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Abstract 
 

The spectral response of photonic crystal fiber Bragg gratings (PCFG) are investigated theoretically using a full vectorial Fast Multi-
pole Method combined with exact equations for the reflection response of the Bragg gratings. When the PCF air-holes are infiltrated 
with different fluids, a downward shift is observed in the power reflectivity spectra. Both relative Bragg shift and grating's bandwidth 
depend linearly on the effective refractive index which supports the potential use of PCFGs as liquid sensors as well as tunable 
filters. It is also shown that the sensitivity of PCFG is strongly influenced by the choise of the structural parameters of the photonic 
crystal fiber. 

 
 

1. INTRODUCTION 
 
Photonic Crystal Fibers (PCF) have recently 

gain a broad application in telecommunication in-
dustry as well as in the traditional sensor industry. 
Endlessly single mode operation, high optical 
nonlinearities, the freedom to engineer the chro-
matic dispersion and the ability to fill the cladding 
air holes with liquids or gases are only a few of the 
physical virtues that have allowed these fibers to 
shine in a variety of roles from fiber lasers to fiber 
sensors. On the other hand, as for conventional 
fibers, the use of Bragg gratings written in a PCF 
can significantly enhance the device performance in 
a variety of environmental, biomedical and aero-
space  applications.   

 

 
Figure 1. (a) Schematic of a photonic crystal fiber Bragg  

grating (b) Cross-section of the PCF. 

 

In this paper, motivated by the recent interest in 
developing photonic crystal sensors [1-3], we pre-
sent a numerical simulation of Bragg gratings writ-
ten in a PCF, as it is shown in Fig.1, using a full-
vectorial fast multimode method combined with the 
coupled-mode theory of gratings. The sensitivity of 
our device is investigated by observing the shift in 
Bragg resonance wavelength in the reflectivity 
spectrum as a function of the change in effective 
refractive index when the PCF-holes are infiltrated 
with different fluids.     

 
2. DEVICE MODELING   

  
2.1. COUPLED-MODE THEORY OF BRAGG GRATINGS  

  
In order to calculate the characteristics of uni-

form PCF Bragg Gratings (BG), the coupled-mode 
theory is applied. The PCF-BGs is considered longi-
tudinally invariant, while a perturbation is introduced 
in the core region according to the relation: 

 

     ( )r rs rs s s effε z ε ε z n n δn zD 2 2    (1) 

 
where ns is the refractive index (RI) of pure silica 
with a wavelength depedence given by the Sell-
meier's equation 
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where for Aj and λj are material constants with val-
ues: A1=0.6961663, A2=0.4079426, A3 = 0.8974794, 
λ1=0.0684043, λ2= 0.116241 and λ3 = 9.896161.  

For a uniform grating without chirp, the refractive 
index modulation can be written as  

 

       coseffeff

G

π
δn z δn v z

L

2
1
  

   
   

     (3) 

 

with effδn being the averaged refractive index 
change over one period, v is the fringe visibility of 
the index change, ΛG is the period of the grating 
perturbation and z is the propagation distance. 

In most uniform BG sensor application, only the 
reflection spectra of the BG are considered and  the 
dominant interaction is between the forward propa-
gating  fundamental core mode and its counter 
propagating mode. Then, the system of coupled-
mode equations has analytical solution [4] which 
leads to the following closed-form expression for 
the power reflection coefficient r(L,λ) of a uniform 
fiber grating of length L. 
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In Eq.(4), κ is the 'ac' coupling coefficient and 

 σ̂ σ δ  where σ is a generalized 'dc' self-
coupling coefficient and the detuning parameter δ is 
defined as: 
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where λD is the design wavelength of the grating. 
For a single-mode reflection grating, the coupling 
parameters are given by the following simple rela-
tions: 
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From Eq.(4), we find the maximum reflectivity for 
a Bragg grating is   
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which occurs at the 'Bragg wavelength'  
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A measurable bandwidth for the uniform Bragg 
grating is that between the first zeros on either side 
of the maximum reflectivity and is given by 
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2.2. FAST MULTIPOLE METHOD  

 
Multipole method (MPM) is a simulation method 

which is based on the principle of electromagnetic 
scattering properties for PCF. The method was first 
proposed by White and Kuhlmey [5] for the simula-
tion of PCF with circular holes. According to MPM 
the mode field is expanded by Fourier-Bessel func-

tion in the th - hole, as 
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and in the adjacent medium of the  circular th - 
hole, the mode field is expanded  as  
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ni and ns the refractive indexes of air  and silica, 
respectivelly, k0=2π/λ is the free space wave-
number and, β is the modal propagation constant. 
Magnetic field component Hz can be expressed by  
similar equations to Eqs. (11) and (12). We can 

obtain the relation between ( ) ( ) ( ), ,m m ma b c  applying 

the electromagnetic field boundary conditions and 
then, the modal effective refractive index can be 
calculated as neff=β/k0. Vector-based computations 
are employed instead of element-based ones using 
MATLAB technical language in order to reduce the 
computation time considerably. 

 

     
(a)                                      (b) 

Figure 2. Energy flux distribution for the fundamental mode in 
PCF with air-holes of diameter a) d/Λ=0.2 and b) d/Λ=0.4 at 

the wavelength λ=1.55 μm. 
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3. RESULTS AND DISCUSSION 
  
The PCF used to inscribe the Bragg grating has 

a structure with hexagonal symmetry with four lay-
ers of air-holes in the silica matrix and a missing 
hole in the center. The hole pitch is Λ=2.3 μm and 
the ratio of hole diameter over pitch d/Λ is chosen 
to meet the condition of single-mode transmission. 
The structure of the PCF under study and the ener-
gy flux distribution of the fundamental mode calcu-
lated by MPM, for two different ratios d/Λ= 0.2 and 
0.4, is dipicted in Fig.2(a) and (b), respectivelly. It is 
clear from this figure that at larger ratios d/Λ the 
modes tends to be more confined in the core part of 
the structure. Furthermore, we consider the follow-
ing parameters for the uniform grating written in the 
PCF-core: initial design wavelength λD=1.55 μm,  
refractive index modulation of δneff=8.0x10-4, visibil-
ity of the index change ν=0.02 and grating length 
L=70 mm.  

In order to explore the spectral sensitivity of 
Bragg gratings written in the PCF, several fluids 
with refractive indexes varied from 1.25 (salol) to 
1.40 (octane), are inserted into the holes. The effec-
tive RI of the guided fundamental mode in the PCF 
infiltrated by fluids, as a function of the operational 
wavelength, is calculated by MPM and the results 
are shown in Fig. 3. The red dots in Fig. 3 corre-
spond to the effective refractive indexes at the de-
sign wavelength λD=1.55 μm. 

 

 
 

Figure 3. Energy flux distribution for the fundamental mode in 
PCF with air-holes of diameter a) d/Λ=0.2 and b) d/Λ=0.4 at 

the wavelength λ=1.55 μm. 

 

Then, the power reflection spectra of the Bragg 
grating can be calculated using Eq.(4) as it is 
shown in Fig.4 for PCFs infiltrated by three different 
fluids. 

The insertion of a fluid changes the cladding RI 
and modifies strongly the interaction between the 

evanescent field of the guided mode and the me-
dium in the holes. The effective index of the guided 
mode increases together with the RI of the holes. 
As a result, when a given fluid reaches the grating, 
the Bragg resonance experiences a downward shift, 
as depicted in Fig. 4. Additionally, it was found that 
the maximum reflectivities are almost the same. 
The Bragg wavelength λΒ at which the maximum 
reflectivity occurs can be calculated by Eq.(8).  

 

 
 

Figure 4. Computed power reflectivity spectra when different 
liquids are inserted in the PCF air-holes.   

 

 
 

Figure 5. Sensitivity characteristic curve showing the simulat-
ed changes in Bragg wavelength versus the effective RI. 

 

Figure 5 shows the relative Bragg wavelength 
shift as a function of the fluid RI, where the refer-
ence wavelength is taken the Bragg wavelength for 
air-filled PCF holes. It is worthy to note that the 
Bragg shift, although relatively weak, is linear and 
hence, the device is extremely suitable for sensor 
applications. Moreover, Fig. 6 shows the linear de-
pendence of the relative bandwidth on the effective 
RI.  

Finally, we explore the dependence of relative 
Bragg shift on the ratio d/Λ, for a PCF grating with 
air-filled holes. As it is seen in Fig. 7, the relative 
Bragg shift increase as the hole diameter increases. 
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Figure 6. Bandwidth of the PCF Bragg grating versus  
the effective RI 

 
 

 
 

Figure 7. Relative Bragg shift of the PCF grating versus  
air-hole diameter. 

 

4. CONCLUSION 
 
The characteristics of PCF Bragg gratings are 

simulated utilizing a full-vectorial multipole method 
combined with coupled mode theory. For the design 
wavelength of λD~1.55 μm, the reflectivity spectrum 
has been explored by filling the holes of PCF with 
different fluids. The shift in both the Bragg wave-
length and bandwidth is found to be linear and hen-
ce, the device can be used as fluidic sensor or as 
tunable filter  
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