demonstrated superior
sensitivity, achieving 1487500 nm/RIU with a fiber length of 0.2 m in the frequency range
from 0.7 THz to 0.8 THz. The achieved high sensitivity of the designed sensor is attributed to
a thorough analysis of diverse PCF parameters, thereby rendering it highly applicable for a
wide range of applications in the field of biosensing. Operating effectively within a refractive
index (RI) range spanning from 1.33 to 1.40, the sensor distinguishes itself by achieving
remarkable sensitivity without resorting to the use of any plasmonic materials. A
comprehensive exploration of various PCF parameters has been undertaken, encompassing
factors like RI difference, birefringence, coupling length, transmission spectrum and
transmittance curve. By closely monitoring spectral shifts of the transmittance curve aligned
with their corresponding refractive indices, the distinctive components present in blood can be
accurately discerned and identified. The proposed sensor presented here is designed using
COMSOL Multiphysics software. The proposed biosensor has the potential to be a highly
sensitive and selective option for detecting blood compositions.

5.2.2 Design Methodology

Figure 5.2.1 (a) depicts the design configuration of the proposed THz PCF sensor, which is
constructed using TOPAS material, alongside a detailed depiction of the D-shape structure. We
opt for a solid core due to its ability to facilitate the operation of light across a wide range of
wavelengths. The central elliptical hole of the PCF is utilized for the insertion of blood
components, with the aim of their detection. Different analytes, including RBC, WBC, water,
plasma, and hemoglobin have a distinct refractive index (RI), with values of 1.40 for RBC,
1.36 for WBC, 1.33 for water, 1.35 for Plasma and 1.38 for hemoglobin. To enhance sensitivity,
we have removed one air hole on each side from the central elliptical hole. This results in the
creation of a dual-core structure for the sensor, where light confinement occurs between these
two cores. In the proposed configuration, the elliptical hole's major axis (a) is 340 um and
minor axis (b) is 190 um are taken into consideration. The air holes, with a diameter (d) of 470
Mm and spaced at a pitch (A) of 500 pm between any two consecutive holes, ensure a consistent
air filling fraction (AFF) of 0.94 throughout the PCF. A fine mesh is employed during
simulation, whereas a parametric sweep is applied to vary the operating frequency. As depicted
in Figure 5.2.1 (b), the geometric meshing statistics for the proposed PCF included 2,016 edge
elements, 203 vertex elements, and 14,556 triangular elements. TOPAS has been selected as
the background material for the proposed structure due to its remarkable optical properties,
including exceptional transparency, strong resistance to acids and alkalis, nice
biocompatibility, a wide range of adjustable deflection temperatures, a constant refractive
index (n = 1.53) across a broad frequency range, impressive strength, excellent heat resistance,
outstanding water vapor barrier characteristics, significant light transmission (91%), suitability
for high humidity conditions, and minimal material dispersion [240], [264] To date, various
fabrication methods have been documented, including capillary stacking, sol-gel, extrusion,
and 3D printing. Capillary stacking and the sol-gel technique are commonly employed for
manufacturing circular and elliptical holes [265], while asymmetric hole structures
(rectangular) have been successfully fabricated through extrusion [266] and 3D printing [267].
Consequently, the capillary stacking and sol-gel methods are recommended for fabricating the
proposed DC-PCF sensor structure. The method prototype, depicted in Figure 5.2.2, involves
stacking small span capillaries of fixed diameters into a glass tube of larger diameter to achieve
completion. The proposed sensor introduced here is constructed using COMSOL Multiphysics
Software, which is affiliated with the numerical approach known as the finite element method
(FEM).
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Fig. 5.2.1 Design of the proposed PCF sensor with dual solid cores: (a) 2D cross section view and (b) Fine
mesh statistics
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Fig. 5.2.2 Fabrication technique for proposed PCF using capillary stacking

The experimental setup for assessing the accuracy of identifying blood components using the
proposed PCF biosensor is depicted in Figure 5.2.3. A broadband light source (BLS) is used to
transmit optical light via a single-mode fiber (SMF). The SMF can be connected to the
biosensor using the Fujikura Splicer splicing method. Various blood components are positioned
in the sensing channel. Prior to measuring new samples, the PCF biosensor probes are required
to undergo washing with deionized water. Changes occur in blood component samples as they
react with ligands inside the sensing channel. The interaction between ligands and target
molecules induces changes in the optical properties (wavelength shift in the transmittance
spectrum) of the guided mode in the DC-PCF sensor. These optical changes are detected and
analyzed to quantify the various blood components. The optical spectrum analyzer (OSA)
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captures the focused light through the SMF. In the end, the computer connected to the OSA
generates the final spectrum.
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Fig. 5.2.3 Representation of experimental setup for blood component detection

5.2.3 Results analysis and discussion

In the cross-sectional view, there are two fiber cores that establish separate waveguides, and
within PCFs, mode coupling can occur. In DC-PCF sensors, mode coupling describes the
interaction and transfer of optical power between the modes of the two fiber cores. This
phenomenon is influenced by factors such as core separation, wavelength, and external
perturbations like temperature, pressure, and strain. The strength of mode coupling, quantified
by the coupling coefficient, is critical for the sensor's performance and sensitivity [268].
According to the theory of mode coupling, the interaction in a dual-core fiber can be explained
through the description of four super modes, encompassing both even (x-even and y-even) and
odd (x-odd and y-odd) modes.

These super-modes arise from the inherent modes of the individual cores, showcasing
symmetric and anti-symmetric field distributions, respectively. Figure 5.2.4 shows the
distribution of the electric field among the dual core for the x and y polarized super-modes at
a frequency of 0.75 THz. Figure 5.2.5 depicts a three-dimensional (3-D) visualization
showcasing the electric field strength across various modes.

The initial estimation of the difference in effective refractive indices between the even and odd
super-modes serves as a starting point for calculating the other parameters. It is evaluated by

An,, = |n, —n,| (5.2.1)

where, n, and n, represent the effective refractive indices for even and odd modes,
respectively.

The graph in Figure 5.2.6 illustrates how the effective refractive index difference (An,,)
between even and odd modes varies for x-polarized directions. It demonstrates that as the
frequency increases, the effective refractive index difference decreases for primary blood
components.
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Fig. 5.2.4 Electric field distribution within a symmetric core, showcasing four distinct modes: (a) even x-
polarization (b) odd x-polarization (c) even y-polarization and (d) odd y-polarization
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Fig. 5.2.5 3-D view of Electric field distribution for four distinct modes: (a) even x-polarization (b) odd x-
polarization (c) even y-polarization and (d) odd y-polarization

Birefringent materials can induce the phenomenon of double refraction, wherein light is split
into two distinct rays traveling in different directions upon polarization. The calculation of the
birefringence parameter, B, specific to DC-PCF, involves employing equation (5.2.2).

B = |Re(n};) — Re(n),/)| (5.2.2)

where, the symbols ng; and "fo represent the effective refractive indices corresponding to

the x and y-polarized modes, respectively [261]. Figure 5.2.7 illustrates the overall variation in
birefringence with frequency changes. Within the frequency range of 0.0062 to 0.0035, there
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is a discernible descending trend in the maximum range of birefringence. The sensitivity and
coupling length of the proposed design exhibit a direct correlation with its birefringence. The
initial birefringence of the proposed sensor is 0.0062, and it undergoes a linear decrease with
increasing frequency until it reaches a minimal birefringence value of 0.0035.
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Fig. 5.2.6 Change in refractive index difference varies with different frequency

The coupling length, defined as the minimum length at which optimal light transmission occurs
through the core of a PCF. It can be determined by using equation (5.2.3).

T A
Le=7 T Y
|.3e _:Bol Zlne_nol

where, B¢ and B} represent the propagation constants of the even and odd supermodes with
i = x,y polarization, A is the wavelength, and n}, and n’, denote the effective refractive indices
for the even and odd modes, respectively [269]. The coupling length changes gradually with
the frequency, as depicted in Figure 5.2.8. The graph reveals that the maximum achievable
coupling length falls within the range of 0.0387 m to 0.1011 m, exhibiting an upward-curving
trend.

(5.2.3)

To detect blood constituents in a sample analyte, the coupling mode theory is employed, where
power is transmitted between the two cores. The power transferred from first core to another
in the designed DC-PCF is computed by utilizing equation (5.2.4).

1) = sinz(%AneoL) (5.2.4)

where, symbol L represents the length of the fiber, and A denotes the wavelength [270]. Figure
5.2.9 depict the transmission curve achieved for the primary blood constituents for x polarized
light with corresponding fiber length of 0.2 m. These graphs cover the refractive index range
of 1.33 to 1.4. It is worth noting that the power transmission graph of the proposed DC-PCF
follows a sinusoidal pattern.
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Fig. 5.2.8 Change in coupling length with respect to different frequency

Moreover, when taking into account the optical light entering the initial core, the transmittance
can be determined by using equation (5.2.5).

T, = 10logy, -2 (5.2.5)

Pin

here, we consider Pin as the maximum power of Pout [263].

Figure 5.2.10 display the transmittance curve for the five main blood constituents, covering the
refractive index range of 1.33 to 1.4, for x polarized light with corresponding fiber length of
0.2 m. By monitoring the shift in refractive index (RI), it is possible to sense and detect the
corresponding blood component. The frequency peaks (fyeqr ) Observed for major blood
constituents, like water, plasma, WBC, Hemoglobin and RBC at 0.74 THz, 0.766 THz, 0.78
THz, 0.724 THz and 0.758 THz, respectively.



81

1 M 1
= 0.8} 1
o
7]
N 06+ —
£
2 \
o 0.47
=
0.2 "o (1
I WEC (1.36)
Hemoglobin (1.38)
RBC (1.4)
8.7 0.72 0.74 0.76 0.78 0.8
Frequency (THz)

Fig. 5.2.9 Transmission curve of a DC-PCF with a length of 0.2 m

Sensitivity is a crucial parameter used to evaluate the performance of PCF sensor. It is
determined by examining the peak shift in response to changes in the refractive index of the
blood constituent. This is articulated as follows;

Sa(nmRIU™Y) = Adpeqr/An, (5.2.6)

where, Ad,.qi represents the shift in wavelength peak, An, denotes the difference in Rl of the
speed of light (c¢)

blood samples and (Apeak = - ) [271]. The maximum sensitivity determined for
peak

the main blood constituents, spanning from 1.33 to 1.4, is 1487500 nm/RIU. Table 5.2.1 depicts
a thorough examination of the anticipated outcomes of the proposed PCF biosensor study
alongside a recently reported sensor with a similar sensing range. The analysis reveals that the
sensitivity of the proposed PCF significantly exceeds that of the other PCF biosensor. This
technique is recognized as the simple and most effective approach for blood components
detection.
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Fig. 5.2.10 Transmittance curve of DC-PCF for primary blood components
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Table 5.2.1
Comparison of proposed PCF biosensor with recently reported biosensors
Reference Design of sensor Sensing Sensitivity
structure range (nm/RIU)
[272] D-shape PCF with | 1.355-1.385 5200
pyramid grating
[273] AZO-coated 1.33-1.40 1950
plasmonic PCF
nano sensor
[274] D-shaped PCF RI 1.33-1.354 294.11
sensor
[275] D-shape open-loop 1.35-1.40 3300
PCF temperature
sensor
[263] Bi-core PCF 1.33-1.40 6930
Proposed THz based D-shape 1.33-1.40 1487500
structure DC-PCF

5.2.4 Effect of pitch variation on sensitivity

Figure 5.2.11 demonstrates the pitch variation in the transmittance curve of DC-PCF for the
five primary blood constituents with corresponding fiber length of 0.2 m. Figure (5.2.11-a),
(5.2.11-b), and (5.2.11-c) reveal that the proposed DC-PCF achieves a sensitivity of 1479500
nm/RIU at pitch (A) =498 um, 1487500 nm/RIU at pitch (A) =500 um, and 1483500 nm/RIU

at pitch (A) = 502 um, respectively. Optimizing the pitch demonstrates that the proposed DC-
PCF sensor achieves maximum sensitivity at A = 500 pm.
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5.2.5 Summary

In this manuscript, a highly sensitive DC-PCF based biosensor is presented using COMSOL
Multiphysics Software and FEM method, encompassing a frequency range from 0.7 to 0.8 THz.
The proposed sensor is designed to operate within a refractive index (RI) range of 1.33 to 1.4,
facilitating the detection of main components in blood. The blood constituents analyzed include
water, plasma, WBC, hemoglobin and RBC. Detection and sensing of these components are
achieved through coupling mode theory involving the transfer of power between the twin cores.
A comprehensive investigation of various PCF parameters has been carried out, including
refractive index difference, birefringence, coupling length, transmission spectrum, and
transmittance curve. Our research reveals that the sensor reaches its highest sensitivity,
measuring 1487500 nm/RIU, when utilizing a 0.2 m long fiber at pitch (A) = 500 um. The
simplicity in structure ensures an easy fabrication process for the proposed biosensor. For the
fabrication of the proposed DC-PCF sensor structure, it is recommended to utilize capillary
stacking and sol-gel methods. The exceptional sensing proficiency and straightforward design
of this proposed biosensor establish it as a valuable contender for utilization in both industrial
and medical applications.

5.3 Design and optimization of terahertz photonic crystal fiber based biosensor to detect
malaria disease
5.3.1 Introduction

Photonic crystal fiber (PCF) based sensors are suitable for biosensing applications due to their
minimal need for mechanical components [276]. They have been recently used in detecting
various diseases, including oncovirus [277], cholesterol [278], DNA [279], glucose [280] and
malaria [281]. When mosquito bites a human, it injects a parasite in its sporozoite stage into
the human tissues, initiating the malarial infection process. Within red blood cells (RBCs), this
parasite goes through three stages like ring stage, trophozoite stage and schizont stage. Each
stage has different refractive indices (R.1.) for the infected RBCs. The initial cycle of malaria
is known as ring stage, during which merozoites enter the RBCs and change into uninucleate
trophozoites. Subsequently, multinuclear cells transition from trophozoites to schizonts during
the schizont stage. An important parameter for malaria identification is the R.I. difference
between normal human RBCs and malaria infected human RBCs [282].

The terahertz (THz) band is increasingly gaining attention as a frequency range for many fields,
such as astrophysics, genetics, biomedical research, spectroscopy, sensing, and
telecommunications [283]-[290]. Stretching across 0.1 to 10 THz, this frequency band
provides a diverse range of possibilities for various areas of research and technological
progress. Compared to conventional fibre sensors, PCF sensors offer increased diversity and
standardized optical parameters, fast detection systems, and the ability to regulate optical
parameters via precise modifications to the core and the cladding arrangement of the PCF.

In this study, through the observations of human RBCs interacting with the malaria parasites
(i.e., Plasmodium falciparum), as they progress through various stages of the intraerythrocytic
cycle including ring, trophozoite, and schizont stages, we have proposed a R.1. biosensor using
DC-PCF for the malaria detection. It employs finite element analysis in a specially constructed
DC-PCF to investigate the mode coupling of dual cores as part of the suggested approach to
detect the malaria disease. Notable distinctions were observed when changes in effective R.1.,
coupling characteristics, and transmission curve of the DC-PCF were compared for normal
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human RBCs and malaria infected human RBCs. The shift of the peak wavelength in the
transmission curve is used for sensitivity calculations of the proposed DC-PCF based biosensor
to detect malaria.

5.3.2 Sensor design

The design configuration of the proposed THz DC-PCF based biosensor, which is constructed
using TOPAS material, is shown in Figure 5.3.1 along with a detailed representation of the
hexagonal shape structure. In the DC-PCF, there are two cores referred to as Core A and Core
B, and these cores are formed by removing one air hole on each side from the middle elliptical
hole. The middle elliptical hole of the DC-PCF is utilized to insert analyte, having different
R.1. shown in Table 5.3.1, aiming for their detection. It has a 470 um diameter (D) and a 500
um pitch (A) between neighboring air holes. The DC-PCF maintains an overall air filling
fraction (AFF) of 0.94. This configuration, combined with a constant R.l. of 1.53 for the
background material (TOPAS), makes the DC-PCF suitable for THz frequency operation with
minimal confinement loss, providing manufacturing flexibility [291]. In the proposed
configuration, the elliptical hole has a major axis of 1200 pm and a minor axis of 240 pum.
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Fig. 5.3.1 (a) Configuration of proposed DC-PCF based biosensor (b) Fine mesh statistics

Several fabrication techniques, including capillary stacking, sol-gel, extrusion, and 3D
printing, have been reported till date. Sol-gel and capillary stacking are frequently utilized in
the fabrication of circular and elliptical holes [292], while asymmetric hole structures
(rectangular) have been manufactured successfully by extrusion [293] and 3D printing [294].
Thus, for the fabrication of the suggested DC-PCF sensor structure, capillary stacking and sol-
gel techniques are recommended. The method prototype is shown in Figure 5.3.2 and consists
of stacking tiny span capillaries with fixed diameters into a bigger diameter glass tube in order
to complete the process. The proposed PCF construction is simulated and designed using
COMSOL Multiphysics software, which is based on FEM. During simulation, a fine mesh is
used, and a parametric sweep is utilized to vary the frequency. The geometrical mesh statistics
for the proposed DC-PCF consist of 3,079 edge elements, 344 vertex elements, and 23,644
triangular elements.
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Fig. 5.3.2 Fabrication method for the suggested DC-PCF utilizing capillary stacking

Table 5.3.1 Refractive index of analyte at different stages

Different stages of RBCs Refractive Index References
Normal human 1.402
Infected human at ring stage 1.395
Infected human at trophozoite [282, 295, 296]
1.383
stage
Infected human at schizont 1373
stage

The experimental configuration for evaluating the precision of malaria disease identification
using the suggested PCF biosensor is illustrated in Figure 5.3.3. A broadband light source
(BLS) is employed to propagate optical light over a single-mode fiber (SMF). The Fujikura
Splicer splicing technique connects the SMF to the biosensor. The refractive index of various
analytes at different stages of RBC is located in the sensing channel. Before taking
measurements on new samples, it is necessary to wash the PCF biosensor probes with deionized
water. Various transformations take place at various stages of RBC samples when they interact
with ligands inside the sensing channel. Using the SMF, the optical spectrum analyzer (OSA)
detects focused light. Ultimately, the computer connected to the OSA generates the final

spectrum.
5.3.3 Results and discussion

In DC-PCF sensors, mode coupling refers to the interaction and transfer of optical power
between the modes of the two fiber cores. This process is influenced by factors such as core
separation, wavelength, and external deviations like pressure, temperature and strain. The
effectiveness of mode coupling, measured by the coupling coefficient, is essential for the
sensor's performance and sensitivity [297]. Coupling theory states that the guided mode in a
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DC-PCF comprises of four supermodes. These supermodes are polarized along the X and Y
directions, representing odd and even modes, respectively, at a frequency of 0.75 THz. Figure
5.3.4 illustrates the electric field distribution of the four supermodes. Figure 5.3.5 illustrates a
three-dimensional (3-D) visualization of the electric field intensity across several modes.
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Fig. 5.3.3 Experimental setup of proposed sensor

Figure 5.3.6 illustrates the change in the effective refractive index difference (An,,) for both
X and Y-polarized directions, indicating a decrease in An,, as the frequency rises.

The coupling length, which represents the minimum length for optimal light transmission
through the core of a DC-PCF, is consistent for both X and Y polarizations and can be
determined using equation (1).

T A
Le=7 I I
|.Be _.Bol Zlne_nol

where B. and S} represent the propagation constants of the even and odd modes, A denotes
the wavelength [298]. As depicted in Figure 5.3.7, the coupling length exhibits a gradual
increase with rising frequency.

(5.3.1)

In accordance with the mode-coupling theory, the optical power transmitted between the cores
of a DC-PCF changes with respect to the length (L) of the PCF, as described by the following
expression:

i
L(A) = sinZ(IAnLeoL),Withi =x,y (5.3.2)

where An, .., represents the effective refractive index difference [299, 300]. According to
Figure 5.3.8 we have observed that the proposed DC-PCF power transmission curve is
sinusoidal.

The sensitivity of the proposed biosensor is assessed by analyzing the wavelength shift in the
transmission spectra resulting from changes in various analytes. The sensitivity of the proposed
DC-PCF for detecting malaria is defined as

Sa(nmRIU™Y) = Adpeqr/Any (5.3.3)
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Fig. 5.3.4 Distribution of electric field (a) even x-polarization, (b) odd x-polarization, (c) even y-
polarization, and (d) odd y-polarization

o
A2l A3 A 108 A3
16 2

Fig. 5.3.5 3-D view of Electric field distribution for four distinct modes: (a) even x-polarization, (b) odd x-
polarization, (c) even y-polarization, and (d) odd y-polarization

where AL, denotes the shift in peak wavelength and An; represents the difference in R.1. for
)[301, 302]. Using Eq.
fpeak

(5.3.3), the presented biosensor achieves a maximum sensitivity across different stages, such
as 12,00000 nm/RIU for the ring stage, 11,15263.15 nm/RIU for the trophozoite stage, and
11,13793.10 nm/RIU for the schizont stage under Xx-polarization. Similarly, under y-
polarization, the sensitivity is observed to be 10,50000 nm/RIU for the ring stage, 10,54736.84
nm/RIU for the trophozoite stage, and 10,32758.62 nm/RIU for the schizont stage. Table 5.3.2
illustrates a sensitivity comparison between the proposed biosensor and the those already
available in the literature [281, 303-305].

speed of light (c)

normal and different stages of RBCs and (Apeak =
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Fig. 5.3.6 Variations in An,, with respect to frequency for different stages of RBCs
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Fig. 5.3.7 Variations in coupling length with respect to frequency for different stages of RBCs

5.3.4 Impact of pitch variation on sensitivity

Figure 5.3.9 and 5.3.10 demonstrates the pitch variation in the transmission curve of DC-PCF
for various stages of malaria infected RBCs, including the Ring stage, Trophozoite stage and
Schizont stage. The maximum sensitivity achieved among these stages for three different pitch
values under x and y polarization are shown in Figure 5.3.9 (a-c) and Figure 5.3.10 (a-c),
respectively. It can be observed from Figure 5.3.9 (a-c) that under the x polarization, the
proposed DC-PCF achieves a maximum sensitivity of 11,17142.85 nm/RIU at pitch (A) = 498
pm, 12,00000 nm/RIU at pitch (A) =500 um, and 11,35714.28 nm/RIU at pitch (A) =502 pm,
respectively. Similarly, it can be observed from Figure 5.3.10 (a-c) that under y-polarization,
the proposed DC-PCF achieves a maximum sensitivity of 1024137.93 nm/RIU at pitch (A) =
498 pm, 10,54736.84 nm/RIU at pitch (A) = 500 um, and 10,41034.48 nm/RIU at pitch (A) =
502 um, respectively. Hence, optimizing the pitch demonstrates that the proposed DC-PCF
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sensor achieves maximum sensitivity at A =500 um.
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Fig. 5.3.9 Transmission curve with different pitch (A), for various stages of malaria infected RBCs under
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90

T
== y-pol-norma REC
‘m—y-pol-ring phase
. pol-Trophozoite phase | |

y-pol-Schizont phase

5]

=]
® -
o
=

Transmisssion
o o«
Y o

L L
Transmission

=]

o

o
N
L
°
~

oo

7 071 072 073 074 075 076 077 078 079 08 §7 071 o072 073 074 075 076 077 078 078 08
Frequency (THz) Frequency (THz)

1.2 T T T T T
. pol-normal REC
m—-pol-ing phase

1L s y:pol- Trophozoite phase | |

y-pol-Schizont phase

AN

87071 072 073 o074 075 076 077 078 079 08
Frequency (THz)

Fig. 5.3.10 Transmission curve with different pitch (A), for various stages of malaria infected RBCs under
y polarization (a) 498 pm (b) S00 pm and (c) 502 pm

Transmission
o (=] o
S = o0

o
[N}

TABLE 5.3.2 Comparison of the sensitivity between the sensor presented in this study and sensors
reported in prior research

. . Sensitivity :

Reference Sensing Application (nm/RIU) Background Material

[303] Different cancerous cell identification 2360.12 Silica

D-shape open-loop PCF temperature -

[304] sensor 3330 Silica

[305] D-shaped PCF RI sensor 294.11 Silica

[281] SPR based biosensor for malaria detection 14285.71 Silica
Proposed THz based DC-PCF for malaria detection 12,00000 TOPAS (cyclic olefin

PCF copolymer)

5.3.5 Summary

In this study, a novel biosensing approach to detect the malaria disease is presented by utilizing
a DC-PCF technology and employing the FEM with COMSOL software. The shift in peak
wavelength between normal and malaria-infected RBCs in the PCF biosensor, transmission
spectrum can be used to diagnose malaria. To get the best possible outcomes, the PCF biosensor
specifications have been optimized. Numerical analyses reveal that our biosensor exhibits
remarkable sensitivity across different stages, such as 12,00000 nm/RIU for the ring stage,
11,15263.15 nm/RIU for the trophozoite stage, and 11,13793.10 nm/RIU for the schizont stage
under x-polarization. Likewise, under y-polarization, sensitivities are observed to be 10,50000
nm/RIU for the ring stage, 10,54736.84 nm/RIU for the trophozoite stage, and 10,32758.62
nm/RIU for the schizont stage. Our results demonstrate that the proposed DC-PCF biosensor
exhibits superior sensitivity compared to existing biosensors, to the best of our knowledge, and
can thus, be considered as the most effective to detect malaria disease.
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CHAPTER 6

DESIGN OF PHOTONIC CRYSTAL FIBER BASED
PLASMONIC SENSOR FOR DIABETES DETECTION

6.1 Introduction

In 1993, Jorgenson et al. [306] introduced the use of SPR sensors with optical fibers, sparking
huge interest in research over the years. These sensors exhibit exceptional sensitivity to
variations in refractive index (RI), making them suitable for a wide range of applications such
as fluid sensing [307, 308], environmental monitoring [309], food quality assessment [310,
311], label-free biosensing [312], and medical diagnostics. SPR takes place when the free
electrons at the interface of a metal and a dielectric begin to oscillate collectively, leading to
the formation of surface plasmon waves. When the energy of incoming light matches the energy
of these electrons, SPR is excited, causing resonance. This resonance is highly sensitive to even
the smallest changes in the surrounding environment's RI, leading to shifts in the SPP mode.
By combining SPR with PCF, scientists can develop highly efficient and versatile optical based
sensors with a wide range of uses.

In recent years, photonic crystal fibers (PCFs) have become more popular for use in biosensors.
Researchers are working to overcome problems such as light loss, birefringence, bending loss
and dispersion in these fibers [313-319]. PCFs are particularly effective for detecting different
chemicals and biological compounds, making them valuable in fields such as food safety [320,
321], environmental monitoring [322—-326], and medical testing [327-329]. Their growing
popularity is because of their high accuracy, smaller size, cheap and flexible manufacturing
process.

Over the past few decades, numerous high-quality research studies have been carried out to
design and develop SPR based sensors with exceptional sensitivity. In their study, Azab et al.
[330] introduced a PCF designed with a triangular lattice configuration and 32 circular air holes
embedded in the cladding, resulting in a high sensitivity of 200 nm/RIU. A PCF based on a
hexagonal shape structure, incorporating 31 air holes in the cladding region, was designed
using gold as the plasmonic material and demonstrated a high wavelength sensitivity of 1000
nm/RIU [331]. To improve sensing precision, Dash et al. [332] proposed a PCF made from
polymethyl methacrylate (PMMA) and utilized indium tin oxide as the plasmonic material,
resulting in a maximum sensitivity of 2000 nm/RIU. To overcome the requirement of inserting
samples into the PCF, common in internal sensing techniques, Hasan et al. [333] introduced an
SPR sensor based on an external sensing approach, utilizing fewer air holes in the cladding
than earlier designs. Over the past few years, numerous researchers have examined D-shaped,
H-shaped and alternative PCF designs with the aim of advancing SPR sensing capabilities.
They have investigated SPR based sensors performance using different plasmonic materials,
such as gold, silver, metallic oxides and graphene, to enhance overall sensing efficiency [334—
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337]. The field of PCF-based sensing is advancing swiftly, offering opportunities to address
current challenges and design novel SPR sensors based on PCF technology.

This work presents a simple PCF-based SPR sensor for diabetes detection. Once the PCF is filled with
diabetic samples, variations in their Rl lead to a shift in the SPR wavelength, as observed through
confinement loss measurements. A noticeable shift in the resonance wavelength occurs between normal
and diabetic samples when the SPP mode effectively couples with the core mode at resonance. This
wavelength shift is influenced by the RI variations of diabetes sample. The proposed sensor sensitivity
is evaluated by analyzing the shift in wavelength observed in the confinement loss spectrum
corresponding to the RI differences between infected and normal diabetes sample. The modelling and
analysis of the proposed PCF-SPR sensor are carried out using FEM and COMSOL Multiphysics
software. This approach holds potential as an early detection technique diabetes.

6.2 Sensor design

Figure 6.1 (a) depicts the cross-sectional structure of the newly designed PCF-based biosensor
tailored for the detection of diabetes. The design features a dual-layer arrangement of air holes
in a hexagonal configuration, forming a triangular shape pattern embedded within a silica
background. Both layers feature a mix of elliptical and circular air holes, where the elliptical
holes have a major axis denoted by a, minor axis denoted by b, and the circular holes have a
diameter denoted by d. The spacing between the lattice points, known as the lattice constant, is
denoted by A. The proposed biosensor is typically fabricated using the widely adopted
“stacking and drawing” technique [338]. A circular gold layer with a thickness of tg is
externally deposited onto the surface of the PCF. Various techniques, such as “wet chemical
deposition,” “radio frequency sputtering,” and “thermal evaporation,” can be used for
depositing this metal layer [339]. However, achieving a uniform metal coating through these
conventional methods can be challenging. In this regard, chemical vapor deposition (CVD)
emerges as a more effective method, offering a consistent and uniform metal layer at the
nanometer scale [340]. Over the gold-coated surface, a biochemical layer of thickness tdiapetes
is applied and functionalized to allow the incorporation of analyte samples for diabetes
detection. Both experimental and theoretical investigations have demonstrated that the elective
infiltration technique is suitable for injecting diabetes samples into this functionalized
biochemical layer [341]. The proposed sensor employs a dual-layer hexagonal PCF structure
with a single thin gold plasmonic layer, which avoids complex geometries, multiple sensing
channels, or multilayer coatings. Such a configuration reduces structural complexity and
simplifies the design process. To prevent energy loss from the PCF surface, a perfectly matched
layer (PML) arranged in a circular configuration with a thickness tpme is applied, accompanied
by scattering boundary conditions to absorb outgoing radiation efficiently. Table 6.1 provides
a summary of the optimized design parameters for the proposed PCF. Unless stated otherwise,
these values remain constant throughout the simulation. Pure silica is taken as the background
material, and its dispersion properties are determined based on the Sellmeier equation as [325].

b, 4 b, N bs
— (&4 (& _ (&
1- (%) - - @)
In this context, n represents the RI of pure silica, A denotes the wavelength and the
Sellmeier coefficients b4, b,, b, ¢4, c,, and c5 are listed in Table 6.2.

n2() =1+ (6.1)
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The RI of air is taken as 1. Furthermore, the gold permittivity is determined using the Drude—
Lorentz model, as described in [342]

w? Ae. O}

w(w+iyp) (w2 -0 —ilLw

EDL((U) =€ — (62)

Table 6.3 lists the parameters of the Drude—Lorentz model, where T}, indicates the Lorentz
oscillator’s spectral linewidth, ();, corresponds to its oscillator strength, Ae acts as the weighting
coefficient. Additionally, yp represents the damping frequency, e, denotes the dielectric
constant at high frequencies, and wp indicates the plasmon frequency. Gold’s high ductility
allows it to be stretched and compressed, thereby enhancing the excitation of SPR between the
core and SPP mode. The RI of healthy person and a diabetic person are shown in Table 6.4
[343]. The experimental setup for assessing the accuracy of diabetes detection using the
proposed sensor is depicted in Figure 6.1 (b). A broadband light source (BLS) is employed to
transmit optical signals via a single-mode fiber (SMF). The biosensor is linked to the SMF
through the Fujikura Splicer fusion splicing method. Diabetes samples of different
concentrations are introduced into the sensing channel. Prior to testing new samples, the PCF
biosensor probes should be rinsed thoroughly with deionized water. When diabetes samples
come into contact with ligands within the sensing channel, various changes take place. This
interaction between ligands and target molecules alters the optical properties of the guided
mode in the PCF-SPR biosensor, resulting in a wavelength shift in the confinement loss curve.
To begin the analysis, the optical spectrum analyzer (OSA) captures the transmitted light via
SMF, and a connected computer processes the data to generate the final spectrum.

TABLEG6.1
DESIGN PARAMETERS USED FOR THE PROPOSED PCF BIOSENSOR

dum) | a(m) | b(um) | Aum) | ty(nm) | taigperes(um) | tpa (um)

0.6 XA 0.5 0.25 2 40 1 1.2
TABLE 6.2
SELLMEIER COEFFICIENTS VALUES
b, b, bs ¢; (um?) ¢, (um?) c3(um?)
0.696166300 | 0.40794260 | 0.8974794 | 0.00467914 | 0.01351206 | 97.9340025
0 00 826 31
TABLE 6.3
DRUDE-LORENTZ MODEL PARAMETERS
€ wp/21 Yp/2T Q./2m [./2m Ae
(THz) (THz) (THz) (THz)

5.9673 2113.6 15.92 650.07 104.86 1.09




TABLEG.4
R1 OF HEALTHY PERSON AND A DIABETIC PERSON
Diabetes samples RI
Normal diabetes cell 1.350
Effected diabetes cell 1.410
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Fig. 6.1 (a) Geometry illustration of the proposed PCF (b) schematic of the experimental setup
for diabetes detection using the PCF-based SPR sensor

6.3 Results Analysis

In the proposed PCF biosensor, gold is utilized as the key plasmonic material. Surface plasmon
resonance (SPR) is triggered when the core mode and the surface plasmon polariton (SPP)
mode become phase-matched, allowing energy to shift from the core mode to the SPP mode.
This interaction results in a noticeable peak in the core mode's confinement loss at the specific
resonance wavelength. The simulated design of the PCF biosensor is shown in Figure 2,
highlighting light confinement in both the core and SPP modes. The electric field distribution
is visualized, with arrows indicating the direction of the field. Figures 6.2 (a) and 6.2 (b) show
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the core mode field under x and y polarization, respectively. Likewise, Figures 6.2 (c) and 6.2
(d) illustrate the SPP mode for x and y polarization light, respectively at a wavelength of 650
nm. Figure 6.3 presents a three-dimensional (3D) visualization of the electric field intensity
across different modes.

(b)

L b

> I

Fig. 6.2 Distributions of electric field at the resonance wavelength of 596 nm for various polarization
modes: (&) core mode with x-polarization, (b) core mode with y-polarization, (¢) SPP mode with x-
polarization, and (d) SPP mode with y-polarization

Coupled-mode theory, as outlined in [343], offers a detailed explanation of the electric field
patterns and the coupling behavior between modes in PCF-based SPR biosensors. The
mathematical expressions for mode coupling are given as

dE
d—Zl = i, E; + ixE, (6.3)
dE
d—ZZ = iB,E, + ikE, (6.4)

here, B, and B, represent the propagation constants for the core mode and the SPP mode,
respectively. Their corresponding mode field distributions are represented by E1 and E.. The
coupling coefficient is denoted by x, and z indicates the propagation distance. When the core
mode and SPP mode interact, the resulting propagation constant is represented by 3. Under this
coupling condition, the mode fields can be denoted as E; = Aexp(ifz) and E, = Bexp(ipz).
Substituting these expressions into equations (6.3) and (6.4) allows the calculation of the
effective propagation constant 3, as shown below.

B+ = Bave = 8% + K2 (6.5)

Where, Bave = (812;82) and 6§ = @ Due to the complex nature of the propagation constants

B; and B, the detuning parameter & can be expressed as &6 = &, +i6;. When the phase-
matching condition is met, the real components of (3; and 3, become equal, resulting in §,. =
0. Therefore, the relation becomes &% + k? = —8% + k. When §; < k, complete coupling
occurs, whereas §; > k leads to incomplete coupling. An essential parameter for evaluating the



96

performance of a PCF-based SPR biosensor is the confinement loss of the core mode, which
can be determined using the approach described in by [344]

2T
Loss(dB/cm) = 8.686 x Tlm (negr) X 104 (6.6)

here A denotes the wavelength and I,,,(n.¢) represents the imaginary component of the
effective refractive index (ERI).

(a) ST (b)

(d)

Fig. 6.3 3D view of electric field profile for four distinct modes (a) core mode with x-polarization, (b)
core mode with y-polarization, (c) SPP mode with x-polarization, and (d) SPP mode with y-
polarization

To detect diabetes, the proposed PCF-based biosensor is filled with samples from both normal
and diabetic individuals, and the resonance wavelength is examined by analyzing the loss
spectrum. The resonance wavelengths vary between the two sample types due to differences in
their refractive indices. Figure 6.4 represents the confinement loss and ERI plots for both
healthy and diabetic sample-infused PCF sensors. The intersection point of the ERI curves for
the core mode and surface plasmon polariton (SPP) mode marks the resonance wavelength,
indicating mode coupling. At this point, energy from the core mode couples into the SPP mode,
leading to a peak in core mode loss. The resonance wavelengths for the normal and diabetic
samples are found at 596 nm and 740 nm, respectively, with peak core losses measuring 2.662
dB/cm and 19.22 dB/cm, respectively.

It is clear that the resonance wavelength shift between normal and diabetic samples is highly
responsive to variations in their respective RI. The wavelength sensitivity of the designed PCF
biosensor is determined by evaluating the change in resonance wavelength relative to the RI
difference between the normal and infected samples, as described in [345]

Sy (nmRIU-1) = 2 A 6.7
\nm = An ( . )
here, A A, represents the change in resonance wavelength, while A n denotes the variation in

RI between the normal and infected samples. The proposed sensor achieves a sensitivity of
2400 nm/RIU, highlighting its strong potential for precise and dependable biomedical sensing
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applications. Table 6.5 presents a sensitivity comparison between the proposed biosensor and
those previously reported in the literature [346—349].
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Fig. 6.4 ERI and confinement loss curve corresponding to healthy and diabetic samples

TABLE 6.5

COMPARISON OF THE SENSITIVITY OF THE SENSOR PROPOSED IN THIS STUDY WITH THAT OF
SENSORS REPORTED IN PREVIOUS RESEARCH

. I Sensitivity
Reference Sensing Application (nm/RIU)
[346] RI sensor based on D-shaped PCF 294.11
[347] Photonic crystal biosensor for dgte(_:tlng 9360.12
cancerous cells based on RI variations
[348] Plasmonic PCF nano sensor coated with AZO 1950
[349] SPR sensor gtlllZlng a PCF featuring large 2000
microfluidic channels
Proposed PCF Diabetes detection using a PCF-based SPR 2400
sensor
6.4 Summary

In this work, a SPR based PCF sensor has been successfully designed and simulated for
efficient diabetes detection. By employing a dual-layer hexagonal shape structure and a thin
gold coating as the plasmonic material, the sensor effectively utilizes the SPR phenomenon
induced by the coupling of the SPP mode and the core mode under phase-matching conditions.
The variation in RI of diabetes samples causes distinct shifts in the SPR resonance wavelength,
enabling precise detection through confinement loss measurements. The wavelength at
resonance for normal and diabetic samples are observed at 596 nm and 740 nm, respectively,
with corresponding peak core losses of 2.662 dB/cm and 19.22 dB/cm. With a sensitivity of
2400 nm/RIU, the sensor demonstrates strong potential for precise and reliable biomedical
sensing applications. Owing to its simplified structural design and cost-effective
implementation, this PCF-based SPR sensor represents a promising solution for rapid, non-

invasive, and sensitive diabetes detection applications.
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CHAPTER 7

CONCLUSION, FUTURE SCOPE AND SOCIAL IMPACT

This chapter presents a concise summary of the findings derived from the ongoing research
discussed throughout this thesis, along with key conclusions and recommendations for future
investigations. The thesis encompasses the design, optimization, simulation, and performance
evaluation of photonic crystal fiber (PCF) sensors for applications in physical, biomedical, and
chemical sensing. Foundational concepts of PCFs and their roles in sensing were introduced in
the earlier chapters, particularly in the introduction and literature review. The performance of
the proposed sensor designs has been primarily assessed using mode coupling theory,
transmission spectra, and wavelength interrogation techniques.

7.1 Summary of the Work Done in the Thesis

The thesis begins with an overview of the evolution of fiber-optic sensors and the emergence
of photonic crystal fibers as a transformative sensing platform. Traditional optical fibers,
though effective for basic SPR sensing, exhibit structural and optical constraints that limit their
advanced application. PCFs overcome these challenges by integrating the benefits of photonic
crystals into optical fibers, enabling enhanced light guidance and sensitivity. The chapter
establishes the groundwork for using PCF-based RI sensors in diverse domains, including
physical, chemical, and biomedical sensing.

Chapter 2 presents a comprehensive review of the theoretical foundations and prior work
related to PCF-based sensing. It introduces critical concepts such as birefringence, mode
coupling, and refractive index sensitivity, followed by an exploration of PCF-based surface
plasmon resonance (SPR) sensors. The chapter highlights various applications including
temperature monitoring, detection of blood components, malaria diagnosis, and sensing of
fluidic analytes, showcasing the broad versatility of PCF structures in advanced sensing tasks.

In Chapter 3, a circular-shaped hollow-core PCF filled with ethanol is investigated for its
optical properties over a wavelength range of 800-1600 nm. Through finite element method
(FEM) simulations, the study demonstrates how the dispersion profile can be finely tuned by
modifying the ethanol filling configuration. Achieved zero-dispersion wavelengths range from
880 nm to 1250 nm depending on the filling scenario. This tunable dispersion property makes
the proposed structure highly suitable for nonlinear optics, sensing, telecommunications, and
laser applications.

Chapter 4 introduces a twin-core PCF (TC-PCF) structure optimized for temperature and
chemical sensing. The sensor employs a vertically aligned elliptical air hole between two solid
cores, enabling strong birefringence and efficient mode coupling. FEM-based simulations
confirm the sensor's high performance, with a temperature sensitivity of approximately 21.5
pm/°C over 0-1200°C and a maximum chemical sensing sensitivity of 6667 nm/RIU with just
0.03 cm fiber length. The compact size, high sensitivity, and potential for easy fabrication
emphasize the practical viability of the proposed TC-PCF design.
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Chapter 5 explores advanced biosensing applications using PCF designs in the terahertz (THz)
frequency regime. FEM-based investigations show that TC-PCF and DC-PCF structures can
effectively detect diseases such as various cancer types, malaria, and blood components by
analyzing mode coupling behavior and refractive index differences. The proposed biosensors
demonstrate superior sensitivity and design simplicity, making them highly suitable for early
disease detection and biomedical diagnostics. These findings hold significant promise for
future healthcare technologies.

Chapter 6 proposes a novel PCF-based SPR sensor designed for diabetes monitoring. By
incorporating a thin gold layer within a dual-layer hexagonal PCF structure, the sensor utilizes
the SPR effect via coupling between the SPP and core-guided modes. FEM analysis confirms
that changes in the refractive index of diabetes samples cause distinct resonance wavelength
shifts. The sensor achieves a sensitivity of 2400 nm/RIU and offers advantages like simplicity,
low cost, and non-invasive operation making it an effective tool for real-time diabetes
detection.

7.2 Future Scope and Social Impact

With the growing integration of computational intelligence, PCF-based sensors are increasingly
being explored in conjunction with machine learning algorithms, yielding promising outcomes.
Advanced learning models such as artificial neural networks (ANNSs) can predict sensor
responses with high accuracy even without relying entirely on numerical simulations. This
synergy between photonic design and data-driven models opens new avenues for faster, real-
time, and adaptive sensing systems.

Building on the presented work, the following directions are suggested for future exploration:

e Development of SPR-PCF based biosensors for the detection of Pseudomonas bacteria,
contributing to early diagnosis of infections in clinical and environmental applications.

e Design of PCF-based sensors for non-invasive glucose monitoring in blood and urine,
which can be crucial for managing diabetes with higher sensitivity and convenience.

e Creation of a PCF-based biosensor for pregnancy detection, targeting hormone-level
monitoring with precise optical sensitivity.

e Integration of deep learning frameworks with PCF sensor outputs to enable intelligent
diagnostics, anomaly detection, and predictive healthcare systems.
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