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A photonic crystal fiber gas sensor is proposed, which gives the highest sensitivity for the wide range of 1.1μm to 1.7μm. The 
numerical investigation for analyzing the optical properties is calculated by the finite element method. The simulation results 
show that the proposed PCF gives high relative sensitivity as high as 74.53% and high birefringence of 2.1×10-2 and effective 
area of 5.47μm2 and low confinement loss 4.37×10-2 dB/m at the wavelength of λ=1.33μm. The variation of diameter of holes 
is investigated, and the result shows that this structure shows good resistance for errors from fabrication processes.    
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1. Introduction 
 

Photonic crystal fibers (PCFs) are a new type of optical 

fiber that can overcome some restrictions of traditional 

optical fibers because of their asymmetric geometry. These 

fibers consist of periodic layers of holes that spread along 

with the entire fiber [1]. PCFs can be divided into two 

categories. One of them is the photonic band-gap (PBG), 

which the light is guided by the band-gap role [2]. Another 

is index-guiding (IG) PCF, which light guided by the total 

internal reflection like the traditional fibers [3]. Hollow-

core (HC) PCFs emit light by using PBG effects [4]. 

Because in this type of PCF, light interacts with more gases 

in the core region, they are more suitable for sensing 

applications [5-7]. Recently, the HC PCFs have been 

proposed for several applications such as liquid sensors [8], 

gas sensors [9, 10], humidity sensors [11]. Some important 

parameters are used for investigating the performance of 

different PCFs. These optical properties are high relative 

sensitivity [12], low confinement loss [13], high effective 

area [14], high birefringence, and high nonlinearity [15]. 

PCFs with different geometries can change these optical 

attributes. Researchers are looking for designing PCFs, 

which give the highest relative sensitivity and low 

confinement loss simultaneously. They have suggested 

many PCFs with different geometries such as octagonal 

[16], hexagonal [17], elliptical [18], decagonal [19], and 

circular honeycomb [20] cladding layers to improve sensing 

attributes. The spectroscopy gas sensor based on PCFs 

depends on how much gases interact with light in the core 

region [21]. Therefore, if the designed PCF gives high 

relative sensitivity for a wide range of wavelengths, the PCF 

can detect various gases. Table.1 shows the absorption 

wavelength and line strength of some gases [22, 23]. 

 

Table 1. The absorption wavelength and line strength of some 

gases [22, 23] 

 

Gas Absorption 

wavelength (μm) 

Line strength(cm-

2atm-1) 

Acetylene 

(C2H2) 

1.533 20×10-2 

Hydrogen 

iodide (HI) 

1.541 0.775×10-2 

Ammonia 

(NH3) 

1.544 0.925×10-2 

Carbon 

monoxide (CO) 

1.567 0.0575×10-2  

Carbon dioxide 

(CO2)  

1.573 0.048 ×10-2 

Hydrogen 

sulfide (H2S)  

1.578 0.325×10-2 

Methane (CH4) 1.667, 1.33 1.5×10-2 

Hydrogen 

fluoride (HF) 

1.33 32.5×10-2 

Hydrogen 

bromide (HBr) 

1.341 0.0525×10-2 

 

Several PCF gas sensors have been proposed to achieve 

high sensitivity at the wavelength of 1.33μm, which is in 

the methane absorption line for air pollution monitoring 

applications. Olyaee et al. [24] proposed a hexagonal PCF, 

which gives relative sensitivity of 13.23% at 1.33μm. They 

also showed that outer layers are mostly effected by the 

confinement loss, and inner layers in the cladding region are 

mostly effect by the relative sensitivity. Morshed [25] 

presented a new PCF with a microstructure core, which 

gives the relative sensitivity of 42.27% at λ=1.33μm. 

Asaduzzaman [26] proposed a new hexagonal PCF with 

elliptical holes in the core region. This structure gives the 
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relative sensitivity of 53.07% at the wavelength of 

λ=1.33μm. This structure also gives high birefringence and 

nonlinearity, which makes it more suitable for air pollution 

monitoring. Finally, in [12], Rabee proposed a circular PCF 

structure that gives a relative sensitivity as high as 72.04% 

at a wavelength of λ=1.33μm. This structure also gives high 

sensitivity for a wide range of wavelengths from 1.1μm to 

1.7μm, making it useful for detecting gases. 

In this paper, a new PCF is proposed with four circular 

layers in the cladding region and four hexagonal layers in 

the core region. The impact of variations in holes diameter 

on the relative sensitivity and confinement loss in the 

cladding and core region of the proposed PCF is 

investigated at the wavelength of 1.33μm. Finally, the 

relative sensitivity and birefringence of the proposed PCF 

are compared with the gas sensors based on PCF reported 

in the literature at the wavelength of 1.33μm.   
 
2. Proposed PCF based geometrics 
 

Fig.1 shows the geometry of the proposed PCF in 

which the cladding contains four circular layers, and the 

core contains four hexagonal layers with a central core that 

surrounded them. The diameter of the layers in the cladding 

region is defined by d. The diameter of the four hexagonal 

layers in the core region is defined by dc2, and the diameter 

of the central hole is defined by dc1. The corresponding 

angles between air holes in each ring in the cladding region 

from outside to inside are 12°, 15°, 20°, and 30°, 

respectively. The distance of the layer with the other next 

close layer in the cladding region is 1.1μm. The distance 

between the centers of two adjacent holes is called the pitch. 

The distance between hexagonal holes in the core region is 

represented by Ʌc1. Table.2 shows the value of these 

parameters. The perfectly matched layer is adjusted around 

10% of the entire PCF diameter for absorbing the light-

wave [26]. 
 

Table 2. The value of the proposed PCF parameters 

 
parameter d dc1 dc2 Ʌc1 

Value (µm) 1 0.28 0.3 0.32 

 

 
 

Fig. 1. The geometry of the proposed PCF 

3. Mathematical equations 
 

The optical properties of PCFs such as relative 

sensitivity, confinement loss, birefringence, and the 

effective area can be computed by the finite element method 

(FEM). Many complex structures can be solved by FEM 

[26].  The confinement loss is one of the critical optical 

properties of PCFs. When the light penetrates the core, and 

spread along the cladding region, this parameter will be 

increased. As the confinement loss is decreased, it shows 

that the PCFs can trap light into the core region perfectly, 

and less light will be leakage into the cladding region. The 

confinement loss can be computed by the following 

equation [27]: 

 

 08.686 Imc eff

dB
L k n

m

 
   

 
              (1)                                         

 

Another significant parameter for obtaining the optical 

properties of PCFs is the relative sensitivity. This parameter 

shows how much gas components interact with the light at 

a specific wavelength [10]. The relative sensitivity of a PCF 

shows the sensing capability of it. By increasing this 

parameter, more light will be trapped in the core region, and 

the interaction between light and gas will be improved.  

Therefore, the PCF can detect more gases precisely. This 

parameter is incorporated with the beer-lambert law. The 

Beer-lambert law is expressed by the following equation: 

 

     0 exp mI I r lc                (2)                                                                                           
 

Here, I(λ) and I0(λ) show the input and output 

intensities respectively, αm is the gas absorption coefficient, 

which is a function of wavelength, l is the length of the PCF, 

c is the gas concentration. The relative sensitivity indicates 

the distribution of the electromagnetic fields in the PCF. 

These fields are managed by the real part of refractive 

indexes and can be obtained from the following equation: 
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Here, Re[neff] is the real part of the effective mode 

index, and ns is the refractive index of gas species 

considered 1; the coefficient  f is the ratio of holes power to 

total power, which can be defined as [28]: 
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              (4)                                                                                                 

 

Here, Ex and Ey are the transverse electric fields, 

besides Hx and Hy are the transverse magnetic fields of 

mode. 

Birefringence is one of the crucial properties of PCFs. 

This parameter depends on the asymmetry of the air holes 

[23]. This parameter is computed by subtraction of the x 
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polarization and y polarization of the refractive index, 

which can be defined [23]: 

 

| | x yB n n                             (5)                                                                                                    

 

The effective area is an area that light is emitted from 

the region. The electric field (E) distribution appears from 

the inside of the core for fundamental modes. For 

transferring high rate data, a more effective area is required, 

but a lower amount of this parameter is preferable for 

nonlinear applications [23]. This parameter can be specified 

by the following equation [29]: 
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                     (6)                                                                                                             

 
 
4. Simulation results and discussion 
 

Fig. 2a shows the 2D mode of the fundamental 

distribution of the electric field at the wavelength of 

1.33μm. Figs. 2b and 2c show the normalized electric field 

distribution for two polarized modes at 1.33μm. It may be 

seen that the electric field is trapped in the core region for 

two polarized modes. The finite element method is used for 

analyzing numerical results. The size of the mesh is chosen 

as normal, which gives the number of degrees 220283. The 

numerical results show that the proposed PCF gives the 

relative sensitivity as high as 74.53%, effective area as high 

as 5.47μm2, and birefringence as high as 2.1×10-2 at the 

wavelength of 1.33μm. The confinement loss of the 

proposed PCF is 4.37×10-2 dB/m at λ=1.33μm. Fig.3a and 

Fig.3b show the relative sensitivity and confinement loss of 

proposed PCF from wavelengths 0.9μm to 1.7μm. As can 

be seen, the PCF shows the highest sensitivity for 

wavelengths from 1.3μm to 1.7μm. Therefore, this sensor 

can detect a wide range of gases without any variation of 

significant relative sensitivity. The mean and variance of 

the relative sensitivity from wavelength 1.3μm to 1.7μm are 

73.528 and 2.1134, respectively. This information proves 

that the relative sensitivity can be considered relatively 

constant for the wide range of these wavelengths. 

Furthermore, According to Table 1, because the absorption 

line of most gases is close around wavelengths of 1.3μm to 

1.5μm, it is expected that this structure can detect these 

gases precisely. Both relative sensitivity and confinement 

loss are increased by increasing the wavelength from 1.1μm 

to 1.7μm.  

 

 
(a) 

 
(b)                                            

 
(c) 

 

Fig. 2.  The electric field distribution for the proposed 

PCF a) 2D view of mode field pattern. b) x-polarization 

c) y-polarization modes at the wavelength of 1.33μm 

(color online) 
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(a)                                                                                               (b) 

Fig. 3. a) Confinement loss of proposed PCF for the wavelength from 1.1μm to 1.7μm and b) The relative sensitivity (color online) 
 

Because the variation of the diameter may change the 

optical properties of the proposed PCF, these variations for 

both the cladding and core regions should be investigated at 

λ=1.33μm. The d, dc1, and dc2 parameters have been 

changed, respectively, while the other ones are kept 

constant. First, the variation of the d parameter in the 

cladding region is investigated.  

 

 

  
(a)                                                                                                           (b) 

 
(c) 

Fig. 4. Variation of the a) relative sensitivity, b) confinement loss, and c) effective area for d parameter (color online) 



A new photonic crystal fiber gas sensor with a hexagonal microstructure core suitable for a wide range of wavelengths         525 

 

 

From Figs. 4a to 4c, it can be seen that by decreasing 

the d parameter from 1μm to 0.8μm, the relative sensitivity 

is decreased. When the size of holes in the cladding region 

is decreased, more light will be leakage to the outer layers 

in the cladding region and make the confinement loss and 

effective area is increased.  The results show that this 

structure shows good resistance for errors less than 10%, 

and the relative sensitivity, confinement loss and effective 

area do not change rapidly. From Figs 4a to 4c, it can be 

seen that increasing the diameter of d parameter, makes the 

relative sensitivity be decreased and confinement loss and 

effective area be increased slightly, from 1μm to 1.05μm.  

The diameters larger than 1.1μm are not investigated 

because the value of pitch is chosen 1.1μm, and for bigger 

values equal to 1.1μm, the holes will be interrupted in the 

cladding region.  

The core region consists of four hexagonal layers that 

have the same diameter and are represented by the dc2 

parameter. Figs. 5a to 5c show the relative sensitivity, 

confinement loss, and effective area of the dc2 parameter for 

the variations from 0.28μm to 0.3μm. As can be seen from 

these figures, by increasing the diameters for these layers, 

relative sensitivity, confinement loss, and effective area are 

a bit changed. It may be seen that this layer is resistant to 

errors of less than 20%. Fig.5c shows the impact of the dc2 

parameter on the effective area. As the diameter of these 

layers is increased, the space between holes is decreased, 

which makes the relative sensitivity is increased. The 

electric field will be distributed along the core region. 

Therefore, the effective area will be increased. From Figs 

5.a to 5.c, it can be seen that, although increasing the 

diameter of holes from 0.3μm to 0.305μm, makes the 

relative sensitivity and effective area be increased. 

However, the confinement loss is also increased and makes 

electric field leaks to outer layers. Therefore, the optimized 

amount for this parameter is 0.3μm.  

 

 

 
(a)                                                                                                    (b) 

 
(c) 

 

Fig. 5. Variation of the a) relative sensitivity, b) confinement loss and c) effective area for dc2 parameter (color online) 
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Finally, the variation of the central hole is investigated 

for the core region. Figs 6a to 6c show the impact of the 

variation of this parameter on the relative sensitivity, 

confinement loss, and effective area.  

The results show that this parameter also exhibits good 

resistance for the variations of diameters for errors of ±20%. 

 

 
(a)                                                                                 (b) 

 
(c) 

 

Fig. 6. Variation of the a) relative sensitivity, b) confinement loss and c) effective area for dc1 parameter (color online) 

 

Table 3 shows the impact of the pitch in the cladding 

and core region on the relative sensitivity, confinement loss, 

and effective area when the size of the pitch is reduced by 

10%. The parameter of the pitch in the cladding region from 

the inner layer to the outer layer is denoted by Ʌ1, Ʌ2, Ʌ3, 

and Ʌ4. As can be seen, reducing the distance between 

layers has little effect on these parameters. By reducing the 

pitch in the cladding region, the distance between layers is 

reduced and makes the relative sensitivity be increased, and 

the confinement loss is decreased. Because by reducing 

pitch, the less electric field leaks to cladding region, and 

makes the relative sensitivity be increased, and the effective 

area is decreased. The last line of Table.3 shows the impact 

of the variation of pitch on relative sensitivity, confinement 

loss, and effective area in the core region. The results show 

that reducing the pitch in the core region makes the relative 

sensitivity be increased slightly. However, the space 

between the core region and the innermost layer in the 

cladding region is increased, and this makes a little electric 

field leaks to this region. Therefore, the confinement loss 

and effective area will be increased. 
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Table 3. The effect of a 10% decrease for the pitch on the relative sensitivity, confinement loss, and effective area in the  

cladding and core region 

 

pitch Relative sensitivity (%) Confinement loss (dB/m) Effective area (μm2) 

Ʌ1 74.60 5.33×10-2 4.35 

Ʌ2 74.57 3.25×10-2 4.71 

Ʌ3 74.54 2.54×10-2 4.85 

Ʌ4 74.54 2.17×10-2 4.87 

Ʌc1 74.89 6.23×10-2 6.28 

 

Table 4 shows the impact of the pitch in the cladding 

and core region on the relative sensitivity, confinement loss, 

and effective area when the size of the pitch increased by 

10%. As can be seen, increasing the distance between layers 

in the cladding region makes the relative sensitivity be 

decreased, and the confinement loss and effective area be 

increased. However, the impact of this variation is different 

for each layer. As can be seen, the innermost layer or Ʌ1 in 

the cladding region shows more changes than other layers 

when the pitch is increased10%. When the distance between 

the first layer is increased, the space in this area is increased, 

and the electric field leaks to this area. Therefore, it makes 

the confinement loss and effective area be increased, and 

the relative sensitivity is decreased. The variation of the 

other layers in the cladding region has little effect on 

relative sensitivity, confinement loss, and effective area. 

The last line of Table.4 shows the impact of the variation of 

pitch on relative sensitivity, confinement loss, and effective 

area in the core region. As can be seen, increasing the pitch 

for this parameter makes the relative sensitivity decrease to 

69.72%, and confinement loss and effective area increase to 

2.3×10-1dB/m and 21.3μm2, respectively. As we have seen, 

the results show that the proposed sensor showed good 

resistance to variations in diameter holes. Therefore, the 

sensor is stable to manufacturing errors. 

 

Table 4 The effect of a 10% increase for the pitch on the relative sensitivity, confinement loss and effective area  

in the cladding and core region 

Pitch Relative sensitivity (%) Confinement loss (dB/m) Effective area (μm2) 

Ʌ1 68.54 1.23×10-1 19.5 

Ʌ2 73.27 5.95×10-2 5.65 

Ʌ3 74.35 5.74×10-2 5.8 

Ʌ4 74.43 5.11×10-2 4.9 

Ʌc1 69.72 2.38×10-1 21.3 

 

Fig. 7a shows the impact of the number of circular 

cladding layers on the relative sensitivity. It can be seen that 

the structure has a bit effect on the relative sensitivity for 

two and three layers. But increasing layers to four make the 

relative sensitivity is decreased. Fig.7b shows the impact of 

the gas refractive index on the relative sensitivity at the 

wavelength of 1.33μm. It may be seen that the maximum 

relative sensitivity for this structure reaches gas refractive 

index 1. Because the refractive index of most gases is close 

to 1 and this structure gives a peak in this area, it is expected 

that the proposed PCF can detect more gases with more 

accuracy.  

 

 
 (a)                                                                              (b) 

 

Fig. 7. a) Variation of the relative sensitivity from the wavelength of 1.1 to 1.7 using 3, 4, and 5 circular cladding b) Variation  

of the relative sensitivity with the gas refractive index (color online) 
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Table 5 exhibits a comparison between the proposed 

PCF and those reported in the literature. It may be seen that 

the suggested PCF has more relative sensitivity and high 

birefringence than the other PCFs reported for the gas 

sensor at the wavelength of λ=1.33μm. If the diameter of 

holes in the cladding and core region is chosen the same and 

the number of the layer be less, the fabrication process will 

be easier. Two outer layers of cladding in the [23, 24] are 

bigger than other layers, and the number of cladding layers 

is five. In [25], the structure of cladding is chosen equaled, 

and the number of the layer in the cladding is five, although 

the sensitivity is not still very high. In [12], the diameter of 

the cladding layers is equaled, and the structure gives high 

sensitivity at 1.33μm. Furthermore, the number of cladding 

is five. The diameter of holes in the cladding region has the 

same sizes, and the number of cladding is four for the PCF 

proposed in this paper. Therefore, the proposed PCF has a 

simple structure than the PCF presented in [12], which 

makes the fabrication process be facile. 

 

Table 5 Comparison of the relative sensitivity and birefringence of proposed PCF with those reported in the literature at λ=1.33μm 

 

Ref Relative sensitivity (%) birefringence 

[24] 13.25 - 

[25] 42.27 - 

[26] 53.07 6.9×10-3 

[12] 72.04 - 

Proposed PCF 74.53 2.1×10-2 

 

The spectroscopy system can be used for practical 

work to measure the different concentrations of gases [30]. 

This method consists of a laser, a filter to transmit only the 

absorption wavelength of a specific gas, a chamber gas with 

a PCF, a detector to convert the light to an electrical signal, 

and a PC to show the results. Ammonia is a toxic gas that 

can be harmful to human health and the environment [31]. 

Therefore, detection of this gas can be vital in industrial 

environments. The absorption line of the ammonia gas is at 

the wavelength of 1.544μm. Fig.8 shows the relative 

sensitivity of the proposed PCF when the ammonia gas is 

filled with a low concentration from 1×10-4 kg/m3 to 1×10-

3 kg/m3. The temperature and pressure are chosen at 34°C 

and 1atm, respectively. As can be seen, when the core 

region fills with ammonia gas, it still gives high sensitivity 

of 61%.  

 

 
 

Fig. 8. Variation of the relative sensitivity from different 

concentration of ammonia gas at. λ=1.544μm (color online) 
 

The process of fabrication for PCFs is an important 

issue. The proposed PCF has circular layers in the cladding 

region and hexagonal layers in the core region. The 

fabrication of the core region may not be easy because of 

microstructure holes. But some nanotechnology techniques 

can overcome this challenge. Several techniques have been 

proposed for the fabrication of PCFs, such as drilling [32], 

stack and draw [33], extrusion [34], and sol-gel casting [35]. 

The last method is more suitable for designing 

microstructure in the core region. Therefore, the sol-gel 

method can be used for fabricating the proposed PCF.  

 
5. Conclusion 
 

A new PCF gas sensor is proposed, which gives high 

sensitivity for the wavelength from 1.1μm to 1.7μm. The 

results showed that the suggested PCF gives the relative 

sensitivity as high as 74.53%, high birefringence of 2.1×10-

2, the effective area of  5.47μm2, and low confinement loss 

of 4.37×10-2dB/m at the wavelength of  λ=1.33μm. The 

variation of the diameters for both cladding and core region 

is investigated. The results showed that the proposed PCF 

indicates good resistance to the errors of fabrication.  
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