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 
Abstract—Photonic Crystal Fiber (PCF) uses are no longer 

limited to telecommunication only rather it is now used for many 
sensors-based fiber optics application, medical science, space 
application and so on. In this paper, the authors have proposed a 
microstructure PCF that is designed by using Finite Element Method 
(FEM) based software. Besides designing, authors have discussed the 
necessity of the characteristics that it poses for some specified 
applications because it is not possible to have all good characteristics 
from a single PCF. Proposed PCF shows the property of ultra-high 
birefringence (0.0262 at 1550 nm) which is more useful for sensor 
based on fiber optics. The non-linearity of this fiber is 50.86 w-1km-1 
at 1550 nm wavelength which is very high to guide the light through 
the core tightly. For Perfectly Matched Boundary Layer (PML), 0.6 
μm diameter is taken. This design will offer the characteristics of 
Nonzero-Dispersion-Shifted Fiber (NZ-DSF) for 450 nm waveband. 
Since it is a software-based design and no practical evaluation has 
made, 2% tolerance is checked and the authors have found very small 
variation of the characteristics.  
 

Keywords—Chromatic dispersion, birefringence, NZ-DSF, FEM, 
non-linear coefficient, DCF, waveband.  

I. INTRODUCTION 

CF is the media to convey guided information in the form 
of light using Total Internal Reflection (TIR) method. For 

having freedom from electrical interference and possessing 
signal security, little maintenance requirement, PCF is now 
more popular than the conventional optical fiber. Generally, 
fused silica is used as core which is fenced by a systematic 
arrangement of air holes over the fiber span [1]. It is very 
much possible to achieve high birefringence [2], high non-
linearity [3], controlled operation [4], large chromatic 
dispersion [5] and large mode area [6] by tailoring air hole 
diameter and hole-to-hole distance which is inconvenient in 
conventional fibers. 

Birefringence is the difference between the refractive index 
of the faster and slower axis. When a light ray propagates 
through the PCF, the birefringent property makes different 
velocity of o-ray and e-ray, so removing of e-ray becomes 
easier. This property makes that ray linearly polarized. Using 
o-ray and e-ray, it is possible to have polarization-maintaining 
property. High birefringent PCF has become very popular for 
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polarization maintaining properties and this property is 
suitable for application of sensor based on optical fiber like 
temperature-insensitive polarimetric vibration sensor [7], 
sensor for lateral pressure monitoring applications [8], 
seawater temperature measurement [9] and so on. High 
birefringence can be achieved by increasing the asymmetry of 
the PCF.  

When a light pulse propagates through the PCF, the greater 
frequency travels faster than the lower frequency that causes 
waveguide dispersion. On the other hand, light interaction 
with particles of the host material causes material dispersion. 
Interestingly in PCF, material and waveguide dispersion are 
off the opposite sign, so proper design can cancel each other 
out that make it possible to get zero dispersion, near-zero 
dispersion and NZ-DSF. The term Chromatic Dispersion (CD) 
is the combination of the material and waveguide dispersion. 
In PCF, this CD can be made negative to cancel out the 
positive dispersion of the conventional optical fiber. But some 
factors such as dispensation compensation ratio, fiber 
bandwidth, fiber mode property should be kept in mind when 
a fiber is being designed.  

A microstructure PCF is designed in this paper which offers 
high negative CD and also high non-linearity to guide the light 
within fiber core tightly that will reduce footprint and power 
consumption of numerous optical mechanisms. The non-zero 
dispersion-shifted property reduces the cross-talk when 
wavelength division multiplexing (WDM) is used to send 
multiple signals through a single-mode fiber.  

II. DESIGN METHODOLOGY 

Fig. 1 illustrates the structure of the proposed design. This 
is designed by using COMSOL Multiphysics 4.2 which is 
based on FEM. The fiber is of ring main design consisting of 
circular air holes of 0.62 μm diameter and two ellipses with 
semi-axis 0.25 μm and 0.85 μm, both are located at 0.6 μm 
distances from the center of the fused silica core. The first ring 
radius 𝑅ଵ is 1.5 μm and rests of four are as the following 
manner. 𝑅௡ାଵ ൌ  ሺ𝑅௡ ൅ 0.9ሻ μm, where n=1, 2, 3, 4. The first, 
second, third, fourth and fifth rings have 12, 18, 24, 30, and 36 
circular air holes respectively following the equation; number 
of hole 𝑁௡ାଵ ൌ 12 ൅ 6𝑛; where n = 0, 1, 2, 3 with the same 
radius. The air holes are arranged at the same angular distance 
from one another in the same ring. The difference 0.6 μm 
between the last two diameters is used as PML. 
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Fig. 1 Cross section of proposed PCF 

III. NUMERICAL ANALYSIS METHOD 

The birefringence of the PCF is calculated from the 
variance between the effective refractive indices of x and y 
axis.  

 

ynxnB                                 (1)                                                                      

 
where, 𝑛௫ and 𝑛௬  represent the real parts of x and y axis 
refractive index respectively. We can have the refractive index 
from wavelength by using the Sellmeier equation.   

Effective area (𝐴௘௙௙), CD (D) and nonlinearity ( λ ) are 
calculated by:  

 

   dxdy))
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      (2) 

 
2)/dyneffRe(2λ/c.dD          (3)  

                                                       
𝛾 ൌ 2𝜋𝑛ଶ/ሺ𝜆𝐴௘௙௙ሻ                                      (4) 

 

where c is the light velocity in vacuum, λ is the wavelength 
and 𝑛ଶis the nonlinear refractive index of fused silica.  

IV. RESULT  

Fig. 2 represents the proposed PCF’s property where Fig. 2 
(a) shows birefringence changes with respect to wavelength 
variation. The birefringence at 1550 nm wavelength is 0.0262 
and it remains greater than 0.0235 for C, L, U wavebands. 
This high birefringence [10] characteristic makes the fiber 
useful for sensor application where light is maintained a linear 
polarization state [11], [12]. Fig. 2 (b) shows the effective area 
and non-linear coefficients. The effective area and fiber non-
linear coefficient at 1550 nm wavelength are 1.8331 and 50.86 
respectively. The larger wavelength takes more area of the 
PCF and from (4) it is known that effective area and fiber non-
linearity are inversely proportional to each other. The small 
effective area [13], [14] will strongly guide the light through 

the core and reduce bending loss [11] and other effects of 
external disturbances. This non-linearity is very high 
compared to other published papers which are shown at Table 
I. 
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(b) Wavelength Vs Effective area and Non-linear co-efficient 

Fig. 2 PCF property  
 

If dispersion is considered to vary with wavelength linearly 
in a multi-wavelength channel transmission system, then some 
dispersion must present in the fiber after compensating the 
dispersion. This lasting dispersion is known as the residual 
dispersion which is shown in Fig. 3 (a) that also represents the 
relation between wavelength and CD. At 1550 nm 
wavelength, the CD is –373.85 ps/(nm-km) and it increases 
negatively as wavelength increases. Generally, CD affects the 
bit error rate and also limits the maximum transmission 
distance [15]. In that sense, our design provides NZ-DSF as 
well as highly negative CD to enlarge the transmission 
efficiency [16]. Moreover, this high negative CD enables the 
fiber to use as the dispersion compensating fiber (DCF). Fig. 3 
(b) represents the relative dispersion slope (RDS) of the 
proposed PCF. 

Fig. 4 represents the effective dispersion of the proposed 
PCF when it is used as DCF. Fig. 4 (a) shows that there is ± 
3.64 ps/nm-km dispersion variation within the wavelength of 
1400 nm to 1950 nm and only ± 0.85 ps/nm-km for 1490 nm 
to 1870 nm [17], [18]. So, this fiber can be used as a DCF and 
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NZ-DSF for WDM. The RDS of the proposed PCF is 
0.002615 at 1550 nm which is shown in Fig. 3 (b). 
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Fig. 3 (a) Wavelength Vs CD and Residual Dispersion 
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Fig. 3 (b) Wavelength Vs RDS 
 
The property that the proposed PCF possess is compared 

with some proposed PCF designs that are illustrated in Table I. 
Moreover, compared PCF design consists of different air 
filling factors that are the same in our design.  
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Fig. 4 (a) Wavelength Vs RDS 
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TABLE I 
COMPARISON BETWEEN THE PROPOSED PCF AND OTHER PCFS AT 1550 NM 

PCF Design 
Birefringence 

B 
Non-linear Coefficient 

γ ሺ𝑤ିଵ𝑘𝑚ିଵሻ 

Ref [10] 2
1075.1
  

39.933 

Ref [19] 2
102.4

  
-----------

Ref [20] 2
106
  

---------- 

Proposed PCF 2
1062.2
  

50.86 

V. EFFECT OF PARAMETER VARIATION 

It is not possible to fabricate a PCF that is originally 
designed. So, parameter is varied while simulation is done to 
determine the fiber characteristics. In Fig. 5, diameter of 
circular air hole effect on fiber birefringence is shown. In Fig. 
5 ሺaሻ dଵ ൌ 0.62 േ  0.015 μm and dଶ ൌ  dଷ ൌ  dସ ൌ dହ  ൌ
0.62 μm, ሺbሻ dଶ ൌ 0.62 േ  0.015 μm and dଵ ൌ  dଷ ൌ  dସ ൌ
dହ  ൌ 0.62 μm, ሺcሻ dଷ ൌ 0.62 േ  0.015 μm and dଵ ൌ  dଶ ൌ
 dସ ൌ dହ  ൌ 0.62 μm, ሺdሻ dସ ൌ 0.62 േ  0.015 μm and dଵ ൌ
 dଶ ൌ  dଷ ൌ dହ  ൌ 0.62 μm. Here dଵ, dଶ, dଷ, dସ, dହ are the 
circular air hole diameters of 1st, 2nd, 3rd, 4th and 5th ring. It is 
found that there is almost no effect of first ring air hole 
diameter variation on Birefringence. For second and third 
ring’s air hole diameter variation, birefringence is varied but 
very little and is still usable for polarization-maintaining fiber. 
Dependence of birefringence on hole diameter is minimized 
for succeeding rings.  
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(b) 
 

 

(c) 
 

 

(d) 

Fig. 5 Effect of air hole diameter variation on birefringence 
 

In Fig. 6, the effect of air hole diameter variation on fiber 
effective area and non-linearity is demonstrated. In Fig. 6 (a) 
d1 = 0.62 ± 0.015 μm and d2 = d3 = d4 = d5 = 0.62 μm, (b) d2 = 
0.62 ± 0.015 μm and d1 = d3 = d4 = d5 = 0.62 μm, (c) d3 = 0.62 
± 0.015 μm and d1 = d2 = d4 = d5 = 0.62 μm, (d) d4 = 0.62 ± 
0.015 μm and d1 = d2= d3 =d5 = 0.62 μm. It is found that 
though the first ring air hole diameter change has very little 
effect on area and non-linearity, rest of the air hole diameter 
variation has no effect on them for fiber operating 
wavelengths.  
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(d) 

Fig. 6 Effect of air hole diameter variation on effective area and non-
linearity 

 
Fig. 7 shows the dispersion phenomena of the proposed 

PCF where the diameter of circular air holes is varied. It is 
seen in Fig. 7 (a) that the first ring’s air hole has more effect 
on the dispersion, so care should be taken to variation of first 
ring’s air holes. But the second ring’s air hole diameter 
variation has a very negligible effect on dispersion phenomena 
(shown in Fig. 7 (b)). Though dispersion dependence on the 
air hole diameter increases for the third ring (shown in Fig. 7 
(c), it further decreases from the fourth ring (shown in Fig. 7 
(d)).   

The elliptical air holes are mainly included for higher 
birefringence and nonlinearity. The effect of elliptical air hole 
size variation is shown in Fig. 8. In Fig. 8 (a) birefringence 
variation for 1% change in both two semi-axis of ellipses, (b) 
dispersion variation for 1% change in two semi-axis of 
ellipses, (c) non-linearity variation for 1% change in two semi-
axis of ellipses are shown. It is seen from Fig. 8 that elliptical 
air holes having semi-axis 0.25 ± 0.0025 and 0.85 ± 0.0085 
have very little effect on the fiber characteristics which 
strengthens the fiber design for practical applications.  
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Fig. 7 Effect of air hole diameter variation on dispersion 
 

Confinement loss is defined as the inability of optical fiber 
to confine light in it. In case of our designed PCF, 
confinement loss is larger but it can be reduced very easily by 
increasing the number of air holes. The more the air hole 
placed on the silica the lesser will be the confinement loss. 
This is shown in Fig. 9 where an increasing the number of 
rings (NR) decreases the confinement loss. Every two new air 
hole rings decrease more than ten orders of the previous loss. 
At 1550 nm wavelength, confinement loss becomes zero for 
nine air rings of air holes whereas it was (1.0e + 006) × 0.0074 
dB/km for five rings. For five rings, the number of circular air 
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hole is 12, 18, 24, 30, 36 respectively. For seven rings, the 
numbers of circular air holes are on the order of 12, 18, 24, 30, 
36, 45, 45. And for nine rings, they are placed on the order of 
12, 18, 24, 30, 36, 45, 45, 60, 60. So it is possible to have very 
low confinement loss by adding new air rings consisting of 
circular air holes. 

VI. TOLERANCE  

The tolerance of the proposed fiber is checked and the result 
is shown in Fig. 10. For this tolerance check, the diameter of 
all circular air holes and pitch are varied 2% from the 
proposed design. So, for +2% tolerance check, the diameter of 
all circular air holes is 0.6324 and the pitch is 0.91 whereas 
the diameter of -2% tolerance check is 0.6076 and pitch is 
0.882. In Fig. 10 (a) birefringence variation for ± 2% 
parameter change, (b) Effective area and non-linearity 
variation for ± 2% parameter change, (c) dispersion variation 
for ± 2% parameter change are shown respectively. 
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Fig. 8 Effect of ellipse size on Birefringence, Dispersion and Non-
linearity 

 

Fig. 9 Effect of air hole rings on confinement loss 
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(c) 

Fig. 10 Tolerance check of the proposed PCF 

VII. CONCLUSION  

The proposed design is of ultra-high birefringence PCF 
having more advantages as compared to the recently proposed 
designs. The birefringence property of the proposed design is 
good enough to use it in many sensors based optical 
applications. It is greater than 0.024 for S+C+L+U 
wavebands, high negative CD makes it usable as DCF. With a 
small effective area, the fiber offers more than 40 wିଵkmିଵ 
non-linear coefficients for S+C+L+U wavebands. Moreover, 
the effective dispersion is only ± 0.6 ps/(nm-km) for 1525 nm 
to 1850 nm wavelength. In summary, a fixed diameter to pitch 
ratio (0.689) makes this design worthy of practical 
implementation whereas confinement loss will be minimized 
in our future work. 
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