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In this work, we explore a wheel-shaped hollow-core photonic crystal fiber (HC-PCF)-based op-
tical alcohol sensor that operates in the terahertz (THz) region. We employ the finite element
method (FEM) along with COMSOL Multiphysics software to simulate the structure and perform
a numerical analysis of the model. In this configuration, alcohol analytes are integrated into the
fiber’s core. The results from the FEM simulation indicate that the proposed optical HC-PCF sen-
sor achieves high sensitivity levels of 97.61% for ethanol, 98.80% for butanol, and 98.53% for
propanol, all at a frequency of 2.1 THz. The measured low confinement losses at 2.1 THz are
8.0696 x 10~ dB/m, 7.1966 x 10~ '" dB/m and 3.6334 x 10~ ' dB/m. Furthermore, the effective
areas are 7.5911 x 1073 m?, 7.8258 x 10~® m?, and 8.0847 x 108 m? for three types of alcohol.
Additionally, we discuss the concepts of effective material loss, effective mode index, and total power
fraction. Existing technologies can facilitate the fabrication of this proposed sensor. Moreover, we
anticipate that the application of our fabricated sensor will extend to biomedicine, biosensing exper-
iments, industrial applications, material research, healthcare, alcohol detection in drinks and liquids,

and other THz communication technologies based on waveguides.

I Introduction

People use alcohol extensively around the world as a
chemical and psychoactive drug. Moreover, humans
have consumed it as a beverage for thousands of years,
in forms such as whiskey or beer. Many sectors, includ-
ing paints, medicines, and liquid petroleum gas stations,
depend entirely or primarily on these chemicals. Al-
cohol primarily takes three forms in both personal and
professional settings: methyl, ethyl, and isopropyl alco-
hol. The most basic type of alcohol is methyl alcohol,
sometimes referred to as wood alcohol or methanol [1].
Because each type has unique traits and uses, it is vi-
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tal to tell them apart for daily use. Even so, all alco-
hols are colorless liquids with the same scent, making
them hard to tell apart [1,2]. For our health, there is
an urgent need for improved sensing technology that
can handle these problems while also delivering reliable
and effective alcohol detection and analysis capabili-
ties. PCFs developed since 1996 have been increasingly
attracting attention in sensing and communication ap-
plications because of their fantastic optical properties.
These properties consist of increased birefringence, di-
minished scattering, effective material loss, heightened
sensitivity, and a greater core power fraction when com-
pared to conventional fibers [1,3]. PCFs have opened
new avenues to create photonic devices for sensing and
communication. Such a glass fiber design allows for
applying a broader range of optical properties, a greater
effective core region, reduced loss, transparency, and
infinite single-mode operation [ 1, 3]. However, because
it is small and very sensitive in the THz band, the PCF-
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based sensing device is still commonly used in real-
life situations, such as detecting chemicals and toxic
gases, imaging biological tissue, and finding cancer
cells [1,3,4]. Recently, the terahertz region of the elec-
tromagnetic energy scale within the narrow frequency
range of 0.1-10 THz, the low-frequency end of the ra-
diation spectrum, has been the focus of considerable in-
terest because of its potential applications. This radia-
tion spectrum is popular because it falls between the in-
frared and microwave ranges, making it seemingly less
harmful to people or the environment [3,4]. The struc-
ture primarily categorizes PCFs into three types: solid-
core, hollow-core, and porous-core. The first type is
unsuitable for detecting chemicals or alcohol; a hollow-
core photonic crystal fiber is the best choice because it
provides the strongest local field strength of the radia-
tion, allowing it to interact better with the substance be-
ing tested [3, 5]. Recently, terahertz, the low-frequency
part of the radiation spectrum of the electromagnetic en-
ergy scale (narrow frequency range: (0.1-10 THz), has
attracted much attention for potential applications for
many years.

Additionally, the PCF pumps specific light-
wavelength decompositions, allowing the evaluated
analytes to permeate the core. The waveguide pos-
sesses a refractive index that influences the behavior
of light as it travels. This variation causes light of the
same (laser) wavelength to take different amounts of
time when traveling along various paths. Detection
and interpretation of the incoming signal enable the
quick and accurate determination of the properties of
the analyzed analytes [1, 6]. Researchers are currently
interested in the ongoing research on PCF-based chem-
ical and alcohol analyte sensing. Several PCF-based
sensors utilizing THz signal propagation have been
proposed. For example, a hexagonal-shaped photonic
crystal fiber has been suggested as an easy hollow
core model, which Ahasan Habib and others found
affects how sensitive the sensor is to different types of
alcohol. The simulation results show that the sensor
can achieve a high relative sensitivity (89%) in the
optimal structure [1]. Sahawal Hossain and others
created a grapefruit-shaped HC-PCF to measure how
much kerosene is in dirty fuel; this sensor had a
relative sensitivity of 97.27%, a confinement loss of
less than 10~19 dB, and a total loss of less than 0.07
dB/cm [6]. This paper designed and tested a chemical
PCF sensor. At 1.6 terahertz, ethanol, benzene, and
water had relative sensitivities of 93.54%, 94.73%,
and 92.50% [7]. Kawsar Ahmed et al. developed a

hexagonal-structured intelligent photonic crystal fiber
that is more sensitive to chemical changes. PCF was
affected by ethanol, water, benzene, basic characteris-
tics, confinement loss, and nonlinearity. The research
explores the applications of PCF in communication
technologies, biochemical sensing, and biosensing.
It presents sensitivity levels of 53.22% for ethanol,
48.19% for water, and 55.56% for benzene detection at
a frequency of 1.33 pum [8]. Accordingly, our HC-PCF
sensor makes use of wheel-shaped and large circular
air holes on the cladding. It has been demonstrated
that the HC-PCF structure improves alcohol sensor
sensitivity and reduces confinement loss. At 2.1 THz,
the three alcohols (namely ethanol n = 1.354, butanol
n = 1.387 and propanol n = 1.399), had higher
relative sensitivities of 97.61%, 98.80%, and 98.53%,
respectively. Additionally, for three similar alcohols
at 2.1 THz, the effective areas are 7.5911 x 10~8 m2,
7.8258 x 1078 m2, and 8.0847 x 108 m2, respec-
tively. The corresponding low confinement losses are
8.0696 x 108 dB/m, 7.1996 x 10~!! dB/m, and
3.6334 x 107'° dB/m. Furthermore, the proposed
photonic crystal fiber configuration demonstrates a
very high relative sensitivity of 98.80% for butanol at
2.1 THz and exhibits significantly lower confinement
loss compared to previously published work [1,3,6,9].

II Sensor design and theoretical modeling

i Structure of the proposed sensor

To simplify manufacture, circular air holes were em-
ployed instead of elliptical holes for the core region.
Our simple PCF optical alcohol sensor improves sen-
sitivity and lowers material loss and production limits.
We changed the strut dimensions and the simulation fre-
quency to achieve the best design parameters for better
sensor performance [10]. Fig. | shows the structured
design process of the developed sensor model.

The center region of the proposed sensor, which has
a circular shape in the center and essentially a wheel
shape for the clad portions, is shown in Fig. 2, the struc-
tural view of the two-dimensional hollow-core PCF al-
cohol sensor. The proposed photonic crystal fiber de-
sign features a single circular air hole situated at the
center. We systematically establish a dielectric medium
for the fibers within a cladding region using wheel-
shaped air holes. The measurement from one edge of
the core to the opposite edge is referred to as the core
diameter, denoted by D, and has a specific value. The
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Figure 1: Block diagram showing the sequential design and analysis stages for the proposed sensor model.

cladding holes, designed in a wheel structure, have a
radius of R, while the fiber radius is noted as R;. In
this design, D = 340 pum. The radius is given by
R = 2.2821D pm and Ry = 247D pm. The pro-
posed sensor has demonstrated optimal performance
under specific conditions. We identified these parame-
ters through empirical investigation. Additionally, the
symbol P, defined as 20 um, represents the gap be-
tween the core and the adjacent cladding arm, as evi-
denced by the surrounding cladding holes and the rel-
evant context. Adjacent cladding air holes were sep-
arated by 4-degree angle. Every design parameter is
associated with a distinct factor that facilitates manu-
facturing. The outermost PML layer of the optical fiber
is 10% of its total size [11].

The PMLs are for absorbing signal light scattered
away from the core towards the cladding, thereby pre-
venting signal light from being reflected back towards
the core. Table | provides the geometric dimensions
and parameters of the proposed optical sensor.

Cladding region
air hole

Circular Core
with Diameter D
(Sample)

Figure 2: Structural view of the two-dimensional hollow-core
PCF alcohol sensor.

Figure 3: Depicts both the combined mesh output and the rec-
ommended sensor boundary.

We utilize Zeonex for the bulk material of the HC-
PCF in the chemical detector due to its low material
absorbance loss, reliable refractive indices at THz fre-
quencies, and its smallest index of refraction variation
(n = 1.53) from 0.1 to 3 terahertz [3, 5]. Meshing di-
vides the area into finite-dimensional circular sections
for computation. Fig. 3 illustrates the simulated phe-
nomenon for consideration. Higher mesh density en-
hances light transmission to the sensor, improving nu-
merical analysis and sensor accuracy. This simulation
utilized physics-based meshing with smaller element
sizes [11,12].

Table 1: Accurate measurements and geometric parameters.

Parameters Measurements
The core’s diameter, (D) 340 um
P 20 pm

2.2821x103 nm
2.47%x10% nm

Radius of cladding, R
Radius of the fiber, r
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(a) X-polarization (b) Y-polarization.

Figure 4: Light confinements of the proposed sensor-based
PCF alcohol sensing system: (a) X-polarization and (b) Y-
polarization.

Figs. 4(a) and 4(b) show the proposed sensor core’s
light confinement in the X-pole and Y-pole. Light
modes at the X-pole and Y-pole for the PCF sensor at
2.1 THz vary when filled with ethanol, butanol, and
propanol, as shown in Figs. 5(a) and 5(b). The HC-
PCFs’ X- and Y-polarized sensitivity should grow due
to light confinement within the core. It has been found
that different polarizations are scattered with various
light intensities along the fiber, thereby resulting in sen-
sitivity, leakage loss, and other issues for an optical fila-
ment that varies significantly. In this design, the light of
both polarizations passes through the core area equally.
Each illustration demonstrates how light is tightly con-
tained within the core, necessary for a high level of sen-
sitivity [13, 14].

ii Numerical Analysis

According to the Beer-Lambert rule, the intensity of
the interaction between radiation and matter affects the
sensitivity of an alcohol sensor. This principle applies
specifically to the alcohol sensor. Eq. | illustrates how
the proposed sensor uses this operational principle.

I(f) = Io(f)e momte 40

Here, I(f) represents the light intensity of alcohol
analytes, and Io(f) represents the light intensity mea-
sured before alcohol analytes. The absorption factor
(am), channel length (I..), fibre frequency (f), and sen-
sitivity factor (r) are also represented [9, 14].

IIT Simulation results and discussions

Perfectly matched layers (PML) and the finite element
method (FEM) are used to examine the guiding prop-

(a) X-polarization

(b) Y-polarization

Figure 5: Proposed HC-PCF-based alcohol detection sensor
light mode: (a) X-polarization, and (b) Y-polarization.

erties of a hollow-core photonic crystal fiber sensor.
All numerical results in the terahertz frequency range
are calculated using the well-known software COM-
SOL Multiphysics version 5.5. We apply the finite
element method to evaluate the proposed hollow-core
photonic crystal fiber based on the sample we are test-
ing [4, 15, 16].

At room temperature, Table 2 shows the refractive in-
dex of different alcohol samples. In Fig. 6, this sensing
device includes THz light, a light source, an illumina-
tion component, a spectrum analyzer, and a display unit.
We position a sample channel appropriately to facilitate
the inlet and outlet of liquid alcohol before activating
the light source. It is crucial to utilize a low-bandwidth
laser source for optimal accuracy during testing. We in-
troduce the sample into the capillary and illuminate it
with the light source [7]. Light travels through the sen-
sor supported by single-mode fiber (SMF). After pass-

Inlet Sample Outlet

OSA

— =
= S
@l SMF !_ (]

Light Source
(Laser)

Proposed PCF Sensor

Optical Property Analysis:
1. Relative Sensitivity
2. Effective Material Loss
3. Confinement Loss
4. Effective Area, etc.

DURREEE
(TN @

Figure 6: Illustration of the operational procedure for the pro-
posed HC-PCF model.
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Figure 7: Relative sensitivity versus usable frequency (X-
pole) for various alcohol samples.

ing through the sensor, the single-mode fiber transmits
the laser light to an optical spectrum analyzer (OSA).
To determine the optical properties of the injected al-
cohols, the computer assesses the data from the opti-
cal spectrum analyzer, including their relative sensitiv-
ity, effective material loss, confinement loss, and other
factors. The computer then displays this data in both
graphical and numerical formats. Simulated data was
entered into Origin Pro software, which generated rel-
ative sensitivity curves and other outputs for multiple
frequencies within the terahertz spectrum [10].

The core diameter (D = 340um) measures the detec-
tor’s relative sensitivity. In this work, we adopted a 2.1
THz frequency response. The basic sensing mechanism
that indicates the presence and relative sensitivity of de-
tected analytes is influenced by their concentration. We
calculate the relative sensitivity using the corresponding
formula [16]:

n,
Neff

Here, the refractive index is denoted by n, and ny s
symbolizes effective refractive index in the appropri-

S = x E. ()

Table 2: The refractive index for various alcohol samples was
measured at room temperature.

Analytes Refractive Index
Ethanol 1.354
Butanol 1.399
Propanol 1.387
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Figure 8: Relative sensitivity versus usable frequency (Y-
pole) for various alcohol samples.

ate way. Total amount of light-matter interfaces, repre-
sented by E, may be determined applying the equation
that follows [15,17]:

fsn,mple RG(EGEH.U - EyHI)dxdy

100%.
Jiotar Be(ExHy — EyH,)dxdy x 100%

3)

In this context, the electric fields of elements x and
y are denoted as F, and E,, whereas the magnetic
fields are represented as H, and H, [18, 19]. The re-
search work determines the relative sensitivity using
Eq. 2. Figs. 7 and 8 show how different alcohol sam-
ples respond under the best design conditions, com-
paring their sensitivity at different usable frequencies
(X-pol and Y-pol). Higher frequencies result in sim-
pler relative sensitivity graphs, leading to a slow decline
in frequency. The relative sensitivity of ethanol, bu-
tanol, and propanol goes up in the low-frequency range
(1.0 — 2.1 THz) but goes down as the frequency in-
creases (2.2 — 3.0 THz) [14,20].

Additionally, butanol has a higher refractive index
compared to the other two chemicals, which helps pro-
vide a strong response in the proposed sensor. Further-
more, the maximum relative sensitivity values for bu-
tanol are as follows: 98.802% for X polarization and
98.805% for Y polarization, in comparison to the best
values reported in previous publications [1, 3-5]. As
shown in Fig. 9, the EML sensor operates at an op-
eration frequency of 2.1 THz. Thus, at an optimal
core size, the EML range for various alcohol analytes
is approximately 0.003987 cm~*, 0.002848 cm~*!, and
0.003097 cm ™1, respectively. A lower EML will be as-
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Figure 9: Effective material loss versus usable frequency for
several alcohol samples.

sociated with an analyte that has a higher refractive in-
dex than one that has a lower refractive index. This is
something that should be considered. During continu-
ous operation, this feature makes it possible for lighter
particles to flow through with greater ease. From Fig. 9,
the sensor behaves the same regardless of operation fre-
quency. The low-index cladding and the core’s solid
medium absorb less light at higher frequencies, improv-
ing light transmission. Higher frequencies have less
loss, which is advantageous [1,20].

Confinement loss denotes the quantity of light energy
that escapes from the core of an optical fiber into the
cladding or outside, instead of being guided along the
fiber. It is usually measured in dB/m. For quick alco-
hol detection, the PCF with the least amount of loss of
confinement (CL) also offers a greater relative sensitiv-
ity. This type of loss may be readily quantified using
the following sentence [9, 18]:

L. = 8.686 x Kol,[ness](dB/m). 4)

In this case, Ky = 2n(f/c), where f is the opera-
tional signal frequency, c is the speed of light in free
space, and I,,, [(n.ff)] is the imaginary part of the
guided mode’s effective refractive index, which indi-
cates the amount of leakage or absorption loss. This pa-
rameter can be determined by simulation software [19].
Using Eq. 4, the CL is determined in the research work.

Fig. 10 illustrates the relationship between confine-
ment losses and frequency for different alcohol sam-
ples. In the frequency range of 2 to 3 THz, a consis-
tent trend is observed: confinement losses decrease as
the frequency increases, particularly noted at 2.1 THz.

1.0x10°
—s=—~Ethanol x-pol
E 8.0x10" —e—Ethanol y-pol
@ ———Butanol x-pol
‘g 6.0x10* —v—Butanol y-pol
3 —<—Propanol x-pol
g 4.0x10* ——Propanol y-pol
g "
& 2.0x10
c
[<]
o
0.0
1.0 1.5 2.0 25 3.0

Frequency(THz)

Figure 10: Confinement loss versus usable frequency for var-
ious alcohol samples.

According to the measurements, the confinement losses
for ethanol are 8.06 x 10~% dB/m, while for butanol
they are 7.19 x 10—11 dB/m, and for propanol they
are 3.63 x 10710 dB/m [18]. Our observations con-
firm that all power transfer occurs within the photonic
crystal fiber structure. The formula employed for cal-
culating the power fraction (PF) is as follows:

fsample Ssz
a ‘];Eotal Ssz .

In this case, P F' represents the power fraction, where
the numerator indicates the power flowing in the sam-
ple region and the denominator reflects the total guided
power within the waveguide or fiber mode. In this con-
text, S, refers to the z-component of the Poynting vec-
tor, and dA denotes the differential area element [9].
Furthermore, the research work determines the total
power fraction using Eq. 5.

As previously mentioned, the most common types
of loss in PCF-based sensors are effective material loss
and confinement loss. Fig. 11 shows the power fraction
as a function of frequency for various alcohol samples
under optimal design conditions. It indicates that the
power fraction increases as the frequency rises within
the 1 to 3 THz range [10]. We employed the following
formula to estimate the effective area (EA):

(J I(r)rdr)?

[ I2(r)rdr -

Here, I(r) is the intensity of the cross-sectional elec-

tric region, and A,y is the effective area [21]. The re-
search work determines the effective area using Eq. 6.

PF 5)

Acpr = (6)
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Figure 11: Power ratio with frequency for various alcohol
samples.

Fig. 12 illustrates the relationship between the new
HC-PCF structure’s effective area and frequency, as
well as its appearance factors. The visual result showed
that in the 1 — 3 THz frequency range, the effective area
decreased as the frequency increased. The larger ef-
fective area demonstrates increased sensitivity and de-
creased confinement loss for THz wave pulses. At a
frequency of 2.1 THz, ethanol, butanol, and propanol
have effective areas of 7.59 x 1078 m?, 7.82 x 1078
m?, and 8 x 10~® m?, respectively [20,21]. Fig. 13
displays the effective mode index with frequency for
various alcohol samples at optimal design conditions.
It is visible that, when frequency increases, the effec-
tive mode index also increases. The effective mode in-
dex, 7. s s, measures how a light wave propagates in the
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Figure 12: Effective area with frequency for various alcohol
samples.
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Figure 13: The effective mode index with frequency for vari-
ous alcohol samples.

guided mode of an optical waveguide. The effective
mode index is 1.26, and the frequency is 1 THz. When
the frequency is raised to 3 THz for the butanol alcohol
sample, the effective mode index reaches a peak value
of 1.38 [1,7]. PCF-based sensing analysis generates a
comparison table 3. This table demonstrates that the
recommended sensor is more sensitive than liquid, al-
cohol, and chemical sensors.

Next, a sensor production process is considered.
This hybrid sensor’s cross-section shows a circular core
(Fig. 2). A single constant diameter (D) governs all
core and cladding holes, simplifying the manufactur-
ing process. Different fabrication methods have pro-
duced asymmetrically designed PCFs in the lab. We
can easily fabricate our suggested PCF in a lab by com-
paring its structure. The sensor’s optimal PCF fiber
size of 1.679 mm suggests its potential for laboratory
manufacturing. Photonic sensors’ outstanding sensitiv-
ity and rapid reaction times allow them to detect phys-
ical, chemical, and biological changes. Its simple ge-
ometric structure allows production and practical use.
Thus, this technology presents a novel method for de-
tecting alcohol samples that surpasses previous research
in terms of accuracy, cost-effectiveness, and sensing ef-
ficiency. Drilling, stacking, capillary stacking, the sol-
gel technique, 3-D printing, and other modern technolo-
gies may quickly create circular air holes in the core and
cladding. Over the last few decades, various PCFs with
circular air holes have been carefully manufactured uti-
lizing the extrusion process. As a result, our suggested
optical alcohol sensors may be used in the extrusion
process [14, 18].
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Table 3: Comparing the identifying and performance parameters of PCF-based sensors.

Ref. Frequency Sensing Relative Effective Effective Material Confinement
) Sample  Sensitivity (%)  Area (m?) Loss (cm™1) (dB/m)

[9] 1.0 THz ethanol 89.50 NA NA 5.45 x 10708
butanol 91.80 NA NA 6.01 x 10708

propanol 90.81 5.60 x 10798

[22] 2.0 THz camel milk 81.16 NA 0.033013 8.675 x 10~ 18
cow milk 81.32 0.03284 1.435 x 10~18

[23] 1.0 THz ethanol 68.87 NA NA 7.79 x 10712
[24] 1.0 THz ethanol 81.46 NA NA 5.85 x 10708
benzene 82.26 NA NA 6.07 x 10798

water 79.22 5.84 x 10798

[25] 1.0 THz ethanol 86.60 NA NA 5.75 x 10708
butanol 88.70 NA NA 6.11 x 10798

propanol 84.71 5.70 x 10798

This 2.1 THz ethanol 97.61 7.59 x 108 0.003987 8.06 x 108
work butanol 98.80 7.82 x 1078 0.002848 7.19 x 10~ 11
propanol 98.53 8.08 x 108 0.003097 3.63 x 10710

IV Conclusion

Alcohol consumption has a detrimental effect on
health and is often associated with an increased risk
of serious accidents and alcohol-related crimes. To
address this issue, we are developing new sensor
systems to detect exhaled breath in real time. Our
simulated experiment indicated that the concentrations
of ethanol, butanol, and propanol are 97.61%, 98.80%,
and 98.53%, respectively, at a frequency of 2.1 THz.
In the terahertz region, the proposed hollow-core
photonic crystal fiber demonstrates confinement losses
of 8.06 x 10~8 dB/m for ethanol, 7.19 x 10~ dB/m
for butanol, and 3.63 x 10~!° dB/m for propanol.
Additionally, the fiber demonstrates minimal effective
material loss, measured at 0.003987 cm~?, 0.002848
cm™!, and 0.003097 cm~! under ideal geometric
conditions. Alcohol sensing using HC-PCEF is crucial
in ensuring safety, health, and regulatory compliance
across various sectors, including chemical industrial
processes, biomedical and industrial fields, food and
beverage industries, medical technology, business, and
biological research. The technology helps mitigate the
risks associated with alcohol consumption and supports
efforts to promote responsible drinking behavior and
public safety.
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