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Abstract: An index guiding photonic crystal fiber used in gas sensing applications is presented. The 
dependency of the confinement loss and relative sensitivity on the fiber parameters and wavelength 
is numerically investigated by using the full-vectorial finite element method (FEM). The simulations 
showed that the gas sensing sensitivity increased with an increase in the core diameter and a decrease 
in the distance between centers of two adjacent holes. Increasing the hole size of two outer cladding 
rings, this structure simultaneously showed up to 10% improved sensitivity, and the confinement loss 
reached 6×10–4 times less than that of the prior sensor at the wavelength of 1.5 μm. This proved the 
ability of this fiber used in gas and chemicals sensing applications. 
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1. Introduction 

In the structure of photonic crystal fibers (PCFs), 

there are various air-holes which preset the length of 

fibers. The PCFs, which possess the sole structure 

and inimitable characteristics, are tremendously 

utilized in numerous fields of applications such as 

communication and sensing devices [1, 2]. In the 

meantime, the endless single mode, high 

nonlinearity, high birefringence, and flexible 

chromatic dispersion are some of unique 

characteristics of PCFs [3–12]. 

Air holes, running along the length of the fiber, 

create new abilities for the appropriate interaction 

between light and gases or liquids through 

evanescent fields in the holes. The air-core photonic 

band gap fiber, which is one of the interesting types 

of PCFs, magnifies the interaction of the evanescent 

field with penetration into the holes to the 

tremendously high; moreover, a huge amount of 

light in this structure can be confined within the 

hollow core, which causes an increase in the 

interaction [13, 14]. 

The narrow spectral band for propagation 

restricts the applications of the photonic band gap 

fiber (PBGF); additionally, periodic microstructure 

dimensions, for having the band gap effect, require 

the precise and stringent control which is another 

limitation. However, in order to avoid these 

limitations, some observational researches used the 

evanescent field based on the index-guiding PCF 

[15–17]. But in the index guiding PCF, the 

interaction of light with gas samples has been 

limited, and so the sensitivity is low. 
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In this paper, an evanescent field gas sensor 

based on the photonic crystal fiber is introduced, in 

which the core consists of an air hole with 

dimensions smaller than the dimensions of the 

cladding holes to satisfy the effective index guiding 

criterion. Due to the central hole, the difference 

between the refractive indices of the core and 

cladding dropped, more light would penetrate into 

the cladding, and the interaction between light and 

gases and thus the sensitivity increased [18]. The 

larger central hole diameter dc showed the higher 

evanescent field fraction, nevertheless, the central 

hole diameter should be less than the cladding hole 

diameter d, to satisfy the effective index guiding 

criterion. Although in [18] due to the smaller air 

hole in the center, the evanescent field interaction 

was enhanced, but this type of PCFs had a huge 

confinement loss. In this paper, we introduce an 

optimal structure to reduce the confinement loss by 

using a 5-ring hole and increasing the hole 

dimension of two outer cladding rings. We 

investigated the effect of changing the dimensions of 

the central hole, dc, and the cladding holes, d, the 

center-to-center distance between two adjacent holes, 

a, and the wavelength on the relative sensitivity and 

confinement loss and introduced the optimal 

structure for simultaneously achieving more 

sensitivity and less confinement losses. Figures 1(a) 

and 1(b) show the PCF structure of [18] and 

proposed structure, respectively. 
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Fig. 1 Cross-section of (a) prior PCF with a central air-hole 

defect with the diameter dc [18] and (b) proposed PCF with the 

same core defect with 5 rings of holes and two outer rings with 

larger air holes. 

2. Numerical analysis of optical properties 

To review the proposed PCF optical properties, 

the finite element method (FEM) for solving 

Maxwell’s equations was applied due to its proven 

reliability and high accuracy for analyzing the PCF 

[19, 20]. 

One of the parameters in design of the PCF with 

a finite number of air holes is the leakage loss, 

which sometimes is known as the confinement loss. 

Basically, the leakage loss is eliminated when the 

number of air holes in cladding is infinite. 

Nevertheless, in the practical structure, the number 

of air holes is finite; consequently, the modes of 

such fibers are inherently leaky. And also, we must 

consider that the imaginary part of its complex 

propagation constant represents the leakage loss of a 

mode. 

For having an appropriate model of the leakage, 

an open boundary condition is required, which 

doesn’t create reflection at the boundary. Perfectly 

matched layers (PMLs) are so far the most efficient 

absorption boundary condition for this purpose [21, 

22]. Here, we use the circular PML as introduced in 

[23]. The confinement loss Lc, in decibels per meter 

is given by 

Lc=8.686K0Im[neff]            (1) 

where Im[neffሿ  is the imaginary part of the effective 

index [23]. 

If the index difference between the core and 

cladding can be weakened by the central air hole, a 

significant confinement loss appears. In prior PCFs, 

a reduction in the confinement loss has been 

attempted by increasing the number of hole layers in 

the cladding [24, 25]. However, imbedding 

additional air hole layers into PCFs requires highly 

elaborated processes in the practical manufacture, 

especially to keep the hole uniformity along both the 

lateral and axial directions. By changing the 

dimensions of the cladding air holes, we conclude 

that varying the diameter of the holes located in 

inner rings has no significant effect on the 
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confinement loss. But by changing the diameter of 

the outer ring of holes, loss greatly varies. 

The evanescent field in the air holes is absorbed 

by the gas species, and the gas concentration can be 

obtained from the intensity through the 

Beer-Lambert law: 

0( ) ( )exp[ ( ) ]mI I r lC             (2) 

where I is the output light intensity in the presence 

of gas, and I0 refers the output light intensity without 

the presence of gas. Also, m , which is a function 

of the wavelength, is the absorption coefficient of 

the gas. l and C, respectively, denote the length of 

the PCF used for the gas detection (interaction 

length) and the gas concentration, and finally, r is a 

relative sensitivity coefficient defined as 

r

e

n
r f

n
                (3) 

where nr is almost equal to one and refers the 

refractive index of the gas species. The effective 

refractive index of the guide mode is presented by ne, 

and f is the fraction of the total power located in the 

holes; in the meantime, in the typical fiber, f can be 

calculated by 

holes
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The transverse electric and magnetic fields of the 

mode are introduced by Ex, Ey and Hx, Hy, 

respectively. Now, with solving Maxwell’s 

equations by utilizing a finite-element method, the 

effective refractive index ne and the mode field 

pattern, Ex, Ey and Hx, Hy can be acquired [26]. 

3. Results and analysis 

First, we have simulated the structure introduced 

in [18]. In addition to the sensitivity with the 

circular PML layer, the confinement loss was 

calculated at different wavelengths using the FEM 

method. In all analyses, the cladding refractive index 

and the holes refractive indices were considered to 

be equal to 1.5 and 1, respectively. 

For the proposed PCF, in the case of 2 μm   

and 2.3 μm , the hole dimension of two outer 

cladding rings, d2, was considered equal to 1.8 μm , 

and in the case of 1.8 μm   and 1.6 μm   we 

assumed 2 1.74 μmd   and 2 1.56 μmd  , 

respectively. 

Figures 2 and 3 show the relative sensitivities for 

the conventional PCF with respect to the wavelength  
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Fig. 2 Relative sensitivity in terms of the wavelength for the 

prior PCF with d = 1.4 μm and dc= 1 μm. 
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Fig. 3 Relative sensitivity versus wavelength for the prior 

PCF with =1.6 μm and d=1.4 μm. 

for some distances between adjacent holes and the 

core diameter, respectively. As shown, by reducing 

the distance between the holes and also with 

increasing the core diameter, the relative sensitivity 

increases, because more evanescent field fraction 

spreads to the cladding and holes and interacts with 

gas samples. The sensitivity increases with an 

increase in the wavelength because the light can 

penetrate into the cladding holes by increasing the 

wavelength. The highest sensitivity obtained for 

1.6 μm   at the 2.1 μm  , is equal to 52%.  

But according to the future simulations, the 
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confinement loss is very high about 25 dB/m in  

these conditions. 

Figure 4 shows the calculated relative sensitivity 

for the proposed PCF with varying the distance 

between adjacent holes, a. With a reduction in a, 

from 2.3 μm to 1.6 μm, the relative sensitivity 

increases because the cladding index reduces by a 

reduction in a, and so more light enters the cladding. 

Figure 5 shows the calculated confinement loss 

versus wavelength by changing the dimensions of 

the central hole. By decreasing the diameter of the 

central hole, the confinement loss will reduce 

because the difference of core and cladding indices 

is high, and consequently, more light power can be 

confined in the core region. 
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Fig. 4 Relative sensitivity versus wavelength for the 

proposed PCF with d1=1.4 μm and dc= 1 μm. 
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Fig. 5 Relative sensitivity versus wavelength for the 

proposed PCF with =1.8 μm and d1=1.4 μm. 

Figure 6 compares the confinement loss curves 

for both the prior and proposed PCFs with the core 

diameter 1.2 μm, 1μmcd  . For both PCFs, we 

considered 1.6 μm   and 1 1.4 μmd  , and two 

outer ring holes dimension of the proposed PCF was 

2 1.8 μmd  . Because the confinement loss 

difference between the two PCFs was too much, the 

logarithmic diagrams were plotted. 

As it is clear from Fig. 6, the confinement loss 

increases with an increase in the core size. By 

increasing the core size, the index difference 

between the core and the cladding reduces, more 

light power can penetrate into the cladding region, 

and therefore, the confinement loss increases. The 

confinement loss at 1.5 μm   for the proposed 

PCF is, whereas for the prior PCF, equal to 1.9 dB/m. 

According to Fig. 7, the relative sensitivities for the 

core diameter of 1 μm are the same for both types of 

PCFs, and in the case of 1.2-m core diameter, 10% 

improved sensitivity for the proposed PCF is 

obtained. 
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Fig. 6 Comparison of confinement losses in the prior PCF 

and the proposed PCF with =1.6 m and d1=1.4 μm and two 

core dimensions: dc=1.2 μm and 1 μm. 
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Fig. 7 Comparison of the relative sensitivity in the prior PCF 

and the proposed PCF with =1.6 μm and d1=1.4 μm and two 

core dimensions: dc=1.2 μm, 1 μm. 
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4. Conclusions 

A gas sensor based on the index guiding 

photonic crystal fiber is introduced. The dependency 

of sensor properties such as the relative sensitivity 

and confinement losses on the fiber structural 

parameters and working wavelength has been 

investigated. In the proposed fiber with optimized 

parameters at the wavelength of 1.5 μm, the relative 

sensitivity was improved to about 10 percent 

compared to the previous design. Also, the 

confinement loss for our design was about 6×10–4 

times less than that of the reference fiber reported in 

[18]. This result proved that the proposed PCF had a 

high capacity in the chemical and gas sensor 

applications. 
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