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Abstract— A numerical analysis using finite element method (FEM) 

are used to simulate hollow core photonic crystal fiber (HC-PCF) 

overfilled with various liquids (heavy water, water and pentanol). 

Two type of the HC-PCF are used the HC19-1550 and HC-1550. The 

effective mode index and the confinement loss of the fundamental 

mode for empty fiber and infiltrated PCF are numerically calculated. 

The results show that the effective mode index increases with 

increase of refractive index and the minimal value of confinement 

loss are not only decreases but also shifted to smaller wavelengths 

which allow as to determine the amplitude sensitivity of the fiber. 

 

Keywords— Hollow core photonic crystal fiber;finite element 

method sensitivity;confinement loss. 

I. INTRODUCTION  

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

which is one of the recent inventions in the field of fiber 

optics. PCF can be used as a transmission media as well as 

optical functional devices. In contrast to the conventional 

optical fiber, PCFs have additional design features, such as 

air-hole diameter, pitch size, and number of rings, which offer 

to overcome many limitations of conventional fiber. PCF can 

be divided into two main class, Hollow core fibers and solid 

core fibers. In solid core fiber, the refractive index of the core 

is higher than the refractive index of cladding so the light can 

be guided by total internal refraction. Hollow core PCF 

provide light confinement in a low refractive index core 

exploiting the photonic band gap mechanism, which is due to 

the presence of a periodic lattice of holes in the cladding [1]. 

PCF based sensors are smart applications in fiber optic 

technology which have been investigating and developing 

since last decade. A wide range of sensing applications of PCF 

are available, such as temperature sensors, refractive index 

(R.I) sensors [2], chemical sensors [3], mechanical sensors [4], 

pressure sensors [5], gas sensors [6, 7], stress sensors [8], pH 

sensors [9], liquid sensors [10], biosensors [11]. Photonic 

crystal fiber based liquid and gas sensors through the 

evanescent field show excellent performance in terms of 

sensitivity, because core of the PCF directly interacts with the 

material to be analysed. 

II. FINITE ELEMENT METHOD 

Finite element method is a powerful tool to cope with any 

kind of geometry and to provide a full vector analysis [12]. 

The properties of propagating mode of the proposed PCFs 

sensor are numerically investigated. We have considered 

circular perfectly matched layer (PML) as a boundary 

condition. The cross sections of the proposed PCFs are 

divided into homogeneous triangular subspaces. The liquid 

filled air holes’ region is then divided into many sub-domains 

which are either triangular or quadrilateral in shape. Using 

FEM, Maxwell’s equations are solved by accounting 

neighbouring subspaces. The modal analysis has been 

performed in the x-y plane of the PCF structure. The following 

vectorial wave equation can be derived from the Maxwell’s 

equation [13]. 

𝛁 x (  (1) 

where S represents the PML matrix of 3×3 and is the 

inverse of S matrix. The symbol E denotes the electric field 

vector, n is the refractive index of the domain, is the wave 

number in free space, and λ is the operating  wavelength. The 

propagating constant β is represented by the following 

equation. 

β   (2) 

Due to the finite number of air holes in the cladding part, 

there may cause leakage of light. The leakage of light from 

core to exterior materials results in confinement loss (dB/m) 

which can be obtained from the imaginary part of  by 

using the following equation [14]. 

CL = 8.686 x   (3) 

However, this leakage of light energy can be omitted by using 

an infinite number of air holes. But in practical, the number of 

air holes is finite. 

In the present work, specific two kinds of hollow core PCF 

considered, that is HC19-1550 figure 1(a), having a diameter 

of the holey region of 72.38 μm, core diameter of 20.806 μm 

and air holes spacing of 4.053 μm and HC-1550 figure 1(b), 

having a diameter of the holey region of 71.47μm, core 

diameter of 12 μm and air holes spacing of 4.194 μm. 
 

 
Fig. 1. (a) HC19-1550 (b) HC-1550 under microscope. 

 

The refractive index of silica and of the three filling 

liquids, (heavy water, water and pentanol) as function of 
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wavelengths between 600 to 1600 nm are plotted as presented 

in figure (2) [15-18]. One can recognize from this figure that 

the refractive index decreases with increasing the wavelength, 

and the refractive index of the used liquids are less than that of 

silica.  
 

 
Fig. 2. Refractive index of silica, pentanol, water heavy and water. 

III. SIMULATION RESULTS  

HC19-1550: The simulation steps of optical behavior of PCF 

are present in figure (3). A simple example of a HC19-1550 

PCF when empty, was made from silica having a hexagonal 

array of air holes a long it’s length with central 20 µm hollow 

core. The Cladding geometry of PCF with refractive index of 

air =1.00027326 are shown in figure (3b). The structure of 

designed hollow core PCF with refractive index of silica glass 

to core and cladding n=1.4440 is presented in figure (3c). The 

structure of hollow core PCF immersed in the external 

solution with refractive index 1.38is presented in figure (3d). 

The finite element mesh of PCF are presented in figure (3e). 
 

 

 
Fig. 3. (a) The structure of designed HC19-1550 PCF (b) The geometry of 

cladding PCF with nair =1.00027326 (c) The structure of designed HC-PCF 

with refractive index of silica glass to core and cladding n=1.4440 (d) The 

structure of HC-PCF immersed in the external solution with refractive index 
1.38 (e) FEM-Mesh of PCF (f) The fundamental mode when the PCF empty. 

 

From figure (3.f) it’s clear that there is effective mode 

index which contain real and imaginary part, the complex 

effective refractive index of the proposed sensor which is a 

function of both the material and waveguide contributions. 

The variations of real parts of effective indices with 

wavelength for HC19-1550 PCF infiltrated with heavy water, 

water and pentanol are presented in figure (4). It’s clear that 

effective index  decreased as wavelength increased. 

 

 
Fig. 4. Effective refractive index of pentanol, water and heavy water. 

 

From the imaginary part of the effective mode index, 

confinement loss (CL) is calculated based on eq. (3). The 

confinement losses of the fundamental modes for the proposed 

infiltrated HC19-1550 PCF with different liquids are presented 

in figure (5). 
 

 
 

Fig. 5. confinement loss of the fundamental mode for different refractive 

indices (different liquids) infiltrated HC19-1550 PCF. 

 

Values decreasing as refractive index of air holes’ 

increases. By changing the refractive index of the cladding, 

the photonic band gap peak position is manipulated which 

results in a possibility to choose the suitable wavelength with 

minimum confinement loss. 

The performance of the PCF can be measured by the 

sensitivity. We analysed the sensitivity of the proposed fiber 

by using wavelength interrogation and amplitude 

interrogation. In wavelength interrogation, wavelength 

sensitivity can be computed by the following formula [19]: 
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(4)

 
where  is the difference between peak wavelength shifts 

and  is the variation of analyte RI. The change in the 

analyte RI are 1.3170- 1.3180 and 1.3180-1.3977 which equal 

(0.001and ,0.0797). So the calculated wavelength sensitives 

are 400.054 and 1882.05. The resolution of the sensor is 

another important parameter that represents how a small 

change of analyte RI can be detected by the sensor. The 

resolution of the proposed sensor can be obtained by the given 

the following formula [20]: 

 
(5)

 
Assuming that  is the variation of analyte RI for 

different liquids, = 0.1 [21] (This is a standard 

assumption value for the minimum spectral resolution) and 

 is the difference between peak wavelength shifts. We 

found the resolution of the proposed of the proposed sensors 

are 2.5 and 5.31 . Amplitude interrogation can 

solve this issue by measuring sensitivity at a specific 

wavelength. The amplitude sensitivity can be obtained by the 

following equation [21]. 

 
(6)

 
where  is the overall propagation loss at RI of  and 

 is the loss difference between two loss spectra. It 

can be observed from Figure (6a) that loss depth can be 

increased by increasing the analyte RI. Increasing the value of 

 leads to a reduction of the index contrast between the core 

and cladding, which leads to an increase in confinement loss. 

The lowest confinement loss of 1.46*  dB/m was found for 

an analyte RI of 1.3977 at 0.75 µm. 
 

 

 
Fig. 6. (a) Fundamental loss variation for increasing analyte RI from 1.3170 to 

1.3977 and (b) Amplitude sensitivity for different analyte RI. 

Figure (6) b depicts the amplitude sensitivity of the 

proposed sensor for different analyte RI values. We found a 

maximum amplitude sensitivity of about 235.29 at 1.15 

µm for an analyte RI of 1.3180. Now if we compare the results 

of the fundamentals mode for the three different liquids with 

their electric field, we will find the water has a best electric 

field than other liquids as presented in figure (7). 

 

 
Fig. 7. Fundamentals mode for different liquids of HC19-1550(heavy water, 

water and pentanol). 

 

From figure (7) we found the water has a best electric field 

than other liquids equal to 200 V/m which lead to high 

sensitivity. 
 

HC-1550: 

The fundamental mode of HC-1550 PCF when the PCF 

empty is presented in figure (8). 

 

 
Fig. 8. Fundamental mode of the HC-1550 PCF when the PCF is empty. 

 

From the imaginary part of the effective mode index, 

confinement loss (CL) is calculated based on eq. (3). The 

confinement loss of the fundamental mode for the proposed 

HC-1550 PCF is presented in figure (9). 
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Fig. 9. (a) Fundamental loss variation for increasing analyte RI from 1.3170 to 

1.3977 and (b) amplitude sensitivity for different analyte RI. 

 

From figure (9.a) by applying eq. (4) the wavelength 

sensitives are 200000 and 2509.41 nm/ RIU. From eq. (6) the 

maximum amplitude sensitivity is 1320  at 1.35 µm for 

an analyte RI of 1.3180 for water. Also the resolution of the 

proposed sensor is 5 and 3.99 . Figure (01) shows 

the comparison of the fundamental mode of liquids with their 

electric field. 
 

 
Fig. 10. Fundamentals mode for different liquids of HC-1550(heavy water, 

water and pentanol). 

We found that the water has a best electric field than other 

liquids equal to 431 V/m which leads to high sensitivity, that’s 

mean whenever the liquid has best electric field it will has a 

higher sensitivity than other liquids. 

IV. CONCLUSION 

The confinement loss of the fundamental mode for hollow 

core PCF was numerically analyzed using the FEM. By testing 

different refractive indices (heavy water, water and pentanol), 

the effective mode index increases with the increase of 

refractive index in the holey region. The position of 

transmission window with minimum confinement loss was 

shifted to lower wavelengths and this has facilitated the 

calculation of the sensitivity. In HC19-1550 fiber the 

maximum amplitude sensitivity is 235.29 at 1.15 µm for 

an analyte RI of 1.3180 (for water) with resolution of 

2.5 and the electric field value is 200 V/m. In HC-1550 

fiber the maximum amplitude sensitivity is 1320  at 

1.35 µm for an analyte RI of 1.3180 (for water) with 

resolution of 5  and the value of the electric field is 431 

V/m which is a better results than HC19-1550. 
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