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This paper presents a soft glass spiral photonic crystal fiber with circular air holes for achieving
high birefringence, large nonlinearity and large negative dispersion. The material used here for
designing the fiber is soft glass (SF-57). A central defect air hole is being introduced in the core
for achieving high birefringence and for different ellipticity ratios the effect of various optical
properties of a photonic crystal fiber are studied. The structure proposed has a high birefringence
in the order of 10–2, high nonlinearity of 5828 W–1km–1 and high negative dispersion of
–1546.6 ps/nm·km at 0.850 μm. A numerical approach based on the finite element method is used
for the design and simulation of the structure. Due to the optimization in the cladding air holes,
the fiber can be used as polarization maintaining fibers, in dispersion compensation and other
nonlinear applications.
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1. Introduction

Traditional optical fibers which are used in telecommunication applications have a sol-
id core surrounded by a solid cladding of lower refractive index compared to the core,
which helps for the wave guiding mechanism [1]. Photonic crystal fibers have a mi-
croscopic array of air channels running down the fiber length that provide design flex-
ibility in tuning dispersion slope and nonlinearity. A photonic crystal fiber (PCF)
normally consists of a solid core and the cladding consists of a solid matrix material
with almost same refractive index as a core with some air holes disposed into it [2].
The cladding air holes help to lower the refractive index of the cladding which allows
the optical wave guidance. Based on the operation, light is guided by two ways either
through total internal reflection or through a photonic band gap [3, 4]. In some fibers
light is guided by a photonic band gap which is created by the microstructured air holes.
So, these types of fibers can propagate light even with a lower core index [5].
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PCF are more special than the conventional optical fiber in which we can alter
the different optical properties of the fiber such as birefringence, dispersion, effective
mode area, etc. Apart from the most used and primary hexagonal structure, there are
many other structural arrangements which can be used for important applications. A spi-
ral photonic crystal fiber (SPCF) is one of them. An equiangular spiral has been designed
with negative flattened dispersion profile and high birefringence has been reported [6].
The main advantage of using a spiral PCF is due to its compactness which gives us
small core area which in turn results in large nonlinearity. An equiangular spiral with
soft glass background has been designed with large nonlinearity [7]. Similarly, a spiral
silica fiber of high nonlinearity has been obtained by tailoring the design parameters [8].
A highly birefringent polarization maintaining fiber has been designed by introducing
a defect in the core region, which gives additional flexibility for tailoring dispersion [9].
High birefringence and nonlinearity are obtained by removing the identical air holes
in x- and y-direction as to make the design asymmetrical [10]. 

In this paper, dispersion profile [11], birefringence and nonlinearity are investigat-
ed by introducing some defect in the core region with an elliptical air hole. High bire-
fringence in terms of 10–2 and large nonlinearity have been obtained. In addition to
that, high negative dispersion is achieved for certain wavelength region. So, these types
of photonic crystal fibers can be used for different nonlinear applications like super
continuum generation [12] and second harmonic generation [13].

2. Properties of photonic crystal fiber

Various properties of PCF like birefringence, dispersion, effective mode area and
nonlinearity are discussed. The maintenance of the input polarization state is described
in terms of a phenomenon called fiber birefringence. It is a property of the fiber which
depends on the direction of propagation and polarization of the transmitted light. It is
defined as the difference between the effective index of the x-polarized and the y-po-
larized component of the light.

(1)

where  and  are the effective refractive indexes of the two fundamental orthog-
onally polarized modes.

Birefringence is a desirable property in fiber optics. In many sensing applications
where light has to maintain a linear polarization state, often high birefringence is re-
quired [14, 15]. The key point in realizing the birefringence is to break the symmetry
of structure and increase the effective index difference between the two orthogonal po-
larization modes [16]. The structural symmetry can be destroyed either by varying
the air holes radius near the core or by changing the shape of the air hole to elliptical
or by introducing a defect air hole at the center of the core. Birefringence in the order
of 10–2 can be achieved in photonic crystal fibers. 
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Dispersion causes pulse broadening of transmitted pulses along the fiber. Chro-
matic dispersion contains both material and waveguide dispersion. The chromatic dis-
persion can be calculated by the following equation: 

[ps/nm·km] (2)

where c is the velocity of light and λ is the operating wavelength. The corresponding
effective refractive index of the operating wavelength for material dispersion is given
by the Sellmeier equation

(3)

where ωj is the resonance frequency and Bj is the resonance strength. Chromatic dis-
persion [17] can be altered in many ways which include varying the radius of the air
holes near the core, varying the number of air holes, and the shape of the air holes in
the cladding region. So by tailoring these design parameters, we can obtain large
negative dispersion [18] which can be used in dispersion compensation [19, 20].
The waveguide contribution helps to manage the dispersion. Such fibers with good
waveguide contribution can be used in dispersion management which can be attained
by varying the air hole filling factor.

Effective mode area Aeff is the area occupied by the fundamental mode. The inten-
sity will be maximum at the fiber core, 

[μm2] (4)

Effective area increases with an increase in wavelength and this helps in finding
nonlinearity. Effective mode area depends on fiber parameters like core diameter, re-
fractive index difference between the core and the cladding, and air hole filling factor. 

The nonlinearity parameter of the photonic crystal fiber is given by

[W–1m–1] (5)

where n2 is the nonlinear refractive index coefficient (4.1×10–19 m2/W for SF-57), c is
the velocity of light, and λ is the operating wavelength. Nonlinearity can be increased
using different materials. High nonlinearity comes into consideration when the effec-
tive mode area of the fiber is very low and the nonlinear refractive index coefficient
is large. So nonlinearity is inversely proportional to the effective mode area.
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3. Structure of proposed spiral PCF 

The structure is designed using the tool Comsol 3.5. It is based on FEM (finite element
method), an accurate numerical method used to find solution to boundary problems.
The proposed structure with circular air holes has been shown in Fig. 1. The structure
has a spiral lattice of circular air holes, which consists of eight spiral arms and five
circular air holes or rings in each spiral arm and an elliptical air hole in the center with
the semi-major axis a and semi-minor axis b. 

The angle between two rings in a spiral arm can be arranged by 180/N degrees,
where N is the number of spiral arms in the structure. Here N should be selected such
that there should be no overlapping of the air holes. So the maximum value of N de-
pends on the core diameter and the diameter of the air hole. The distance between the
two adjacent air holes of each spiral arm varies in geometric progression. The core di-
ameter is 1.05 μm. The diameter of the air hole is 0.21 μm which is constant throughout

d

b

Λ

a

Fig. 1. Structure of a circular spiral PCF with an elliptical defect air hole, d – diameter of air hole, Λ – pitch.

Fig. 2. Simulated structure showing light confinement: two-dimensional (a) and three-dimensional (b) plot. 

a b
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the structure. A perfectly matched layer (PML) is created around the structure for per-
fect absorption of the waves. PML layer width which we used here is 1 μm.We tailor
the semi-major axis and semi-minor axis of the elliptical defect air hole to obtain el-
lipticities of 2, 2.5, 3, 3.5 for soft glass (SF-57).The main advantage of using this spiral
lattice is that the number of air holes we use here gets reduced by a large number when
compared to the normal triangular lattice structure which leads to a small core area.
Because of this small core area, the effective mode area will be less. The semi-major
axis a we used here is 0.2 μm and by varying the semi-minor axis b, the ellipticity ratios
of 2, 2.5, 3, and 3.5 have been obtained. The proposed method can be employed using
the drop perpendicular method or the stack and draw method [21].

We calculate the effective mode index and the effective area of the circular spiral
photonic crystal fiber using the finite element method in Comsol 3.5.

Figure 2 shows the light confinement at 1.55 μm for soft glass (SF-57) in both two-
and three-dimensional pattern.

4. Results and discussion 
The wavelength is varied widely from 0.65 μm to 1.95 μm during the analysis. The
Neff value is obtained by simulating the structure. The variation in the effective refrac-
tive index with wavelength is shown in Fig. 3. We can see in the figure that the effective
refractive index decreases linearly with an increase in wavelength. We also observe
that as we increase the ellipticity of the air hole, the effective index increases.

Variation in birefringence with wavelength is shown in Fig. 4. The birefringence
in the order of 10–2 is achieved by altering the design parameters in the structure.

Birefringence of a fiber increases linearly with wavelength. High birefringence of
2.96×10–2 is obtained at 1.55 μm wavelength for the ellipticity ratio of 3.5. It is com-
paratively higher than the birefringence reported [6].
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Fig. 3. Effective refractive index versus wavelength for different ellipticity ratios of  2, 2.5, 3, 3.5.
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Chromatic dispersion is the variation in group velocity with a variation in wave-
length. Dispersion in PCF is highly effected by the size and positioning of the air
holes and the pattern in which the air holes are arranged. Other important design pa-
rameters which can tailor the dispersion are the core radius and number of spiral arms.
Figure 5 shows the variation in dispersion with wavelength for different ellipticity ra-
tios. It is observed that for the ellipticity ratio of 2, at 0.850 μm we have obtained high
negative dispersion of –1546.6 ps/nm·km, while at 1.05 μm negative dispersion of
–493.3 ps/nm·km is obtained. Two zero dispersions have been observed for the ellip-
ticity ratio of 2 at 1.14 μm and 1.90 μm, respectively.

For the ellipticity ratio of 2.5, we have one zero dispersion at 1.156 μm, for the
ellipticity ratio of 3 we have one zero dispersion at 1.18 μm and for the ellipticity ratio
of 3.5 also we have one zero dispersion at 1.20 μm. The negative dispersion region
can be used for dispersion compensation due to its high negative dispersion value
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Fig. 4. Birefringence versus wavelength for different ellipticity ratios of 2, 2.5, 3, 3.5.
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Fig. 5. Dispersion versus wavelength for different ellipticity ratios of 2, 2.5, 3, 3.5.
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which is not possible with conventional optical fibers. Due to the low dispersion co-
efficient, the length of the dispersion compensating fiber (DCF) will be very large. So,
this is an advantage in PCFs when compared to conventional optical fibers because of
the large negative dispersion value and reduction in length of DCF.

In Figure 6a, we examined the effect of an ellipticity ratio on the effective area and
nonlinearity. Effective area increases linearly with wavelength. The effective area of
a spiral PCF will be considerably smaller and this results in high nonlinearity [22] at
large wavelengths which can be used for super continuum generation (SCG) pump la-
sers [23, 24]. This less effective area issue is an advantage of the photonic crystal fiber
over a conventional optical fiber. The effective area in PCF is much smaller when com-
pared to the normal optical fiber. 

In Figure 6b, the structure shows very high nonlinearity because of a small effec-
tive area. For the ellipticity ratio of 2, it is observed that the high nonlinearity of
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Fig. 6. Effective area (a), and nonlinearity (b) versus wavelength for different ellipticity ratios of 2, 2.5,
3, and 3.5.
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1598 W–1km–1 at 1.55 μm has been observed which decreases accordingly to the other
ellipticity ratios. The nonlinearity which we have obtained is high compared in [6].
Another reason for the high nonlinearity is the large value of the nonlinear refractive
index coefficient n2 (4.1×10–19 m2/W for SF-57) of soft glass [25]. So when n2 is high
and the effective area is small, it becomes a favorable condition for high nonlinearity.
The effective area which we have calculated for the proposed design increases with
wavelength in the order of 10–13 and at higher wavelengths it is of order of 10–12. The
nonlinearity of the proposed structure decreases with wavelength because the amount
of light confined at the center of the core is less at higher wavelengths. The light con-
fined spreads away from the core which results in the increase in the effective mode
area [26]. When the light confinement is high at the center of the core, the effective
mode area will be small, otherwise the higher the light confinement is, the lower is
the effective area and the higher is the nonlinearity.

5. Conclusion

A circular spiral photonic crystal fiber has been designed in which circular air holes
are arranged in a spiral lattice. The structure is designed for different ellipticity ratios
of the center defect air hole and the effect of this on various fiber properties is analyzed.
Numerical results state that by introducing some defect in the core region, the bire-
fringence of the order 10–2 can be achieved, which is very high compared to conven-
tional fibers. These fibers can be used as polarization maintaining fibers which have
more control over polarization. High birefringence of 2.96×10–2 has been observed at
1.55 μm for the ellipticity ratio of 3.5 and high nonlinearity of 5828 W–1km–1 and high
negative dispersion of –1546.6 ps/nm-km at 0.850 μm for the ellipticity ratio of 2.
The designed structure has negative dispersion for certain wavelength region and
hence can be used for dispersion compensation fibers. The structure with the ellipticity
ratio of 2 has high birefringence, dispersion and nonlinearity. Hence this is an opti-
mized design and due to the large nonlinearity, the fiber has its prominence in nonlinear
device applications.
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