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Abstract: Photonic Crystal Fiber (PCF) have recently found
extensive usein sensor applications. The design of PCFsiscrucial
for optimal sensing performance. In this work, an index guided
Hollow Core Photonic Crystal Fiber (HC-PCF) with hexagonal
shaped cladding is proposed for sensing harmful food additives.
Using COMSOL software we performed extensive simulations
and have shown that our proposed PCF design achieves a very
high sensitivity > 90% for typical food additives like Saccharin,
Sorhitol, and Butyl Acetate. We have also compared our proposed
design and shown that it significantly outperforms the current
PCF designs. The presence of hexagonal airholes in the entire
cladding layer of the proposed PCF design enhances sensitivity in
comparison to the previous designs. Also, the increase in size of
the circular core supports the increased sensitivity.

Keywords: Hollow core photonic crystal fiber, PCF, Relative
sensitivity, Food additives.

. INTRODUCTION

Photonic-crystal fiber (PCF) is a class of optical fiber

based on the properties of photonic crystals. Itsmain ability is
to confine light in hollow cores or with confinement
characteristics not possible in conventional optical fiber [1,
2]. They have a much higher effective-refractive index
contrast between core and cladding, and therefore can have
much stronger confinement for applications in non-linear
optical devices and polarization-maintaining fibers[1, 2].

PCFs have some exceptiona properties. It will focus the
most conversant sensing application areas with their
consistent parameters and perception. PCF is now finding
applications in fiber-optic communications, fiber lasers,
non-linear devices, high-power transmission, highly sensitive
gas sensors, and other areas[2, 3, 4-15]. Inrecent years, many
promising advancements have been reported in the field of
PCF based sensing. Numerous PCF sensors are available in
day-to-day world. Researchers and technol ogists are working
on PCFs with more than 15-20 application areas [2-15].

Optical sensors using photonic crystal fiber (PCF)
technology are newly adopted beyond conventional optical
fibers (OFs).
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Due to their unique geometric structures, there are several
challengesin the design of the PCF for sensor applications. In
[9] the authors have explored sensing capabilities of two
variations of the proposed suspended ring-core PCFs which
were investigated experimentally by detecting absorption
lines of acetylene gas. It was shown that improvement in both
sensitivity and response time of the suspended ring-core PCF
can provide larger gas diffusion.

A highly sensitive vibration frequency and acceleration
sensor application was demonstrated in [10] using a
liquid-filled photonic crystal. The proposed vibration sensor
was shown to possess merits of extended working range,
extremely high sensitivity, and promising potential in various
fields such as monitoring real time signal aternations and
sensing of extremely weak vibrations such as human
breathing and finger movements.

In [11], the authors have designed a single-mode spiral
photonic crystal fiber for gas sensing applications. The
geometrical parameters of the PCF have been altered, by
varying the pitch and radius, to optimize the structure and
improve relative sensitivity through increased core area. They
have shown that their PCF design enables sensing of toxic
gases like methane and hydrogen fluoride.

Design of the PCF geometry is also studied for severa
other applications. A novel cancer sensor based on dual-core
photonic crystal fiber for the detection of cancer cells in
cervical, breast, and basal partsisexploredin[12]. They have
shown that the sensing performances for detecting the cancer
cells can beimproved by optimizing the PCF design. Further,
the authorsin [13] have designed acircular pattern solid core
PCF to detect variousliquids. They have studied and designed
the PCF to detect several liquids at wavelengths ranging
between 1.4um and 165 pm. Various numerical
computations were used to optimize the design for sensing
glycerol and toluene, achieving 65.16% and 64.05%
sensitivity respectively. Finaly, the authors in [14] have
designed and presented three different structures of index
guided hexagonal shaped Hollow Core Photonic Crystal Fiber
(HC-PCF) for sensing harmful food additives like Saccharin,
Sorbitol and Butyl Acetate. In their work they have tried to
optimize the cladding layer structures and spacing to achieve
sengitivities of 88.75%, 87.37% and 86.72% for Saccharin,
Sorbitol, and Butyl Acetate respectively. The authorsin [15]
have explored PCF designs for harmful chemicals in Poultry
Feed. Inthiswork, we further explore the designin [14] and
propose a modified PCF design for sensing harmful food
additives. We evaluate its performance using extensive
simulations on COMSOL. We show that the PROPOSED
PCF achieves high sensitivity of 94.21%, 93.10% and 91.84%
for Saccharin, Sorbitol,
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and Butyl Acetate respectively. In the next section, we 5]
describe the design and geometric structure for the ]
PROPOSED PCF. Further, we describe the simulation setup
and the corresponding results obtained in the later sections.
Finally, in the last section, we conclude with some future
directions.

[I. PCFDESIGN

The design goal isto work on sensitivity and effective area
of the photonic crystal fiber. To achieve high sensitivity of the
PCF, we manipulate the geometrical and structural
parameters of the crystal. The core and the cladding layers are
designed to maximize relative sensitivity of aphotonic crystal
fiber. The designs for these structures are implemented on
COMSOL Multiphysics [16]. In our design we use a circular
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Fig. 4: Geometrical structure of PCF - 3
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We need to calculate the relative sensitivity of the photonic
crystal fiber by changing some parameters like pitch,
refractive index, and diameter of the dielectric. The
simulation method and results achieved are presented in the
following sections.
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Fig. 1: Geometrical structure of PROPOSED PCF In order to evaluate the designs, COMSOL Mutliphysics
. software is used. COMSOL Mutliphysics is a tool used for

Table 1: Design parameters of PROPOSED PCF engineering design in specialised applications [16]. The PCF
Structural Parameters Value designsareimplemented in COM SOL Multiphysics and finite

Core L8pm element method (FEM) is used to obtain several propertie;s of
Cladding 2um PCF. A Perfectly Matched Layer (PML) and appropriate

Pitch 1.9 um boundary conditions are used in the ssimulations.

The light confinement analysis is used to understand the
effectiveness of the PCF to guide the light without any loss of
S T T power. It is critical for any PCF design to follow good
confinement of light for use in practical sensing applications.
3 We study the confinement considering the corresponding
refractive indices of the food additives as our sample in the
3 core. The typica food additives under consideration as
3 presented in [14] are Butyl Acetate, Saccharin and Sorbitol
[17-22]. Under these considerations, the PCF designs are
i analysed by varying 200 effective mode indices to evaluate
the light confinement.

Overall Diameter 17 um
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Fig. 2: Geometrical structure of PCF - 1
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Using Saccharin as sample the light confinement obtained
for the proposed PCF design isillustrated in Fig. 5. We also
illustrate the light confinement obtained for the existing PCF
designs 1, 2and 3inFig. 6, 7 and 8.

A magnified view of the core of these light confinement
illustrations is shown in Fig. 9-12. Good light confinement
characteristics is observed for all of the PCF designs.
Although we observed good light confinement characteristics
even for the other food additives, we have not illustrated those
light confinement figures due to space limitations.

We next proceed to analyse the relative sensitivity of the
proposed PCF design since we observed favourable light
confinement characteristics. As discussed in previous works
[14] the relative sensitivity for a PCF can be computed using
the two following equations.

[ Re(E, Hy—E,H,)dxdy

f — -Ism:lzpls
| Re(E, Hy—EH,)dxdy
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Re(ngr)

)

where, Tr isthe refractive index of the sample and ™e77 isthe

effective refractive index and [ is the fraction of power as
computed by the Poynting theorem.

We use three different food additives as the samples placed
in the core. The refractive indices of these samples, namely,
Saccharin, Sorbitol and Butyl Acetateare 1.43, 1.41 and 1.39,
respectively.

We study the PCF structures on the COMSOL software
using Finite Mode Analysis by varying the wavelength from
0.8umto 1.8um.

We then compute the relative sensitivity of the proposed
PCF for these samples on the COMSOL software using
subdomain integration. The senditivity analysis from
simulations are discussed in the next section.

Fig. 5: Confinement of light in PROPOSED PCF using
saccharin assampleat 1.55um (completeview of the PCF)
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Fig. 6: Confinement of light in PCF-1 using saccharin as
sample at 1.55um (complete view of the PCF)

Fig. 7: Confinement of light in PCF-2 using saccharin as
sample at 1.55um (complete view of the PCF)

Fig. 8: Confinement of light in PCF-3 using saccharin as
sample at 1.55um (complete view of the PCF)
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Fig. 9: Confinement of light in PROPOSED PCF using
saccharin as sample at 1.55um (view of the core of the
PCF)

Fig. 10: Confinement of light in PCF-1 using saccharin as
sample at 1.55um (view of theinnermost cladding of the
PCF)

Fig. 11: Confinement of light in PCF-2 using saccharin as
sample at 1.55um (view of theinnermost cladding of the
PCF)
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Fig. 12: Confinement of light in PCF-3 using saccharin
as sampleat 1.55um (view of theinnermost cladding of
the PCF

V. RESULTSAND DISCUSSION

The sensitivity analysis performed using COM SOL for the
PROPOSED PCF design is compared with the relative
sengitivities of PCF-1, PCF-2 and PCF-3. This analysis
carried out for the three different food additives are plotted in
Fig. 13, 14 and 15. In each of these plots the relative
sensitivity isplotted by varying the wavel ength from 0.8um to
1.8um, where the y-axis denotes the relative sensitivity in
percentage (%) and the x-axis denotes the wavelength in um.
The analysis is also carried out at special wavelengths of
850nm, 1310nm and 1550nm [23] (typicaly used
wavelengthsfor operation) and theseresultsare plotted in Fig.
16, 17 and 18. Some of these results are also presented in
Tables5,6and 7.

It is observed that the PROPOSED PCF design has
significantly improved sensitivity compared to the other
designs for all the three samples. It is noted that the
PROPOSED PCF design achieves > 90% sensitivity in the
region of study. These results show that the presence of
hexagonal airholes in the entire cladding enhances sensitivity
in comparison to the previous designs which have hexagonal
airholes only at the innermost cladding layer. Also, the
increase in size of the circular core supports the increase in
sensitivity. The proposed PCF, therefore, achieves a relative
sengitivity of 94.21%, 93.10% and 91.84% for Saccharin,
Sorbitol, and Butyl Acetate respectively.

We also compare the relative sensitivity values of the
PROPOSED PCF design with the values of the other PCF
designs provided in [14] at the wavelength of 1.33um. This
comparison is presented in Table 2, 3 and 4 for the three
different samples. It is noted that we have directly used the
values from [14] for the other designs since it contains the
optimized values for those PCFs, whereas in our simulations
we have not optimized the pitch value for these PCFs. It is
clear from the tables that the PROPOSED PCF design has an
improved high sensitivity. With regards to the designs PCF -
1, PCF - 2 and PCF — 3 we observe similar trend asin [14].
We seethat PCF — 1 and PCF — 2 perform better than PCF — 3
in terms of sensitivity.
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This has been attributed to the difference in the structure of
the innermost cladding layer in these PCFs designs. We aso
note that the confinement loss for al the different PCF
designs are negligible and therefore this did not play a central
role in the comparison.

Therefore, it is clear from the detailed simulations that the
PROPOSED PCF design outperforms the existing PCF
designs. Hence, we have been able to achieve an highly
sensitive PCF design that works effectively for detecting
several food additives.

—=— PCF PROPOSED (RI=1.43)

—e—PCF -1
100 -

4 PCF-2
—w—PCF -3
95 | ""—----..___
LR
LR
90 .
A
é .AL“‘LAA.
> A-a
T 85 oaay
= A-a
2 ..l'...'...
& 80 e ..
@ *-e o
& S
<7
& 54 vvv"vv‘-"_v_v
'v'
v
""
70 o Y-y
85

T T T T T T T T T T T 1
07 o8 09 10 11 12 13 14 15 16 17 18 19

Wavelength (um)

Fig. 13: Relative Sensitivity of PROPOSED PCF, PCF-1,
PCF-2 and PCF-3 for Saccharin
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Fig. 14: Relative Sensitivity of PROPOSED PCF, PCF-1,
PCF-2 and PCF-3for Sorbitol

—=— PCF PROPOSED (RI=1.39)

100 — —e—PCF -1

95

90 -|
85
AAAAAAAAA
A
80 rh-as

75

70 +

Relative Sensitivity (%)

N WV WV W-woy gy
65 .v"-v v v-v V-v-y
60

55

1‘2 1‘3 1‘4 1‘5 1‘8 1‘7 1‘8 1‘9
Wavelength (um)
Fig. 15: Relative Sensitivity of PROPOSED PCF, PCF-1,
PCF-2 and PCF-3 for Butyl Acetate

T T T T
07 08 09 10 141

Retrieval Number: H6546069820/2020©BEIESP
DOI: 10.35940/ijitee.H6546.069820

Journal Website: www.ijitee.org 549

I nter national Journal of Innovative Technology and Exploring Engineering (1JITEE)

I SSN: 2278-3075 (Online), Volume-9 | ssue-8, June 2020

Table 2: Relative sensitivity at 1.33 um for Saccharin

(R1=1.43)
Structure Relative
Sensitivity
PROPOSED | 94.21%
PCF
PCF-1 85.40%
PCF - 2 88.75%
PCF -3 79.45%
Table 3: Relative sensitivity at 1.33 um for Sorbitol
(R1=1.41)
Structure Relative
Sensitivity
PROPOSED | 93.10%
PCF
PCF-1 83.70%
PCF - 2 87.37%
PCF -3 76.91%
Table 4: Relative sensitivity at 1.33 um for Butyl Acetate
(R1=1.39)
Structure Relative
Sensitivity
PROPOSED | 91.84%
PCF
PCF-1 81.85%
PCF -2 86.72%
PCF - 3 74.14%
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Fig. 16; Relative Sensitivity of PROPOSED PCF, PCF-1,
PCF-2 and PCF-3 at 850nm, 1310nm and 1550nm for
Saccharin
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Fig. 17: Relative Sensitivity of PROPOSED PCF, PCF-1,
PCF-2 and PCF-3 at 850nm, 1310nm and 1550nm for
Sor bitol
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Fig. 18: Relative Sensitivity of PROPOSED PCF, PCF-1,
PCF-2 and PCF-3 at 850nm, 1310nm and 1550nm for
Butyl Acetate

Table 5: Relative sensitivity at 1310 nm for Saccharin

(R1=1.43)
Structure Relative
Sensitivity
PROPOSED | 94.29%
PCF
PCF-1 80.75%
PCF - 2 87.18%
PCF -3 73.61%
Table 6: Relative sensitivity at 1310 nm for Sorbitol
(RI=1.41)
Structure Relative
Sensitivity
PROPOSED | 93.18%
PCF
PCF-1 78.55%
PCF - 2 85.43%
PCF - 3 70.03%
Table 7: Relative senditivity at 1310 nm for Butyl Acetate
(R1=1.39)
Structure Relative
Sensitivity
PROPOSED | 91.93%
PCF
PCF-1 76.20%
PCF -2 83.50%
PCF-3 66.18%

V. CONCLUSION

In this work, we have designed an index guided Hollow
Core Photonic Crystal Fiber (HC-PCF) with hexagonal
shaped cladding for sensing harmful food additives like
Saccharin, Sorbitol and Butyl Acetate. We have used the
COMSOL software to study our designs and to perform finite
element method simulations. Through these extensive
simulations, we have shown that our proposed PCF design
achieves a very high sensitivity of 94.21%, 93.10% and
91.84% for Saccharin, Sorbitol, and Butyl Acetate
respectively at the operating wavelength of 1.33 um. We have
also compared our proposed design and shown that it
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significantly outperforms the current PCF designs. These
results show that the presence of hexagonal airholes in the
entire cladding enhances sensitivity in comparison to the
previous designs which have hexagonal airholes only at the
innermost cladding layer. Inthefuturewewould liketo study
similar PCF designs for related applications. We would also
like to point out the extensive scope to explore PCFs for
various applications.
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