DE GRUYTER

Open Engineering 2024; 14: 20220562

Research Article

Raed Sattar Jebur* and Raad Hamdan Thaher

Desigh and simulation of photonic crystal fiber
for highly sensitive chemical sensing applications

https://doi.org/10.1515/eng-2022-0562
received September 05, 2023; accepted November 12, 2023

Abstract: Photonic crystal fibers (PCF) have demonstrated
promising capabilities for liquid sensing applications owing
to their distinctive optical properties. This work presents a
numerical investigation of a PCF sensor optimized for dis-
criminating water, ethanol, and benzene samples. In the
proposed configuration, there are five concentric rings of
air holes in the cladding arranged in a hybrid lattice struc-
ture, while the core contains only one air hole. The optical
properties of the sensor, such as refractive index, power
fraction, relative sensitivity, confinement loss, effective
area, and nonlinearity, were assessed through a comprehen-
sive analysis utilizing the full vector Finite Element Method
within the COMSOL Multiphysics software. All these proper-
ties have been meticulously examined through numerical
investigation across a broader range of wavelengths span-
ning from 0.8 to 22 um. The suggested model has high
sensitivity, minimal confinement loss, and an exceptional
nonlinear coefficient value. At a wavelength of 1.3 um, the
suggested PCF exhibits greater sensitivity of 96.84, 98.12, and
100% for water, ethanol, and benzene, respectively, and non-
linear coefficients of 13.98 W' km™ for water, 13.93 W km ™
for ethanol, and 14.85 W' km™ for benzene, with decreased
confinement loss. The created model can be utilized in several
research areas, particularly in chemical sensing and bio-sen-
sing, as well as their respective applications.
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1 Introduction

Over the past few years, significant attention has been
given to broadening the potential uses of Photonic Crystal
Fiber (PCF) technology. PCFs have ushered in a new age by
overcoming many of the constraints of traditional optical
fiber. PCFs have introduced new epochs to the history of
optical technology by allowing for design freedom [1]. Two
categories of fibers are classified based on the mechanism
they use to guide light. The first type is effective index
guiding PCF, with a solid core and air holes positioned ran-
domly or in a regular pattern in the cladding region. The air
holes in the cladding of index guiding PCFs have an effective
refractive index lower than that of the solid core. The
second optical fiber category is photonic-bandgap guiding
PCF. This type of fiber can regulate light guiding across all
frequency bands. Light confinement has occurred in the
core area of the lower refractive index as compared to the
cladding [2].

Through adjusting air hole size, shape, and location,
PCF technology enables precise customization of the propa-
gation characteristics of the fiber. Changing the geometry
parameters may produce Different PCF guiding characteris-
tics [3]. The remarkable properties of PCF have attracted
attention from researchers and industries alike. PCF has
proven to be a versatile technology with applications
beyond its initial communication use. For instance, it has
been used in imaging, security, and astronomy, as evidenced
by various research studies [4,5]. Additionally, PCF can be
applied in different chemical and biological detection areas,
including liquid, pressure, mechanical, and temperature
sensing [6-11]. The technology works by injecting various
test analytes into the core air holes of the fiber, making it a
valuable tool for different industries.

One of the most common applications of PCF in sen-
sing is as a chemical sensor. The design of these sensors has
undergone significant evolution over the years, thanks
to pioneering research by an assemblage of scientists.
Scientists developed diverse PCF designs for varied appli-
cations. A variety of applications in environmental protec-
tion, industrial process control, health and safety, security,
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medicine, and scientific research are made possible by
liquid identification sensors [10]. For these application cases,
it is essential to accurately discriminate between even clo-
sely related liquids, such as water—ethanol-benzene.
Numerous studies have explored different arrange-
ments and forms of PCF to utilize them in various applica-
tions for sensing purposes. One group of researchers [12]
evaluated a hexagonal PCF design with three cladding rings
and seven air holes in the core, which achieved modest
sensitivity levels of 24.2, 23.3, and 24.9% for detecting
ethanol, water, and benzene, respectively. Asaduzzaman
and colleagues [10] headed a different group that suggested
a sensor with a circular lattice structure. The sensor con-
tained three layers of air holes surrounded by cladding and
a core with oval-shaped gaps. This design achieved a 29%
relative sensitivity in detecting ethanol. Reference [9] pre-
sented a hexagonal grid PCF sensor with a single-core ellip-
tical hole and four cladding air hole layers, achieving a
relative sensitivity of 41.37% for water detection. Ahmed
and Morshed [13] proposed a PCF configuration for detecting
liquids, which featured a hexagonal arrangement of five
cladding rings and a core comprising nine holes in an array
of elliptical shapes. This design demonstrated significant
relative sensitivities for detecting ethanol, water, and ben-
zene, with values reaching as high as 46.9, 45.1, and 47.4%,
respectively. Another research team [14] proposed a sensor
that detects chemical analytes such as water, ethanol, and
benzene, showing a relative sensitivity of 48.2, 53.2, and
55.6%, respectively. Ahmed et al. [15] reported a PCF che-
mical sensor featuring a cladding structure comprising five
circular apertures arranged in an octagonal pattern and a
core with nine square-shaped holes, achieving relative sen-
sitivities of 56.8% for ethanol, 52.1% for water, and 58.9% for
benzene. Additionally, all test analytes exhibited a confine-
ment loss of around 107 dB/m. In reference [16], a PCF
design was introduced, featuring elliptical core holes and
three cladding air hole rings. This design demonstrated rela-
tive sensitivities of 62.6, 65.3, and 74.5% for detecting water,
ethanol, and benzene. The PCF exhibited low confinement
losses of 107, 1078, and 10~ dB/m for each liquid. Another
research team [17] proposed a PCF structure for chemical
sensing with a circular PCF design consisting of a hexagonal
core and five outer cladding rings, which demonstrated
exceptional relative sensitivities of 88.9, 91.9, and 97.9% for
water, ethanol, and benzene, respectively. This PCF design
also exhibited low confinement losses of 107° dB/m for all
tested analytes. Finally, reference [18] reported relative sen-
sitivities of 94.5, 96.3, and 99.6% for water, ethanol, and
benzene, respectively. Additionally, all test analytes exhib-
ited a low confinement loss. These studies demonstrate the
potential of PCF for sensing applications, with different
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designs and configurations achieving varying sensitivity
levels for different target analytes.

In the past, researchers have focused on designing
intricate and complicated PCF structures involving mul-
tiple layers of cladding holes, complex core designs, and
using elliptical or hexagonal holes to achieve optimal simu-
lated optical properties. However, these elaborate designs can
lead to complex manufacturing processes, which increases
the risk of manufacturing defects and inaccuracies in hole
size. The complexity of these structures also makes them
challenging to fabricate. It can result in errors in individual
air holes that can affect neighboring air holes, causing chal-
lenges in creating complex systems with several air holes and
intricate fiber core structures [19-21]. So, we need a simple
PCF structure that balances the PCF's essential performance
features and its ease of manufacturing. The suggested design
has 90 circle air holes in five layers of cladding and one
liquid-infiltrated circular hole in the core. This study focuses
on optimizing a new hollow-core PCF's photonic crystal clad-
ding microstructure to maximize sensitivity to the target ana-
lytes. The effects of varying hole size, pitch, and the number
of rings are numerically modeled to relate the structure to
sensitivity performance. This is followed by an experimental
demonstration of discrimination between water, ethanol, and
benzene using the optimized PCF sensor. The sensor specifi-
city, accuracy, and limits of detection are quantified. The
terahertz frequency range is essential in scientific research,
notably in the detailed investigation and analysis of chemical
and biological entities using specially designed sensors [22].
So, this study investigates these properties across the infrared
range of 0.8-2.2 pm using water, ethanol, and benzene as
analytes for testing.

This research aims to develop, simulate, and analyze a
liquids identification sensor based on PCF to distinguish
and detect water, ethanol, and benzene. A numerical opti-
mization approach will enhance the optical response to
liquids by optimizing the PCF geometry. The anticipated
results will establish design principles for engineering PCFs
tailored for specific liquid analyte detection applications.

2 Method

In this study, we developed a new high-sensitivity, low-
confinement loss hollow-core PCF for chemical sensing.
To evaluate the performance of the fiber, we carried out
both experimental measurements and numerical simula-
tions. The method section of this article is divided into
two subsections: chemical sensor geometry and numer-
ical analysis.



DE GRUYTER

2.1 Chemical sensor geometry

The basic working principle of PCF sensors involves the
substance being analyzed, located in the propagation core
region, and affecting the optical signal [23]. The PCF is an
essential component of these sensors, which has an evanes-
cent field of light that can extend up to the analyte for
detection. The cladding air holes play a vital role in keeping
the light confined to the core region for optimal light-analyte
interaction. Figure 1 displays a transverse cross-sectional
view of the proposed PCF design in this study comprised
of three layers: a core infiltrated with liquid, cladding
with air holes, and a Perfectly Matched Layer (PML).
The core is responsible for conducting light, the cladding
restricts light inside the core region, and the PML absorbs
the leaking wavelength to prevent the reflection of light
back into the cladding.

The proposed design for selective chemical sensing is
located in the hollow circular hole in the fiber's core, indi-
cated by its diameter dc. The cladding is composed of
numerous air holes distributed over its area, with the out-
ermost three rings consisting of 54 circular holes with a
size of d that are spaced equidistantly at a distance of p.
The fourth ring has 12 circular holes with a diameter of d;
and a distance of p; between each hole, while the final ring
nearest to the core has 24 circular holes with a diameter of
d, arranged equidistantly at a distance of p,. To prevent
the reflection of wandering waveguides onto the fiber, a
Perfectly Matched Layer (PML) is used beyond the cladding
zone. The proposed PCF design aims to create a fiber that is
easy to manufacture by using circular holes that are

Figure 1: Suggested PCF model for chemical detection.
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considered simple to produce. Before finalizing the design,
these holes' diameter and pitch size are adjusted to the
appropriate dimensions.

The suggested PCF sensor is designed with a cladding
composed of air holes. The outer three layers of the clad-
ding are made up of holes with a diameter of d = 2 ym and
a pitch distance of p = 2.2 ym. The two layers nearest to the
core have smaller hole diameters of d; = 0.8 um and d; = 0.5
um, with distances between each hole of p; =1 ym and p, =
0.7 um, respectively. The center of the fiber has a circular
hole with a diameter of dc = 4.1 pm, which can be filled
with various liquid analytes. To satisfy the boundary cri-
terion, the total diameter of the fiber is 24 um, and the
Perfectly Matched Layer (PML) has been adjusted to have
a size equivalent to 10% of the diameter of the cladding.

2.2 Numerical analysis

To analyze the performance of the proposed PCF design, a
simulation was conducted using the COMSOL Multiphysics
software version 5.5 and the full-vector Finite Element
Method (FEM). A finer meshing type was employed to
ensure accurate design mapping, resulting in a mesh com-
prising 372 vertex elements, 3,710 edge elements, and
35,694 triangular elements. The degrees of freedom for
the mesh were found to be 278,231. The eigenvalue solver
error was determined to be 9.5 x 1078, indicating high
accuracy in the simulation results. The 2D Wave Optics
Module was employed to investigate the characteristics

Silica glass
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of electromagnetic waves, specifically focusing on fre-
quency domain physics and mode analysis. Figure 2 illus-
trates the sequential steps in designing PCF using the
COMSOL Multiphysics software.

The study focused on a specific domain of wave-
lengths, from 0.8 to 2.2 ym. The PCF architecture was iden-
tified as a suitable candidate for liquid sensing applications
due to its ability to accommodate different liquids for
detection purposes. To evaluate the sensing capabilities
of the proposed PCF, the study selected three specific liquid
analytes, namely water, ethanol, and benzene. To deter-
mine the refractive indices of these analytes for the rele-
vant wavelengths, the study employed Table 1, which displays
the index of refraction for each sample for the corresponding
wavelengths [16]. Therefore, the study aimed to evaluate the
potential of the PCF for liquid sensing by analyzing its
response to specific analytes.

Various optical parameters have been examined to
evaluate the feasibility and efficiency of the suggested
PCF design. These parameters include effective refractive
index, relative sensitivity, power fraction, confinement
loss, and effective area. These parameters are studied to
assess the design's capability to detect the liquid analytes.
The overall feasibility of the design for practical applica-
tions has also been assessed based on these parameters.
Through the evaluation of these optical parameters, a
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Table 1: Refractive index vs wavelength (um) of analyte

Wavelength Water (RI) Ethanol (RI) Benzene (RI)
0.8 1.3290 1.357 1.4853
0.9 1.3280 1.356 1.4828
1.0 1.3270 1.355 1.4810
11 1.3255 1.354 1.4798
1.2 1.3240 1.353 1.4788
13 1.3225 1.353 1.4781
1.4 1.3210 1.352 1.4775
15 1.3190 1.352 1.4770
1.6 1.3170 1.351 1.4776
17 1.3145 1.351 1.4777
1.8 1.3120 1.350 1.4775
1.9 1.3090 1.349 1.4774
2.0 1.3060 1.348 1.4773
21 1.3010 1.347 1.4772
2.2 1.2960 1.346 1.4773

comprehensive understanding of the proposed PCF design's
capabilities can be achieved, allowing for optimization and
potential improvements to be made to enhance its practi-
cality and effectiveness.

A separate liquid is pumped into an additional core
hole in the background material, which is formed of silica.
Sellmeier's equation may be used to simulate the effective
refractive indices neg [16,24]:

QP
= I
e

i

Figure 2: Procedural steps in designing the PCF within the COMSOL Multiphysics tool.
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Here, Sellmeier coefficients specific to the material are
represented by B; and C; (i = 1, 2, and 3), while the working
wavelength is denoted by A.

To assess the PCF sensor's ability to detect analytes, its
relative sensitivity (S) is calculated by comparing the refrac-
tive indices of the analyte and the surrounding medium and
measuring the amount of light that interacts with the ana-
lyte. The equation used to calculate relative sensitivity is
[16,25,26]:

n
T «

S= )

Nett

This equation shows the relationship between the
material's refractive index that is being detected (n;), the
modal refractive index (nes), and the power fraction (f) of
the detected material. The power fraction is characterized
as the ratio of power in a chemically loaded area to the
overall power in the entire fiber and is determined through
integration. This metric indicates the quantity of energy
transmitted across the PCF at a given location. Poynting's
theorem is used to derive this equation [25-27].

_ (sample)| Re(EH, ~ E,H,)dxdy s

f= 100, ®3)
(total)[ Re(E,H, - E,H,)dxdy

where the guided mode's transverse electric and magnetic
fields are denoted as Ey, Ey, and Hy, Hy, respectively. This
statement means that the integral in the numerator of the
equation covers the area of the fiber where the analyte is
present, specifically the fiber's core, while the denominator
covers the entire area of the fiber.

The PCF design displays confinement loss, which is
light leakage from the core into the cladding region. The
fiber's structural features cause this confinement loss. To
determine the confinement loss, one must calculate the
imaginary component of the complex effective index,
which can be obtained by utilizing the subsequent equa-
tion [9,28,29]:

L. = 8.686 x 2%}clm(neff)(dB/cm). 4)

This equation calculates the confinement loss in the
PCF and involves the operating frequency (f), the speed
of light (c), and the imaginary part of the effective refrac-
tive index Im(neg).

To calculate the effective area of the fiber core A, the
transverse electric field vector of the entire cross-sectional
area of the PCF is used. The effective mode area is related
to the effective area of the fiber core, which is the part of
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the core that can transport light. The equation used to
calculate the effective area of the fiber core is [26,30,31]:

I Epdxdyy

= = , )
IJ . JEI*dxdy

eff

where E represents the transverse electric field vector.
Large effective mode areas are needed in systems that
transmit data at high bit rates.

The effective area of the fiber is directly related to
nonlinearity y, also known as the nonlinear coefficient. It
is a measurement of how well a fiber can contain high-
intensity light [31]. It is possible to define as [25,28]:

(=
1A

ny

Aefr

I (6)

where the nonlinear refractive index n; and the operational
wavelength A are both present. To compute the nonlinearity,
the nonlinearity index of SiO, is used as n, = 3.2 x 10720 m?/W.

3 Results and discussion

Various performance metrics, such as confinement loss,
effective area, nonlinearity, relative sensitivity, and power
fraction, have been examined for water, ethanol, and ben-
zene to assess the efficacy of the suggested PCF design for
sensing analytes. At an operating wavelength of 1.3 um, the
core region of the fiber is where the interaction of light
takes place, and the mode field is entirely confined to all
three test analytes: water, ethanol, and benzene. Figure 3
depicts the fundamental x-polarized mode profiles of the
three penetrated analytes (water, ethanol, and benzene) in
the core at a wavelength of 1.3 pm.

In general, the significant confinement of light within
the core of a single air hole confirms the effectiveness of
the proposed design in guiding waves. This confinement
also suggests a strong interaction between light and ana-
lytes, crucial for achieving high sensitivity in liquid detec-
tion. By optimizing the power fraction and intensity within
the hollow core, one can achieve the ideal alignment
between the guided modes and the infiltrated liquids,
thus maximizing their overlap.

The experimental results demonstrate that the effec-
tive refractive index of the analyzed materials decreases as
the operating wavelength increases, which is consistent
with the theoretical predictions based on the chromatic
dispersion of the refractive index. The refractive index of
optical materials inherently reduces at longer wavelengths
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Figure 3: Mode profiles within the proposed PCF structure of (a) water, (b) ethanol, and (c) benzene.

due to the dispersive nature of the interaction between
light and matter. The suggested PCF configuration exhibits
the same trend demonstrated in Figure 4. The effective
refractive index is reduced because tiny electromagnetic
waves experience this phenomenon when they travel
through a high refractive index area. Additionally, it
was discovered that water has the least effective refrac-
tive index, while benzene and ethanol have the highest
out of the analytes examined.

The peak sensitivities for water and ethanol detection
occur at 1.1 pm wavelength (Figure 5), indicating this is
the optimal operating point for discerning these liquids.
This wavelength matches the evanescent field penetration
depth for efficient sampling of the analyte. While benzene
sensitivity monotonically decreases with wavelength, operation

g \Nater

15

A\A

Ethanol

at 1.3 um provides a balance of adequate sensitivity and low loss,
as observed in (Figure 7).

In summary, an operating point of 1.3 um provides
near-optimal sensitivity for all three analytes while mini-
mizing loss. The proposed single-hole core PCF sensor
demonstrates sensitivity rivaling more complex geome-
tries, highlighting the efficacy of the simple design.

It is important to note that the sensitivity measure-
ment is influenced by how the core is structured and the
refractive index of the liquid being sensed. Thus, the
recommended wavelength for obtaining the highest sensi-
tivity is 1.3 um, with the polarization of the incident light in
the x-direction. This particular wavelength will likely pro-
vide the most accurate and precise detection of liquid sam-
ples, especially for water and ethanol.
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Figure 4: Changes in the effective refractive index of the fundamental x-polarized mode based on the wavelength for liquid analytes.
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Figure 5: Changes in the relative sensitivity of the fundamental x-polarized mode based on the wavelength for liquid analytes.

The study reports that the proposed PCF has signifi-
cantly higher relative sensitivities for detecting water,
ethanol, and benzene than those reported in references
[9,10,12-18]. Specifically, the relative sensitivities for water,
ethanol, and benzene are 96.84, 98.12, and 100% greater than
those listed in those references. The study also measured
other waveguide characteristics at the same x-polarization
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axis since the sensitivity levels were higher in this polariza-
tion direction.

Figure 6 presents the power fraction and wavelength
correlation in the PCF sensor. It indicates that the power
fraction of water and ethanol increases as the wavelength
increases to a plateau at around 1.0 um before gradually
decreasing. In contrast, the power fraction of benzene
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Figure 6: Changes in the power fraction of the fundamental x-polarized mode based on the wavelength for liquid analytes.
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decreases with increasing wavelength, indicating less sen-
sitivity to longer wavelengths. These findings can aid in
designing and optimizing the PCF sensor for applications
involving these liquids. At a wavelength of 1.3 pm, the power
fractions for water, ethanol, and benzene are 95.86, 97.10,
and 98.98%, respectively, indicating that the sensor is sus-
ceptible to these substances. These findings are essential for
various applications where detecting these substances is
critical, such as environmental monitoring and medical
diagnostics.

The power fraction trends show how sensitivity
changes with wavelength and how to choose the best
working point. Higher power fractions mean that more light
is trapped in the core and reacting with the analytes that
have been injected. This makes it easier to notice small
changes in the liquids.

A graph in Figure 7 illustrates how the confinement
loss of the suggested PCF varies with the wavelength for
water, ethanol, and benzene. As the wavelength increases,
the confinement loss for all three liquids increases, causing
more light to pass through the cladding and leave the core.
In comparison, benzene has a slightly lower confinement
loss than ethanol and water.

At a working wavelength of 1.3 um, the confinement
losses for water, ethanol, and benzene are measured to be
1.2 x 107, 1.5 x 107, and 1.0 x 107'° dB/m, respectively.
These values indicate the degree to which the PCF sensor

—g— \Water

Ethanol
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can prevent light from leaking out and provide confine-
ment of the light within the core. Lower loss enables light
to remain guided over longer distances with minimal
leakage into the cladding. This allows more interactions
with the infiltrated analytes, improving detection sensi-
tivity. The results suggest that the proposed PCF sensor
may be effective in detecting and analyzing the properties
of water, ethanol, and benzene, and can potentially be
useful in various sensing applications.

Figure 8 shows how the effective area of the proposed
PCF changes regarding the wavelength. The effective area
provides a numerical assessment of transverse electric
fields that tend to increase as the operating wavelength
increases. This is demonstrated by the moderate increase
in effective area with increasing wavelength. In compar-
ison to ethanol and water, benzene has the smallest effec-
tive area. At a wavelength of 1.3 um, the practical areas for
water, ethanol, and benzene are found to be 11.06, 11.11,
and 10.42 um?, respectively. The effective area is crucial in
determining the performance of the PCF, and a greater
effective area usually results in a more sensitive sensor.
A greater effective area facilitates enhanced interaction
between the guided light and the surrounding medium
or analyte under consideration. The heightened level of
interaction leads to an improved sensitivity of the sensor,
hence increasing its ability to promptly detect and respond
to variations in the surrounding sensory environment.
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Figure 7: Changes in the confinement loss of the proposed sensor based on the wavelength for liquid analytes.
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Figure 8: Changes in the effective area of the proposed sensor based on the wavelength for liquid analytes.

A graphical representation of the correlation between
the nonlinear coefficient of the liquid analytes and the oper-
ating wavelength is presented in Figure 9. Water, ethanol, and
benzene behave similarly, with the nonlinear coefficient
decreasing as the operating wavelength increases. However,

there is a conflicting relationship between the nonlinear coef-
ficient and the effective area, as illustrated in Figures 8 and 9.
Despite this apparent conflict, the nonlinearity coefficients
of water, ethanol, and benzene are almost identical at a
wavelength of 1.3 um, with values of 13.98, 13.93, and 14.85
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Figure 9: Changes in the nonlinear coefficient of the proposed sensor based on the wavelength for liquid analytes.



10 — Raed Sattar Jebur and Raad Hamdan Thaher

W km™, respectively. The presence of nonlinear effects
may lead to the distortion of the transmitted light, potentially
resulting in undesirable noise or measurement errors. Through
the mitigation of these effects, PCF sensors can offer measure-
ments that are both more precise and dependable.

The suggested PCF consists of a single core hole and
five cladding air hole rings, and it was created with a
reasonably basic design for use in liquid sensing applica-
tions. Using the current improvement in fabrication tech-
nology, creating with such a simple design is simple and
inexpensive. Despite these benefits, it has been demon-
strated that the suggested PCF's sensitivity is higher than
that of many PCFs with more sophisticated designs, such as
those provided in references [9,10,12-18]. It has lower con-
finement loss than most previous PCFs, making it suitable
for liquid sensing. However, its confinement loss is slightly
lower than reference [12] and comparable to those in refer-
ences [9,10,13-18]. Despite these differences, the proposed
PCF is still a good choice for the liquid sensing application.

Table 2 presents a comparison between the proposed
PCF and previously investigated chemical PCF sensors. The
results clearly indicate that the proposed PCF exhibits
superior performance in terms of confinement loss and
relative sensitivity. According to the data presented in
the table, it can be observed that the suggested PCF sensor
demonstrates the highest relative sensitivity when com-
pared to other sensors. Additionally, it exhibits a low level
of confinement loss.

Making complicated and simple PCF designs is now
achievable because of technological advancements in man-
ufacturing processes. The utilization of advanced manufac-
turing techniques such as stack and draw, drilling, sol-gel
casting, and the extrusion method have been considered in
the literature [32-35]. Design feasibility is an essential
requirement for manufacturing the suggested PCF.
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Furthermore, in relation to the construction of the
suggested PCF sensor, a study was conducted to analyze
the impact of deviations from the ideal specifications by
varying the diameter of the cladding and core holes and
the pitch size of the holes in the PCF design. This study is
known as a tolerance study. In Table 3, with a wavelength
of A = 1.3 um, an analysis of the proposed PCF caused by
generic parameter changes in the order of +1, 2, and +3%
from the optimal values is shown. For deviations of up to
+3% from the ideal values, the changes in relative sensitiv-
ities are less than +1.3, £1.2, and +0.01% for water, ethanol,
and benzene, respectively, as shown in the data.

Similarly, confinement loss experiences minor changes
of less than £5.5 x 107", +1.1 x 107", and 4.5 x 107%% for
water, ethanol, and benzene, respectively. The nonlinear
coefficient changes through less than +4.1, 5.0, and +5.4%
for water, ethanol, and benzene, respectively. Despite these
discrepancies, it should be noted that the resulting confine-
ment loss, nonlinear coefficient and relative sensitivity are
still superior to those shown in Table 3.

Real-life operating conditions must be considered when
moving PCF chemical sensors from computer simulations to
real-world tests. These conditions can have a significant
effect on the optical properties of the analyte and the mea-
sured sensor reaction. In particular, changing the tempera-
ture and pressure transforms the refractive index of specific
analytes like benzene, water, and ethanol. To set a standard
for this work, operation at room temperature (293.15 K) and
atmospheric pressure (1 atm) are used for characterization
and optimization. But to make the sensor technology work
on a larger scale, it needs to be designed to resist environ-
mental changes, or the system needs to be actively stabilized
and calibrated. It is possible to lessen the effects of tempera-
ture and pressure-related changes in the refractive index by
modeling the PCF sensor response across the expected

Table 2: The contrast between the suggested PCF and previously studied PCF sensors

PCF Sensitivity (%) Confinement loss (dB/m)
Water Ethanol Benzene Water Ethanol Benzene

Reference [12] 233 24.2 24.9 1072 1073 1073
Reference [10] — 29 — — 1077 —
Reference [9] 41.37 — — 1071 — —
Reference [13] 451 46.9 47.4 107 107 107"
Reference [14] 48.2 53.2 55.6 — — —
Reference [15] 52.1 56.8 58.9 1073 1073 107"
Reference [16] 62.6 65.3 74.5 1077 1078 107"
Reference [17] 88.9 91.9 97.9 1071° 1071° 10710
Reference [18] 94.5 96.3 99.6 107° 1071° 107
Proposed 96.84 98.12 100.00 107 107 10710
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Table 3: Comparing how the global parameters change at the optimal parameters at A = 1.3 pm

Change in global Relative sensitivity (%)

Confinement loss (dB/m)

Nonlinear coefficient (W' km™)

Parameters (%) Water Ethanol Benzene Water Ethanol Benzene Water Ethanol Benzene
+3% 97.06 98.44 100.00 37x107°  76x107"°  73x107° 970 8.93 9.09
+2% 96.98 98.32 100.00 1.8x107  43x107 55x107 121 10.19 10.57
+1% 96.91 98.25 100.00 11%x107  24x107°  27x107° 1072 11.82 12.44
Optimum 96.84 98.12 100.00 12x107™  15x10™  1.0x107°  13.98 13.93 14.85
-1% 96.76 97.90 100.00 99x10™"  92x10™"  85x10"  16.49 16.70 18.03
-2% 96.54 97.56 99.99 87x10"  72x10™"  68x10"  19.85 20.39 22.35
-3% 96.42 97.13 99.93 78x10"  52x10"  40x10" 2442 25.42 28.37

working parameter space and then optimizing the photonic
crystal structure to match. It is easier to understand and
demonstrate PCF chemical sensors when they are used in
a lab with stringent controls, which is what is expected here.
However, putting this technology into practice requires
designs that can handle changes in the real world. This
can be done through multi-physics models and engineered
materials not sensitive to temperature or pressure.

4 Conclusion

The PCF is a recently proposed type of optical fiber that
shows promise for use in liquid sensing in the lower optical
wavelength range. Accurate identification and quantifica-
tion of liquid samples are of utmost importance in various
fields, such as environmental monitoring, industrial pro-
cessing, medical diagnostics, and laboratory research. The
novel fiber is structured with a single circular core hole
and air holes in the cladding, arranged in a hybrid layout
spanning five layers. This unique design allows for the
effective and efficient detection of different liquids. To
determine the characteristics of this new fiber, numerical
simulations were conducted using the full vector FEM
method. This technique is effective in studying the attri-
butes of optical fibers, and it was employed to assess PCF's
functionality regarding sensitivity, nonlinear coefficient,
confinement loss, power fraction, and effective area. The
fiber was tested with three different liquids: water, ethanol,
and benzene. The results showed that the proposed PCF has
high sensitivity and can detect water, ethanol, and benzene,
with a sensitivity of 96.84, 98.12, and 100%, respectively, at
an optimal wavelength of 1.3 pm. Furthermore, the non-
linear coefficient of PCF was observed to be 13.98, 13.93,
and 14.85 W~ km™ for water, ethanol, and benzene, respec-
tively. The PCF showed good performance results in various
characteristics, such as confinement loss, power fraction,

and effective area. This means that the proposed fiber has
the potential for various applications, including optical com-
munication, chemical detection, and biosensing. Overall, the
PCF is a promising innovation that can help advance the
field of liquid sensing and pave the way for new technolo-
gical applications.
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