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Abstract: In this paper, a hexagonal shape photonic crystal fiber (H-PCF) has been proposed as a 
gas sensor of which both micro-structured core and cladding are organized by circular air cavities. 
The reported H-PCF has a single layer circular core which is surrounded by a five-layer hexagonal 
cladding. The overall pretending process of the H-PCF is completed by using a full vectorial finite 
element method (FEM) with perfectly matched layer (PML) boundary condition. All geometrical 
parameters like diameters and pitches of both core and cladding regions have fluctuated with an 
optimized structure. After completing the numerical analysis, it is clearly visualized that the proposed 
H-PCF exhibits high sensitivity with low confinement loss. The investigated results reveal the 
relative sensitivity of 56.65% and confinement loss of 2.31×105 

 dB/m at the 1.33-m wavelength. 
Moreover, effective area, nonlinearity, and V-parameter of the suggested PCF are also briefly 
described. 
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1. Introduction 

Photonic crystal fibers (PCFs) have ensured 

novel modification in the present fiber-optic 

communication system. It is the perforated fiber that 

goes through the entire length of fiber. The PCF can 

be designed for many significant applications in 

intelligent systems, and it has attracted too much 

concentration of researchers. The requirement of 

PCF is exponentially escalated for flexibility and 

variation of geometrical structures like D-shape [1], 

pentafgonal [2], tapered [3] panda-shaped [4], 

colloidal [5], spherical shaped [6], rhombic-shaped 

core [7], and spiral [8] shaped architecture. High 

nonlinearity [9], large mode field area [10], highly 

birefringence [2], and zero-flattened dispersion [11] 

characteristics have gained by modifying the design 

of PCF. Distinctive background materials such as 

Tellurite [12], Topas [13], and Silica [14] are also 

applied to improve the guiding properties of PCF. As 
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a result, PCF can be utilized in the nanoparticle 

detection [15], humidity measurement [16], 

atom-atom interaction [17], micro-organism growth 

detection [18], bacteria detection [19], air pollution 

monitoring [14], gas leak detection systems with 

high accuracy and safety [20], environmental studies 

[21], sensing [22], and communication systems [23] 

for its unique optical properties. In recent years, 

PCFs have established various branches of sensing 

technology with the promotion of fabrication 

techniques. 

The PCF based sensors are mainly utilized in 

plasmonic [24], remote irradiation [25], surface, 

temperature, tension, magnetic field, and gas sensing 

applications [22]. Nowadays, gas sensing capability 

of PCF is enhanced rapidly due to its several 

attractive features like the high relative sensitivity 

and low confinement loss. The performances of gas 

sensors are enlarged by changing the size or number 

of air cavities [26]. The global warming problem is 

very acute day by day due to various types of toxic 

gases including C2H2, CH4, NO2, SO2, NH3, H2S, 

CO2, and CO. These combustible and explosive 

gases are emitted from industries and vehicles. The 

monitoring and controlling of gas emission are 

needed to protect our environment from greenhouse 

effect and global climate change. The PCF-based 

gas sensors have hastily popular because of low-cost, 

small footprint, and long interaction length. As a 

result, it is used in areas such as civil engineering, 

environment protection, homeland security, and 

military defense [27].  

In previous and current period, the researchers 

tried their best to upgrade the performance of 

PCF-based gas sensing technique. Cordeiro et al. 

[28] proposed a microstructure PCF that increased 

the energy of gas filling air holes. In 2003, Hoo et al. 

[29] reported an all-fiber gas sensor and obtained the 

relative sensitivity of 10.15% at the 1.4 m 

wavelength. The improvement of relative sensitivity 

of 16.88% and the reduced confinement loss of 

1.765×108 
 dB/m have been done by Morshed et al. 

[30]. In [31], it suggested an index-guiding PCF and 

achieved the sensitivity and leakage loss of 29.80% 

and 4.50×101
 dB/m, respectively. In 2013, Olyaee et 

al. [32] proposed a micro structured PCF and 

enhanced the sensitivity of 32.99% as well as 

minimizing the leakage loss of 2.59×105
 dB/m at 

the 1.33-m wavelength. Asaduzzaman and Ahmed 

[14] reported a micro structured elliptical cored 

photonic crystal fiber (E-PCF) for air pollution 

monitoring purpose where the core region was 

constituted with elliptical air holes and exhibited 

high relative sensitivity, birefringence, and 

nonlinearity. 

In this research paper, we have suggested and 
successfully scrutinized a hexagonal photonic 

crystal fiber (H-PCF) where five-layer hexagonal 
cladding and single layer circular core territories are 
formed by circular air holes. The proposed H-PCF is 

mentioned as a gas sensor that improves the relative 
sensitivity of 56.65% and reduces the confinement 
loss of 2.31×105 

 dB/m at  = 1.33 m. In addition, 

the effective area and nonlinearity of 6.44 m2 and 
22.73 W1·km–1 respectively are gained at the same 
wavelength. So, the reported PCF is massively 

efficient for pollution monitoring applications and it 
ensures the industrial safety.  

2. Geometries of the proposed H-PCF 

Figure 1 depicts the transverse cross-sectional 

view of the proposed H-PCF based on 

micro-structured core and cladding in circular and 

hexagonal manner, respectively. This technique was 

applied in [33] where the cladding region was 

hexagonal with six type’s holes in the edges of the 

outermost cladding. In the work, the diameters of 

two outermost rings as well as three innermost rings 

were different. In our proposed H-PCF, the 

diameters of all five rings of cladding have been 

kept the same to interact the proper fabrication 

tolerance, which were defined as d [14]. The idea of 

the micro-structured core was introduced in [34]. In 

the proposed design, the angular displacement of 

two adjacent air holes in the cladding region is kept 
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60° to form a hexagonal structure. The dimensions 

of air holes in the core are smaller than that of 

cladding holes to satisfy the effective index guiding 

criterion. In our H-PCF, the micro-structured core is 

formed with an array of eight tiny air holes in 

circular manner, the diameter is defined as dc, and 

the diameter of supplementary center air hole in the 

core region is dc0. The distance between center to 

center of holes is called pitch of cladding denoted as 

Ʌ. The distance from center to the first air hole ring 

in the core region is defined as Ʌc. Due to the central 

hole, the refractive indices between core and 

cladding dropped and more light would confine into 

the core, thereby the sensitivity increases. To gain 

more relative sensitivity, the innermost ring is 

formed with six air holes in hexagonal manner 

closer to the core region [35]. The effect of the size, 

position, and shape of those holes on the sensitivity 

and confinement loss are numerically investigated 

by applying different numerical methods. 

 
Fig. 1 Transverse cross-sectional view of the proposed 

H-PCF. 

3. Synopsis of numerical method 

The finite element method (FEM) is applied for 

solving Maxwell’s equations due to correctly 

pretending the optical properties of the suggested 

H-PCF. Moreover, it has capacity to solve the 

complex architectural design of PCF and also 

contributes full vector analysis of distinctive PCF 

structures [36]. As a result, it provides a good 

approximation to prove the reliability of PCF 

structures. It is known that due to the finite number 

of air holes in the cladding, light can leak among the 

air holes called the leakage loss or confinement loss. 

So, to compute the leakage loss, an effective 

boundary condition which produces no reflection at 

the boundary is needed. In this case, perfectly 

matched layers (PMLs) are the most efficient 

absorption boundary condition for this purpose 

[37–38]. The confinement loss or leakage loss can 

be calculated as [14] 

0 eff8.868 Im[ ](dB/m)CL K n         (1) 

where k0 = 2/;  is the wavelength of light, and 

Im[neff] is the imaginary part of the refractive index.  

Beer-Lambert law is used to evaluate the 

absorbance of evanescent field by the gas samples. 

The relationship between gas concentration and 

optical intensity is evaluated as [14] 

0( ) ( )exp[ ]m cI I r l             (2) 

where I and I0 are the output and input light 

intensities, respectively, αm is the absorption 

coefficient, l is the length of the H-PCF used for 

chemical detection, c is the concentration of the 

target samples, and r is a relative sensitivity 

coefficient defined as [34] 

eff

rn
r f

n
                 (3) 

where nr are the refractive index of gas, neff is the 

real part of the effective mode index, and f is the 

fraction of the total power located in the holes that 

can be expressed as [34] 
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    (4) 

where Ex, Ey, Hx, and Hy are the transverse electric 

and magnetic fields of the guided mode, 

respectively. 

Utilizing the Sellmeier’s equation [14], pure 

silica is set as the background material of the fiber 

of which the refractive index changes with the 

modification of the wavelength.  
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where B1, B2, B3, C1, C2, and C3 are the Sellmeier’s 

coefficients. The refractive index of silica is n() 

which alters with the operating wavelength. 

The V-parameter [39] is used to compute the 

single mode response of a fiber which can be 

defined as 

0 l

2 2
eff

2
c cV n n




             (6) 

where the refractive indices of core and cladding 

regions are denoted by nc0 and ncl, respectively. To 

fulfill the single mode condition, the value of Veff 

must be not greater than 2.405. Another important 

parameter is effective area (Aeff) which can be 

determined by the following equation [14]: 

 2 2

eff 4

| |

| |

E dxdy
A

E dxdy
  
 

           (7) 

where optical power is denoted by E. Equation (8) is 

applied to determine the nonlinear coefficient () 
[14] 

2

eff

2 n

A



       
              (8) 

where n2 is called the nonlinear refractive index. 

In this research, the main focus is on the 

methane (CH4) and hydrogen fluoride (HF) gasses to 

have the absorption line at the wavelength of   

1.33 μm. We have tried to improve the relative 

sensitivity and confinement loss at this wavelength. 

Furthermore, for the other wavelength, our proposed 

H-PCF has shown the better results. 

4. Numerical results and discussion 

FEM for disposing Maxwell’s equations has 

been used for its reliability as well as high accuracy 

to investigate the optical properties of the proposed 

H-PCF [40–41]. Full vectorial FEM with the 

perfectly match layer (PML) boundary condition is 

one of the most potential numerical approaches. It is 

the most obtainable approach to engineer for 

structuring and developing photonic elements and 

devices [42]. To investigate propagation properties 

of leaky modes, the PML as boundary conditions is 

an essential approach in PCFs and by employing 

these layers, all optical propagation characteristics 

can be appraised in a single run [41, 43, 44]. Figure 

2 exhibits the fundamental mode field distributions 

along x-polarization [Fig. 2(a)] and y-polarization 

[Fig. 2(b)] for the proposed H-PCF at the operating 

wavelength of 1.33 m. From this figure, it is 

evaluated that the Gaussian distribution of the fields 

is uniform as well as the fundamental modes which 

are strongly bounded by the core region of circular 

air holes. It also illustrates that the sample air holes 

close to the core region strongly interacts with the 

evanescent field that causes the high sensitivity as 

well as low confinement loss. 

 
(a)                          (b) 

Fig. 2 Modal intensity distribution of the proposed H-PCF at 
the wavelength of 1.33 m: (a) x-polarization and (b) 
y-polarization. 

Due to the increment of air hole diameter of 

innermost ring of cladding, the fraction of 

evanescent field penetrates into core that improves 

relative sensitivity [33]. Figure 3 represents the 

relative sensitivity versus wavelength curve [Fig. 

3(a)] and confinement loss versus wavelength curve 

[Fig. 3(b)] for the optimized parameters of the 

proposed structure and investigates the behavior of 

guiding properties. A simple technique is used to 

optimize the parameters and figure out x-polarized 

mode to acquire optimum results. By selecting a 

proper mode of mesh size, the simulation task has 

been completed by applying 4.2 version COMSOL 

Multiphysics [14].  



                                                                                             Photonic Sensors 

 

238 

 
(a) 

 
(b) 

Fig. 3 Relationship between: (a) relative sensitivity versus 
wavelength and (b) confinement loss versus wavelength curve 
for the proposed H-PCF for optimized parameters: Λ = 3.00 m, 
Λc = 1.08 m, d = 2.85 m, dc = 0.774 m, and dc0 = 1.08 m. 

As the penetrating field in the cladding is 

unloading, inner rings have higher impact on 

sensitivity; so it is enhanced for the diameter of air 

holes in the innermost ring as much as possible. It 

can be seen that 56.65% relative sensitivity as well 

as 2.31×105
 dB/m confinement loss can be obtained 

at the operating wavelength of 1.33 m. From the 

observation, it can be seen that the proposed H-PCF 

has a higher relative sensitivity compared with prior 

PCFs [14, 30–32, 34]. 

For the central air holes, when enough light 

would be confined into the cladding region and 

interaction happens between light and gases, then 

sensitivity will be increased [31]. The air filling ratio 

(d/) of 0.95 is acceptable for fabrication [45], and 

we have carefully optimized all these parameters. 

Figure 4 describes the variations of air filling ration 

(d/) in cladding by keeping other parameters fixed 

to  = 3.00 μm, c = 1.08 μm, dc = 0.774 μm, and dc0 = 

1.08 μm. At the operating wavelength 1.33 m, the 

air filling ratio d/ is defined as 0.94, 0.95, and 0.96, 

the considered relative sensitivities are 55.21%, 

56.65%, and 57.86%, and confinement losses are 

5.08×104
 dB/m, 2.31×105

 dB/m, and     

3.41×106
 dB/m, respectively.  

 
(a) 

 
(b) 

Fig. 4 Comparison between: (a) relative sensitivity versus 
wavelength and (b) confinement loss versus wavelength curve 
of the proposed H-PCF for optimized parameters:  = 3.00 m; 
 c = 1.08 m; dc = 0.774 m and dc0 = 1.08 m; d/ = 0.94, 0.95, 
and 0.96. 

By the reduction of air filling ratio d/, the 
evanescent field penetrated into cladding causes the 
fraction power of holes alleviates and leads to a 
decrease in the absorption power by core region 
which causes the relative sensitivity to decrease. On 
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the other hand, if the air filling ratio (d/Λ) is 
promoted, the evanescent field penetrating into core 
region causes an increase in the fraction power of 
holes which leads to an increase in the absorption 
power by core region so as to enhance the relative 
sensitivity. The higher sensitivity makes a fiber as an 
active candidate to detect noxious gas, colorless gas, 
and monitor environment pollution [14]. Now d/= 

0.95 is selected as an optimized value for the further 
investigation process. 

 
(a) 

 
(b) 

Fig. 5 Comparison between: (a) relative sensitivity versus 
wavelength and (b) confinement loss versus wavelength curve  
for the proposed H-PCF for optimized parameters:  = 3.00 m; 
c = 1.08 m; d = 2.85 m and dc0 = 1.08 μm; dc/c = 0.68, 0.72, 
and 0.76. 

The micro-structured core PCFs help gain higher 

relative sensitivity and alleviate confinement loss 

[36]. Besides, it can be analyzed that the relative 

sensitivity is promoted with the enhancement of air 

holes diameter in the core region and decrement of 

pitch Λc [30]. Figure 5 shows the effect of air filling 

ratio dc/Λc of core region when other parameters are 

kept fixed. At the wavelength 1.33 m, the variations 

of dc/Λc are defined as 0.68, 0.72, and 0.76, and the 

calculated relative sensitivities are 51.28%, 56.65%, 

and 62.47%, respectively. At the same wavelength, 

the considered confinement losses are     

8.53×106
 dB/m, 2.31×105

 dB/m, and     

7.56×104
 dB/m, respectively. It can be also 

mentioned that the evanescent field can be absorbed 

into the core region by promoting air filling ratio 

(dc/Λc) which leads to enhancing the absorption 

power and causes high sensitivity as well as low 

confinement loss. Besides, the capability of core to 

confine the power fraction is low when the air filling 

ration dc/Λc decreases. 

Now to obtain the expected result, the pitch is 

chosen as =2.18 m for optimizing the 

investigation process. The variation of pitch () has 

great effect on relative sensitivity. High sensitivity 

makes the fiber more practical in the sensing 

applications like toxic and colorless gas detection 

[30]. The relative sensitivity versus wavelength 

curve for variations of pitch () of cladding is 

depicted in Fig. 6(a) when other parameters (Λc = 

1.08 m; d = 2.85 m, and dc = 0.774 m, and dc0 = 

1.08 μm) are kept constant. According to the 

variation of  as 2.96 m, 3.00 m, and 3.04 m, the 

calculated relative sensitivities are 57.11%, 56.65%, 

and 54.32% and confinement losses [Fig. 6(b)] are 

3.23×106
 dB/m, 2.31×105

 dB/m, and     

9.18×104
 dB/m, respectively. From the above 

observation, it can be mentioned that the higher 

relative sensitivity can be gained by reducing pitch 

of cladding  as much as possible [33]. In another 

sense, it can be mentioned that if  is enhanced, the 

evanescent field would not be confined properly into 

core. So the power fraction of holes alleviates which 

governs to decrease the absorption power by core 

region and the relative sensitivity decays. From Fig. 

6(b), it is visualized that the confinement loss is 

decreases by enhancing pitch [34]. 
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(a) 

 
(b) 

Fig. 6 Comparison between: (a) relative sensitivity versus 
wavelength and (b) confinement loss versus wavelength curve 
for the proposed H-PCF for optimized parameters:  = 2.96 m, 
3.00 m and 3.04 m; c = 1.08 m; d = 2.85 m, dc = 0.774 m, 
and dc0 = 1.08 m.  

Figure 7 exhibits the effect of pitch variations of 

core on relative sensitivity and confinement loss by 

keeping other parameters fixed. From this figure, it 

is observed that the relative sensitivity enhances and 

the confinement loss alleviates when the pitch of 

core decreases and vice versa. From observations 

(Fig. 7), c = 1.08 m is selected for further 

processing. To improve the relative sensitivity and 

confinement loss simultaneously, the diameter of 

central air hole should be increased as much as 

possible [45]. Figure 8 describes the effect of 

diameter of central air hole on relative sensitivity 

and the confinement loss. At the operating 

wavelength 1.33 m, the considered relative 

sensitivities are 53.35%, 56.65%, and 59.68%, and 

confinement losses are 8.73×106
 dB/m,   

2.31×105
 dB/m, and 6.75×104

 dB/m, respectively. 

 
(a) 

 
(b) 

Fig. 7 Comparison between: (a) relative sensitivity versus 
wavelength and (b) confinement loss versus wavelength curve 
for the proposed H-PCF for optimized parameters:  = 3.00 m; 
c = 1.04 m, 1.08 m, and 1.12 m; d = 2.85 m, dc = 0.774 m, 
and dc0 = 1.08 m. 

Figure 9 illustrates the effective area and 

nonlinear coefficient of the proposed H-PCF as a 

function of wavelength for the optimized parameters 

as  = 3.00 m,  c = 1.08 m, d = 2.85 m, dc =   

0.774 m, and dc0 = 1.08 m. It is noticed that 
effective area enhances according to the increment 

of wavelength. The mode power is narrowly 

demarked in the core region at longer wavelength, 

so the guiding waves diverse largely. As a result, the 

propagating modes hold a larger effective area [46]. 

A reverse relationship can be seen for the nonlinear 
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coefficient, which is also depicted in Fig. 9. The 

effective area and nonlinear coefficient of 6.44 m2 

and 22.73 W1·km-1 have been achieved respectively 

at = 1.33 m. 

 
(a) 

 
(b) 

Fig. 8 Comparison between: (a) relative sensitivity versus 
wavelength and (b) confinement loss versus wavelength curve 
for the proposed H-PCF for optimized parameters:  = 3.00 m; 
 c = 1.08 m; d = 2.85 m, dc = 0.774 m, and dc0 = 1.04 m, 
1.08 m, and 1.12 μm. 

The single-mode operation of the proposed 

H-PCF using V effective (Veff) parameter can be 

investigated. Figure 10 shows the Veff parameter as a 

function of operating wavelength with optimized 

design parameters for Λ = 3.00 m; c = 1.08 m; d = 

2.85 m, dc = 0.774 m, and dc0 = 1.08 m. The Veff 

parameter can be expressed by (6). With 

approximate perfect electric and perfect magnetic 

conductor boundary condition, FEM is used at the 

outer enclosure to achieve the index of space-filling 

mode [39]. At operating wavelength 1.33 m, the 

desired agreement for operating as an SMF is Veff ≤ 

2.405 [14]. From Fig. 10, it is visualized that the 

gained Veff value is 0.95 at wavelength 1.33 m 

which is less than 2.405. From above observations, 

it can clearly be mentioned that the fiber remains 

constant to single mode over the entire bands. 
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Fig. 9 Effective area and nonlinear coefficient of the 

x-polarization mode of the proposed H-PCF as a function of 
wavelength for = 3.00 m; c = 1.08 m; d = 2.85 m, dc = 

0.774 m, and dc0 = 1.08 m. 
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Fig. 10 V parameter of the proposed H-PCF as a function of 

wavelength for  = 3.00 m, c = 1.08 m, d= 2.85 m, dc = 

0.774 m, and dc0 = 1.08 m. 

After completing numerical investigation, the 

effects of distinguished parameters on the proposed 

hexagonal photonic H-PCF are observed. It is 

evidently reported that the relative sensitivity can be 

promoted due to the decrement of global diameter 

shown in Table 1. High sensitivity leads to confine 

more light into core region as well as better 

electromagnetic power interaction with gasses.  

lo
ss
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Table 1 also exhibits the effect of changing global 

parameters of ± 1% and ± 2%, on confinement loss, 

effective area, and nonlinearity. It is noticed that the 

effective area promotes with an increase in air holes 

diameter as well as a decrease in the non-linear 

coefficient.  
Table 1 Comparison of different index-guiding properties for 

optimum design parameters and also for fiber’s global diameter 
variations of order ± 1 % – ± 2 % around the optimum value. 

Change in 
diameters (%) 

Relative 
sensitivity (%) 

Confinement loss 
(dB/m) 

Aeff  

(m2) 
γ 

(W1·km1)
+2 55.44 1.71×105 7.46 19.63 
+1 56.37 2.10×105 6.47 22.63 

Optimum 56.65 2.31×105 6.44 22.73 
1 56.93 6.43×105 6.29 23.28 
2 57.21 6.83×105 6.25 23.43 

Table 2 demonstrates the comparison among 
relative sensitivity, confinement loss, effective area, 
and nonlinearity of the proposed H-PCF with other 
prior designs in [14, 30, 34, 40, 45]. The proposed 
H-PCF provides about 56.65% sensitivity as well as 
low confinement loss at the 1.33 m wavelength. 
Besides, the reported H-PCF shows higher effective 
area and nonlinear coefficient at the same 
wavelength compare to prior PCFs. 

Table 2 Comparison of simulated results among proposed 
PCF and prior PCFs at 1.33 m wavelength. 

PCFs 
Relative 

sensitivity (%) 
Confinement 
loss (dB/m) Aeff (m2) 

  
(W1·km1)

Ref. [34] 
Ref. [30] 

15.67 
16.88 

1.12×107 
1.765×108 

  

Ref. [40] 20.10 1.09×103 - - 
Ref. [45] 48.26 1.26×105 4.02  
Ref. [14] 53.07 3.21×106 3.88 15.67 
Proposed 

PCF 
56.65 2.31×105 6.44 22.73 

Finally, the fabrication process is one of the 
fundamental issues in PCFs. In the proposed H-PCF 
three mixing air-holes are considered and shown in 
Fig. 1. Different methods have been offered for the 
fabrication of micro-structured fibers such as stack 
and draw [47], drilling [48], sol-gel casting [49], and 
extrusion [50] methods. Triangular or honeycomb 
lattices can be fabricated by stack and draw methods 
but cannot easily generate circular patterns. The 
drilling methods offer adjustment of both holes size 
and spacing but are usually limited to a few number 
of holes and bounded to circular shapes. Extrusion 
techniques permit design freedom, but are typically 

restricted for soft glasses because those cause the 
material loss with severely high values. However, 
the proposed structure can be fabricated by currently 
developed technology for technological 
advancement in the fabrication of PCFs [51]. El et al. 
[49] provided a sol-gel technique to fabricate the 
PCFs with all structures, and they provide the 
freedom to adjust air-hole size, shape, and spacing. 
In such situation, our proposed H-PCF can be 
fabricated by the sol-gel casting method. After 
drawing the relative sensitivity curve to the expected 
level in the way just illustrated, we then verify the 
accuracy of the property of the proposed design. A 
standard fiber draw, ± 1% variations in fiber global 
diameter may occur during the fabrication process. 

5. Conclusions 

Two major propagation characteristics like the 

relative sensitivity and confinement loss of an 

optical sensor have been numerically examined in 

this paper. The reported optical sensor acts as a gas 

sensor which has five layers hexagonal cladding 

with circular shape core. Compared with the prior 

reported PCFs, our proposed H-PCF exposes high 

relative sensitivity with low confinement loss. After 

finishing all investigations, the relative sensitivity 

and confinement loss of 56.65% and      

2.31×105 dB/m correspondingly are gained at the 

1.33 m wavelength. Moreover, the effective area of 

6.44 m2 and nonlinearity of 22.73 W1·km1 are 

achieved at the same wavelength. So, it is expected 

that the reported H-PCF will be efficient in gas 

sensing applications as well as greatly beneficial for 

the gas detection in industrial sectors and safety 

purpose with high accuracy. 
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