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ABSTRACT

A photonic crystal fibre (PCF) based alcohol sensor with extremely low birefringence
has been proposed for different alcohol analytes of propanol, butanol and pentanol,
operating within 0.8 to 2.0 pm wavelength. A structural design of three layers of circular
cladding air holes with three elliptical core holes has been designed and simulated to
distinguish the capabilities of the PCF as a sensor, which accomplished high relative
sensitivity, low confinement loss and extremely low birefringence. At the examined
optimum wavelength of 0.8 um, the assessed relative sensitivities are 93.3%, 88.7% and
82.2% for propanol, butanol and pentanol, respectively, and confinement losses of 9.80
x 1/10"3 dB/m for propanol, 4.91 x 1/10'3 dB/m for butanol and 1.03 x 1/10'3 dB/m for
pentanol. The birefringence of the proposed PCF is about 0.0001 for all the selected test
analytes. Moreover, considering the simple cross-sectional design, it shall be easily
fabricated for practical alcohol detection.

Keywords: Photonic crystal fibre, Alcohol sensor, Relative sensitivity, Confinement loss.

1. INTRODUCTION

Optical fibres are widely known for their applications in communications systems,
and they can be categorised into several types, such as conventional optical fibres (COFs)
and photonic crystal fibres (PCFs). PCFs are a prominent research topic due to their
flexibility in different fields, mainly sensing applications (Hemalatha and Revathi, 2020;
Maidi et al., 2022). Since the first discovery of PCF in 1996 (Knight et al., 1996), it has
been used as an alcohol sensing channel due to its unique attribute in photonics and
optoelectronics (Habib et al., 2017; Islam et al., 2018). Principally, the performance of a
PCF is dependent on the complexity of the cladding and core structures. As a rule, more
implementation of cladding air holes in the fibre structure shall produce better
performance. A study (Nivedha and Senthilnathan, 2020) presented an alcohol sensor
that mimics a steering wheel, implementing a porous core and cladding hole structure.
The core design consists of multiple layers of nine rectangular holes arranged
horizontally, enclosed by circular lattice cladding air holes. Additionally, a PCF sensor
for ethanol detection has been introduced (Sultana et al., 2018), whereby the core formed
in three elliptical hole columns in a vertical position. A standard and straightforward
hexagonal structured PCF was proposed with a large core design of six oval holes for
both inner and outer core regions, whereas the cladding region has three-layered circular
air holes (Podder et al., 2020). An octagonal photonic crystal fibre (O-PCF) has also
been demonstrated, featuring octagonal lattice cladding air holes of five layers with two
layers of hexagonal core holes (Abdullah-Al-Shafi and Sen, 2020). Similarly, different
researchers (Sen et al., 2021) introduced a similar porous core design but included a
decagonal shaped photonic crystal fibre (D-PCF). Moreover, another research
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(Igbal et al., 2020) applied rectangular cladding air holes
surrounding a single rectangular-shaped core for a PCF
Sensor.

Several studies involving alcohol content: propanol,
butanol and pentanol have been researched in different PCF
configurations. A group of researchers (Habib et al., 2021)
brought forward an alcohol detection PCF sensor with the
design of 5 cladding air holes rings and large circular core
hole. With a such simple core design but numerous cladding
holes, the PCF structure managed to attain relative
sensitivities 80.74% for propanol and 84.34% for butanol,
and confinement losses of about 1/10'° dB/m for propanol
and butanol at 1.1 pm operating wavelength. With an
integration of 5 layers cladding air holes, it comes at the
disadvantage in the fabrication process. Ahmad et al.
(Ahmed et al., 2017) have proposed two core designs: oval
and circular holes. Firstly, the PCF sensor with circular core
holes has assessed relative sensitivities of 65.95%, 66.35%
and 66.73% for propanol, butanol and pentanol, respectively,
at 1.55 pm operating wavelength. Conversely, the elliptical-
cored PCF design deduced relative sensitivities of 58.17%
for propanol, 58.74% for butanol and 59.29% for pentanol
at the same wavelength of 1.55 pm. Although with
elaborative designs of 5 layers cladding holes and 19 core
holes, the relative sensitivities obtained are considerably
low for sensing applications. Another group of researchers
(Ahmed et al., 2019) has introduced a PCF alcohol sensor
with a circular core and cladding structure. The air holes are
arranged in an ‘X’ pattern, and gold coating imposed
surrounding the cladding by a 1 pm analyte. The relative
sensitivities for the PCF design of propanol, butanol and
pentanol were below 50%, which are 41.29%, 41.30% and
41.32%, respectively, at an optimum wavelength of 1.5 pm.
The drawback of this simple PCF design of fewer cladding
air holes is minimal results for alcohol detection, as seen
from the data of relative sensitivities. Furthermore, a PCF
sensor of five circular rings of cladding air holes and two
circular core rings have been proposed by Paul et al. (Paul
et al., 2017). The test analytes for this porous-cored study
are propanol, butanol and pentanol, which obtained relative
sensitivities of 65.44%, 66.02% and 66.39%, respectively,
at 0.8 um operating wavelength. Due to the characteristics
of porous core designs, challenges arise in the fabrication
process that increases the probability in inaccuracy of the
core holes dimensions.

From the literature (Ahmed et al., 2017, 2019; Paul et al.,
2017), the structural design of the shape, orientation and
arrangement of the core and cladding designs influences the
results of relative sensitivities and confinement losses. Thus,
a non-complex PCF design of low number cladding air
holes and simple structural core design has been selected for
alcohol sensing in this research. Three test analytes of
propanol, butanol, and pentanol shall be infiltrated through
the core holes for alcohol detection and assessing effective
refractive index, birefringence, power fraction, relative
sensitivity, confinement loss, effective area and nonlinear
coefficient in the operating wavelength 0.8 to 2.0 um.

2. DESIGN

Fig. 1 illustrates the structural design of the proposed
PCF for alcohol detection of propanol, butanol and pentanol,
whereby it is comprised of three layers: three elliptical core
holes, cladding air holes of two layers and the Perfectly
Matched Layer (PML). Light propagates through the
elliptical core holes whilst the cladding air holes exist to
restrict the light from escaping the core region of the fibre.
Meanwhile, the outer PML is corrected to 10% of the fibre
structure to allow absorption of leaked signal and prevent
light from reflecting into the cladding. With intricate core
and cladding designs implemented, the difficulty in the
fabrication process will increase significantly as well.
Therefore, the proposed model is kept at a simple design
without compromising the capabilities of analyte sensing.

|:| Core

(] Air Hole

Fig. 1. Proposed design of PCF sensor

The core design of the proposed PCF includes three
elliptical hollow holes with long axis diameter denoted as d,
and short axis diameter represented as d. The cladding air
holes surrounding the core structure is comprised of two
layers air-holes arranged in a hexagonal lattice. A total of
thirty-four air holes exists in the cladding region with a
diameter d,, similar to the core hole diameter in the x-plane.
The diameter d, is specified to 4.0 pm, and the y-axis
diameter dj is set to 3.5 um. The length joining the centre of
adjacent cladding air holes is denoted as pitch distance p =
4.0816 pm. Furthermore, the ratio between the diameter d,
and pitch distance yields the Air-Filling Fraction (AFF) and
specified to 0.98. This high AFF was considered to generate
the closest possible distance of cladding air holes to the
cladding area to allow total light confinement due to the
compactness between the corresponding core and cladding
air holes. Furthermore, the total fibre diameter is 32.028 pm,
and the PML is configured to be 10% of the cladding
diameter, which encloses the cladding and core region.

This proposed sensor for alcohol sensing is an index-
guiding PCF sensor that follows the evanescent interaction
between light and the sample (Arif and Biddut, 2017). The
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schematic diagram of the sensing setup is presented in the
Fig. 2. Rifat et al. (2017) introduced this experimental
procedure that utilizes a light source, the proposed PCF
connected between single mode fibres (SMF), optical
spectrum analyser (OSA), and a computer. The light source
is incident to the PCF core through the aid of the SMF. The
OSA is used to monitor the output after proper light-analyte
interaction, which is then analysed by a computer.

SMF
Light | O
Source

Fig. 2. Schematic diagram for PCF sensing procedure

3. METHODOLOGY

The full vector Finite Element Method (FEM) based
simulation process on COMSOL Multiphysics version 5.6
was used to study each variable in determining the
performance of the proposed PCF. This simulation method
generates a mesh analysis from the derivation of Maxwell’s
equation whereby numerous elements have been produced:
12081 mesh vertices, 23828 triangular elements, 2204 edge
elements and 154 vertex elements. For the objective of the
study in evaluating an alcohol detecting PCF sensor, three
test analytes were selected: propanol, butanol and pentanol.
Also, a range of operating wavelengths has been specified
from 0.8 to 2.0 um. The following table presents the
refractive indices of propanol, butanol and pentanol with
respect to operating wavelengths.

Table 1. Refractive indices of propanol, butanol and
pentanol with respect to operating wavelengths

Wavelength _ Material and Analyte Refractive Index
(um) Silica  Propanol Butanol Pentanol
0.8 1.4533  1.3786 1.3910  1.4025
0.9 1.4518  1.3776 1.3897 14014
1.0 1.4504  1.3768 1.3888 1.4005
1.1 1.4492  1.3761 1.3880  1.3998
1.2 1.4481  1.3756 1.3874  1.3993
1.3 1.4469  1.3750 1.3869  1.3988
1.4 1.4458  1.3745 1.3864  1.3983
1.5 1.4446 13741 1.3860  1.3979
1.6 1.4434  1.3730 1.3852  1.3974
1.7 1.4422  1.3724 1.3844  1.3968
1.8 1.4409  1.3716 1.3836  1.3960
1.9 1.4395  1.3707 1.3828 1.3955
2.0 1.4381  1.3698 1.3819  1.3949

To properly establish the sensing potential of the
proposed PCF, the following optical properties are
evaluated: effective refractive index, birefringence, power
fraction, relative sensitivity, confinement loss, effective area
and nonlinear coefficient.

The effective refractive index n.f of the silica background
material and the supplementary injected core holes can be
modelled using Sellmeier’s equation (Akowuah et al., 2012):

A2 Ay A2 AzA2
neff(l) = \/1 + 121_31 + AZZ_BZ + 123_33 (1)

where A is the operating wavelength, A4(i=12,3) and B(i=12,3) are
Sellmeier coefficients of that material.

Birefringence 4 occurs in asymmetrical core holes and
measures the polarisation of light in the different axes. It can
be specified by the difference in effective refractive indices
of both x- and y-polarisation of light (Arif et al., 2019;
Yakasai et al., 2019a; Agbemabiese and Akowuah, 2020):

where nj., is effective refractive index in the x-
polarisation of light whereas nz 77 18 the effective refractive

index in the y-polarisation of light.

Power fraction F'is determined as the power transmitting
in the PCF and can be defined as the ratio of power in a core
region to the overall fibre, which can be evaluated as (Maidi
et al., 2021b; Yakasai et al., 2019a; Yakasai et al., 2019b):

__ (sample) [ Re(ExHy—EyHy)dxdy
" (total) [ Re(ExHy—EyHy)dxdy

x 100 3)

where Ex and Hy are the electric and magnetic field in the
transverse direction, whilst £y and Hy are the electric and
magnetic field in the longitudinal direction. Re means the
real component of electric field £ and magnetic field H.

Relative sensitivity R represents the effectiveness of light
interaction in the PCF between the light signal and the test
analyte, which is expressed as (Yakasai et al., 2019a;
Yakasai et al., 2019b; Maidi et al., 2021b):

R=1"xF 4)

Neff

where #; is the refractive index of the sensed material.

In a practical sense, light propagating in the core of the
fibre may escape to the surrounding cladding region and a
portion of a signal is lost. This is confinement loss L and is
quantified by (Begum et al., 2009; Begum and Abas, 2019;
Yakasai et al., 2020; Maidi et al., 2021a):

L= %Im[neff] x 106 (5)
where Im[nes] is the imaginary part of the effective mode
index.

Effective area Acsr represents the intensity distribution of
the power propagating in the cross-sectional area of the PCF,
and computed by (Begum et al., 2009; Kaijage et al., 2013;
Begum and Abas, 2019; Yakasai et al., 2019b):
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(522, 12 B2 dx dy)

A =
eff = X [ |E|*axdy

(6)

where E is the transverse electric fields of the guided mode.

Nonlinear coefficient is the quantification of the strength
of a nonlinear interaction within the optical fibre and
defined as (Hossain et al., 2018; Begum and Abas, 2019;
Kumar et al., 2020):

r=( ) )

where A is the operating wavelength and n> is the non-linear
refractive index

4. RESULTS AND DISCUSSION

The proposed PCF has been analysed to obtain numerical
results of optical parameters involving effective refractive
index, birefringence, power fraction, relative sensitivity,
confinement loss, effective area, and nonlinear coefficient.
The COMSOL software was utilised to perform the
simulation process to assess the results of the parameters for
the wavelength range from 0.8 to 2.0 um.

Fig. 3 represents the effective refractive index in two
polarisations (x- and y-polarisation) of propanol, butanol
and pentanol for the proposed PCF. The graph demonstrates
that the effective refractive indices of all three alcohol
analytes decrease gradually as wavelength increases. This
trend is on the account of lower wavelengths propagating at
larger refractive index. Pentanol possesses the highest
effective refractive index, followed by butanol and propanol.
Additionally, the polarisation in the proposed PCF is minute,
where the difference of effective refractive indices between
x-polarisation and y-polarisation are very small. With that,
the optical parameters of this study are obtained at the x-axis
only.

1.40 T T T T T

—=—x-Propanol
—o—x-Butanol
—+— x-Pentanol
1.25F =—v—y-Propanol
y-Butanol
—«—y-Pentanol
1.20 ) A A A A
08 10 12 14 16 18 20
Wavelength (um)
Fig. 3. Effective refractive index in x- and y-polarisation of
the proposed PCF sensor for propanol, butanol and

pentanol at operating wavelengths of 0.8 to 2.0 pm

Effective Refractive Index

The core structure comprised of elliptical holes that are
asymmetrical in both the x- and y-plane. This design

produces birefringence due to the different propagation
occurring in its respective direction: x-polarisation and y-
polarisation. Fig. 4 illustrates the birefringence for all the
test analytes: propanol, butanol and pentanol, with
respective to operating wavelength. The birefringence of the
alcohol analytes are considered linear in the earlier
operating wavelengths and gradually increases as the
wavelength increases to 2.0 um. It is noted that minimal
birefringence occurs for the proposed PCF design as the
values are lower than 0.008. At 0.8 pm optimum wavelength,
the birefringence of propanol, butanol and pentanol are
recorded to be 0.0001.

0.012 T T T T T
—=— Propanol
—o— Butanol
o 0.008F —+—Pentanol 4
]
=
)
en
E 0.004 -
.
5]
-
- p—
2 0.000 1
-0.004 L 1 L 1 L

08 1.0 12 14 1.6 18 20
Wavelength (pm)

Fig. 4. Birefringence of the proposed PCF sensor for
propanol, butanol and pentanol at operating wavelengths
0f 0.8 to 2.0 um

Fig. 5 displays the fractional amount of power
propagating through the proposed PCF over the core-
cladding ratio. It can be observed that the power fraction of
the test analytes drastically decrease initially as wavelength
increases and slightly decreases further until 2.0 pm. This
prevails as optical power flowing in the core diminishes
gradually as wavelength increases. At the optimum
wavelength of 0.8 pm, the power fraction is recorded to be
92.7%, 88.0% and 81.5% for propanol, butanol and
pentanol, respectively.

100 T T T T T
—=— Propanol
2 9% —o— Butanol |
X —+— Pentanol
N’
=
.g 80
|31
<
-
= 70
S
z
S 60
A
50 'l L 'l L L
0.8 1.0 1.2 1.4 1.6 1.8 2.0

Wavelength (um)

Fig. 5. Power fraction of the proposed PCF sensor for
propanol, butanol and pentanol at operating wavelengths
0f 0.8 t0 2.0 um
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In relation to the power fraction obtained, relative
sensitivity of the selective alcohol analytes against the
operating wavelength is presented in Fig. 6. Since power
fraction is a factor of relative sensitivity, it depicts a similar
trend to the fractional power results. Propanol, butanol and
pentanol obtained relative sensitivities of 93.3%, 88.7% and
82.2%, respectively, at 0.8 um.

100

—=— Propanol

00 P —o— Butanol |
—a— Pentanol

80

70F

60 |

Relative Sensitivity (%)

50 . . s s .
0.8 1.0 1.2 14 1.6 1.8 2.0

Wavelength (um)
Fig. 6. Relative sensitivity of the proposed PCF sensor for
propanol, butanol and pentanol at operating wavelengths
0f 0.8 t0 2.0 um

Fig. 7 determines the confinement loss of propanol,
butanol and pentanol with respect to the operating
wavelengths. Generally, the confinement loss increases
along with operating wavelength by the reason of
electromagnetic waves with high frequency favouring to
transmit through high refractive indexed regions (Igbal et al.,
2020). It can be noted that the confinement loss of all three
analytes increases gradually as the operating wavelength
increases from 0.8 to 2.0 um. The proposed PCF has
assessed confinement losses of 9.80 x 1/10' dB/m for
propanol, 4.91 x 1/10'* dB/m for butanol and 1.03 x 1/10"
dB/m for pentanol at a wavelength of 0.8 pm.

10’ T T T T T

,| =—=—Propanol
[ —e— Butanol
| ——Pentanol

-12

10

Confinement Loss (dB/m)

-14 A

0.8 1.0 1.2 1.4 1.6 1.8 2.0

10

Wavelength (um)
Fig. 7. Confinement loss of the proposed PCF sensor for
propanol, butanol and pentanol at operating wavelengths
0f 0.8 t0 2.0 um

Effective areas of propanol, butanol and pentanol for the
proposed PCF with respect to wavelength is illustrated in
Fig. 8. Theoretically, effective areas of the fundamental
mode profile increase due to less light confined within the

core region of the fibre as wavelength increases. Similar
trends occur in this fibre sensor design as seen in the figure,
where the effective area of propanol, butanol and pentanol
increases exponentially as wavelength increases. The
effective areas at 0.8 um wavelength are 0.03839 pm?,
0.04486 pum? and 0.05591 pm? for propanol, butanol and
pentanol, respectively.

0.6 T T T T T
—=— Propanol
—e— Butanol

—— Pentanol

e
kS

0.2

Effective Area (pmz)

08 10 1z 14 16 18 20
Wavelength (um)
Fig. 8. Effective area of the proposed PCF sensor for
propanol, butanol and pentanol at operating wavelengths
0f 0.8 t0 2.0 um

The graphical representation of the nonlinear coefficient
with respect to operating wavelength from 0.8 to 2.0 um is
shown in Fig. 9. It can be observed that the nonlinearity of
propanol, butanol and pentanol decreases exponentially as
the wavelength increases. Propanol has higher nonlinear
coefficients as compared to the other alcohol test analytes.
Additionally, nonlinear coefficient is inversely correlated
with effective area, where the opposing behaviour is proven
in Figs. 8 and 9. At operating wavelength of 0.8 um, the
nonlinear coefficients yield 5939 /Wkm for propanol, 5254
/Wkm for butanol and 4215 /Wkm for pentanol.

N
=3
=
=

—=— Propanol
—o— Butanol |
—— Pentanol

n
(=)
=3
=

-
)
=
=

[
3
=3
=]

—
-
=3
=

Nonlinear Coefficient (W'lkm'l)

08 10 12 14 16 18 20
Wavelength (um)
Fig. 9. Nonlinear coefficient of the proposed PCF sensor
for propanol, butanol and pentanol at operating
wavelengths 0of 0.8 to 2.0 um

Furthermore, the results of the proposed alcohol PCF
sensor are differentiated to the performance of previous
PCFs and presented in Table 2. To contrast, the proposed
PCF attained high relative sensitivities and lowest
confinement losses for the selected test analytes.
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Table 2. Performance evaluation table between previous PCFs and proposed PCF

Relative Sensitivity (%)

Confinement Loss (dB/m)

Propanol Butanol Pentanol Propanol Butanol Pentanol
Ref. (Habib et al., 2021) 80.74 84.34 - ~1/101° ~1/101 -
Ref. (Ahmed et al., 2017) 65.95 66.35 66.73 ~1/101° ~1/101° ~1/101
Ref. (Ahmed et al., 2017) 58.17 58.74 59.59 ~1/101° ~1/101 ~1/10'°
Ref. (Ahmed et al., 2019) 41.29 41.30 41.32 - - -
Ref. (Paul et al., 2017) 65.44 66.02 66.39 ~1/108 ~1/101° ~1/10°
Proposed PCF 93.30 88.70 82.20 ~1/1013 ~1/1013 ~1/1013
5. CONCLUSION Robinson, G.K., Oliver, J.V. 2012. Numerical analysis of

The proposed PCF comprises three oval core holes and
three rings circular cladding holes in a hexagon-shaped
arrangement to sense alcohols. PML region made up of 10%
of the cladding area, whereas the optimum wavelength for
each analyte is 0.8 um. To enumerate, the proposed PCF
exhibits high relative sensitivities of 93.3% for propanol,
88.7% for butanol and 82.2% for pentanol, low confinement
losses of 9.80 x 1/10'* dB/m for propanol, 4.91 x 1/10"
dB/m for butanol and 1.03 x 1/10'* dB/m for pentanol. The
polarisation of light in the x-axis and y-axis is minute, thus,
the birefringence obtained is about 0.0001 at the optimum
wavelength, for all the alcohol analytes. The simple design
coupled with remarkable waveguiding and sensing results
determines its practicability in a sensing application,
primarily alcohol detection. Moreover, this proposed PCF is
applicable in supercontinuum generation because of the
high nonlinear coefficient.
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