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We propose and design a spiral photonic crystal �ber with elliptical air holes for achieving high birefringence, large nonlinearity,
and negative dispersion. �e structure is designed using chalcogenide glass (As2S3) for di	erent ellipticity ratios of air holes in the
cladding and the e	ect on various properties is observed. �e proposed structure has birefringence of the order 10−2, nonlinearity
of 26739.42W−1m−1, and dispersion of −1136.69 at 0.85 �m. An accurate numerical approach based on �nite element method is
used for the design and simulation of the structure. Due to high birefringence and negative dispersion, the proposed structure can
be used for polarization control and dispersion compensation, respectively.

1. Introduction

Photonic crystal �ber is a class of optical �ber which is
based on the properties of photonic crystal. Due to its unique
properties photonic crystal �ber �nds a lot of applications
in optical �ber communication [1]. In standard �ber, the
guiding mechanism is by a region with higher refractive
index than the surrounding cladding. In case of PCFs, the
microstructure of core and air holes surrounding it provide
the required index di	erence.�ebasic principle of operation
of a PCF is based either on modi�ed total internal re�ection
in which light is guided in solid core which depends on
the relative refractive index di	erence between the core and
the microstructure cladding or on photonic band gap e	ect
in which light is con�ned by a photonic band gap that is
created by the microstructure cladding [2–4]. Such �ber
allows the propagation of light through lower index core
or even through hollow core. Compared to conventional
�ber, PCFs provide large freedom in the design which allows
the �exibility in various properties including birefringence,
�attened and negative dispersion, e	ective area, and nonlin-
earity.

Apart from the conventional hexagonal lattice, di	erent
types of air hole arrangements are proposed for achieving
many useful properties [5–7]. In equiangular spiral photonic
crystal �ber, the air holes are distributed around the solid
core so that the arrangement gives a spiral pattern.�e design

parameters for spiral PCF include number of spiral arms,
number of air holes in each spiral arm, and core diameter.
Various useful properties can be obtained by tailoring these
parameters to the PCF design. Equiangular spiral PCF (ES-
PCF) with small e	ective area and large nonlinearity has
been reported [8]. Spiral PCF with elliptical core is designed
[9] which has large birefringence and nonlinearity. High
birefringence in spiral PCF is obtained [10] by removing two
identical air holes in the inner ring so as to make the design
asymmetrical. �e ES-PCF is much compact and simple as
compared to conventional PCF. Spiral photonic crystal �bers
can achieve better overlapping between the optical �elds of
the fundamental mode at a desired frequency compared to
conventional PCF [11]. So it can be used for nonlinear appli-
cations like four-wave mixing, supercontinuum generation,
and second harmonic generation.

2. Properties of Photonic Crystal Fiber

�e various properties like birefringence, nonlinearity, and
chromatic dispersion are discussed. Birefringence is a prop-
erty of amaterial inwhich the refractive index depends on the
direction of propagation of light and the polarization of the
transmitted light. Birefringence is de�ned as the maximum
di	erence in refractive index shownby thematerial. Consider

� = ����Re (��e	) − Re (��e	)���� , (1)
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where ��e	 and ��
e	

are e	ective refractive indexes of the two
fundamental polarized modes.

Birefringence in photonic crystal �bers can be obtained
using asymmetric structures [12]. �e �ber core can be
designed to be asymmetrical by introducing double or triple
defects in the �ber core [13]. High birefringence can be
achieved by using double or triple core �ber [14, 15].�e bire-
fringence measured for this �ber at 1550 nm for fundamental

mode was 2 × 10−4. By introducing elliptical air holes in the
cladding large birefringence can be achieved. High birefrin-

gence of the order of 10−2 is achieved in photonic crystal �ber
with squeezed elliptical holes [16]. �e birefringence varies
with the variation of the normalized frequency, size ratio,
and e	ective area of the elliptical air holes. Asymmetrical
structures can be used to achieve large birefringence by spiral
arrangement of air holes in the cladding or by introducing an
elliptical core [17].

Dispersion occurs in all types of �bers and is a result
of �nite spectral line width of optical source. Chromatic
dispersion is the variation in group velocity with a variation
inwavelength.�is variation in velocity results in broadening
of pulses when traveling through the �ber, which overlap
and result in increased bit error rate. Increase in bit error
rate a	ects the signal quality. In high speed transmission,
chromatic dispersion is a major limiting factor. Chromatic
dispersion includes material dispersion and wave guide
dispersion. �e chromatic dispersion in PCF is given by

� = −	

�2�e	�	2 ps nm−1 km−1, (2)

where 
 is the velocity of light and 	 is the operating wave-
length. �e refractive index corresponding to the operating
wavelength is given by Sellemier’s formula:

�2 − 1 = ∑
�
( � �	2	2 − 	21) , (3)

where � is the Sellmeier coe�cient.

Chromatic dispersion in PCF can be adjusted by various
methods [18], either by changing the arrangement of air holes
or with the number of air holes, and also with the shape of the
air holes in the cladding region. Properly designed PCFs with
large negative dispersion coe�cient value can be used for
dispersion compensation [19, 20]. �ere is large wave guide
contribution to material dispersion in index guiding PCFs
with small core, so anomalous dispersion can be attained.
Such �bers can be used for dispersion management in visible
wavelength with suitable cladding design by varying the pitch
and size of the air holes.

�e nonlinearity in a photonic crystal �ber is calculated
by

� = 2��2	�e	 W−1m−1. (4)

a

b

Figure 1: Structure of spiral PCF with elliptical air holes.

�e	 is the e	ective area of the fundamental mode and �2
is nonlinear refractive index (for As2S3, �2 = 3.825 ×10−18m2/w). E	ective area is expressed as

�e	 = [∬
�����(�, �) �� ������2]2
∬�����(�, �) �� ������4 �m

2. (5)

Enhanced nonlinearity can be achieved by the use of dif-
ferent materials and di	erent structures of PCF [21, 22]. In
photonic crystal �ber nonlinearities come into action, when
the e	ective mode area of propagation of light is very small.
Nonlinearity depends on the nonlinear refractive index of the
material. �e larger the e	ective mode area is, the smaller
the nonlinearity value is. Certain materials like so�-glass
and chalcogenide exhibit large value of nonlinearity [23, 24].
E	ective area in a PCF is the area where light is con�ned in a
�ber. In PCFs, the e	ective area includes the core region and
a small fraction of areas in the cladding region. �e	 depends
on various �ber parameters like the core radius and the core-
cladding index di	erence. �e e	ective area increases with
the increase in diameter of air holes in the cladding region
in spiral PCF [25].

3. Structure and Design of
Proposed Spiral PCF

�estructure is designed using the tool Comsol 3.5. It is based
on FEM (�nite element method), an accurate numerical
method used to �nd solution to boundary value problems.
�e designed structure of a photonic crystal �ber with
elliptical air holes in the cladding region is shown in the
Figure 1.�e structure has a spiral lattice of elliptical air holes.
For attaining large value of birefringence elliptical air holes
are included in the structure.�e proposed structure consists
of seven spiral arms, each with �ve elliptical air holes. Here,� and � represent the semimajor and semiminor axis of the
elliptical air holes.

�e angular displacement between two adjacent elliptical
air holes in a ring is 180/N degrees. �e maximum value
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Figure 2: Simulated structure showing con�nement of light (a) two-dimensional plot and (b) three-dimensional plot.

on � or the number of air holes in a ring is limited
by the core diameter and the size of the air holes. �e
distance between two subsequent air holes in each spiral
arm follows geometric progression. �e core diameter is
approximately 0.7 �m. �e width of the PML layer is �xed
to be 1 �m. �e semimajor axis of the ellipse is 1.5 �m and
the semiminor axis is tailored to obtain di	erent ellipticity
ratios. �e structure is designed for di	erent ellipticity ratios
of 1.4, 1.5, 1.6, and 1.7 for chalcogenide glass. �e e	ect
of ellipticity ratio on various �ber properties is observed.
�e spiral arrangement of elliptical air holes provides high
birefringence. �e advantage with spiral structure is that it
is much compact and have small e	ective mode area, hence
achieving large value for nonlinear coe�cient. �e smallest
air hole size in the proposed structure is 3 �m (major axis of
elliptical air holes) which is much larger than the dimension
in [26]; the proposed design can be fabricated using the stack
and draw method.

We can calculate the e	ective modal index (�e	) and
e	ective area of the designed spiral photonic crystal �ber
by using COMSOL 3.5, which is a �nite element method
based so�ware. �e spiral structure with elliptical air holes
is distributed in chalcogenide glass (As2S3) with refractive
index of 2.45.

Figure 2 shows the con�nement of light in the �ber core
at 1.55 �m in chalcogenide glass spiral PCF.

4. Results and Discussion

Awide range of wavelength from0.85 �mto 2.45 �m is varied
for the analysis. �e semimajor axis of the elliptic air holes
is kept constant, and the semiminor axis is varied to obtain
ellipticity ratios of 1.4, 1.5, 1.6, and 1.7. �e semiminor axis

is 1.0714 �m, 1 �m, 0.9375�m, and 0.8823 �m for ellipticity
ratios 1.4, 1.5, 1.6, and 1.7. �e variation of e	ective refractive
index (�e	) with wavelength is shown in Figure 3, which
depicts �e	 decreases with the increase in wavelength. It is
found that with the increase in ellipticity ratio of the air holes
in the cladding the �e	 decreases.

In contrast to the conventional �ber, the spiral PCF
provides more freedom in tailoring birefringence. Here we
examine the dependence of birefringence on ellipticity ratio
of air holes in the cladding region for di	erent wavelength
range. In Figure 4 we observe that with the increase in
wavelength the birefringence increases.

Birefringence in the order of 10−2 is achieved. Figure 5
shows the e	ect of ellipticity of air holes on birefringence.�e
birefringence obtained is better than that with conventional
elliptical air holes [12, 17]. It is observed that there is an
increase in birefringence with the increase in ellipticity ratio
of the air holes. For ellipticity ratios of 1.4, 1.5, and 1.6
the birefringence is of the order of 0.014, 0.02, and 0.0225,
respectively, at 1.55 �m. Birefringence of 0.0256 is obtained
for ellipticity ratio of 1.7 at 1.55 �m better than that reported
in [17]. �e more the increase in ellipticity ratio is, the more
asymmetrical the structure becomes. When the e	ective area
in PCF cladding increases, there exists a di	erence in the air
�lling fraction between the � and � directions. As a result
there is more con�ned �eld on one of the directions either� or � depending on the structure of the air holes.

Dispersion in a PCF is highly in�uenced by the e	ect
of size and positioning of the air holes in the cladding
region. Figure 6 shows the variation of chromatic dispersion
with wavelength. Material dispersion is included. It has been
observed that the dispersion value is negative in the optical
wavelength region for di	erent ellipticity ratios. For ellipticity
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Figure 3: �e	 versus wavelength for �xed ellipticity ratios of 1.4, 1.5,
1.6, and 1.7.
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Figure 4: Birefringence versus wavelength for �xed ellipticity ratios
of 1.4, 1.5, 1.6, and 1.7 with fundamental� and� polarizationmodes.

ratio of 1.7, the dispersion is −1136.69 ps/nm-km at 0.85�m
and −907.6 ps/nm-km at 1.1 �m.At 1.55 �m for ellipticity ratio
of 1.4, a dispersion of −338 ps/nm-km is obtained.

�e structure o	ers two zero dispersions, one at 1.93 �m
and 2.21 �m for ellipticity ratio of 1.6 and the other at 1.86 �m
and 2.25 �m for ellipticity ratio of 1.7. For ellipticity ratio of 1.6
wavelength between 1.93 �m and 2.21 �m the structure o	ers
a �attened dispersion with maximum value of 25.2 ps/nm-
km.�enegative dispersion of PCF can be used for dispersion
compensation. Due to large value of negative dispersion as
compared to conventional �ber, short length of PCF can be

1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75
0.012

0.014

0.016

0.018

0.02

0.022

0.024

0.026

0.028

Ellipticity ratio 

B
ir

ef
ri

n
ge

n
ce

Birefringence versus ellipticity ratio

Wavelength = 1550nm

Figure 5: Birefringence versus ellipticity of air holes at wavelength
of 1.55 �m.
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Figure 6: Dispersion versus wavelength for ellipticity ratios of 1.4,
1.5, 1.6, and 1.7.

used for dispersion compensation, thus reducing the loss
[27]. For ellipticity ratio of 1.5 the value of dispersion is−338 ps/nm-km for PCF.

For single mode �ber the typical value of chromatic
dispersion is 17 ps/nm-km. �e length of the dispersion
compensating �ber is given by [28]

�DCF = �SMF × �SMF�DCF

. (6)
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Figure 7: (a) E	ective area versus wavelength. (b) Nonlinearity versus wavelength for ellipticity ratios 1.4, 1.5, 1.6, and 1.7.

For a span length of 80Km of single mode �ber the length
of the dispersion compensating PCF is approximately 4Km,
which is small as compared to dispersion compensating
singlemode�ber. At the shortwave IR region, due to �attened
dispersion the �ber can be used in nonlinear application like
supercontinuum generation.

Figure 7 shows the e	ect of ellipticity ratio on e	ective
area and nonlinearity for wavelength range between 0.85 �m
to 2.5 �m.�e e	ective area is very small in the order 10−13m
for the proposed structure. �e e	ective area increases with
ellipticity ratio. At 1.55 �m the �e	 is calculated to be

0.49 �m2, 0.54 �m2, 0.59 �m2, and 0.64 �m2 for ellipticity
ratios of 1.4, 1.5, 1.6, and 1.7, respectively. �e value is
very smaller than that in conventional �ber. �e structure
shows very large nonlinearity as e	ective area is small and
is inversely proportional to nonlinearity. �e very high
nonlinearity is because of large nonlinear refractive index of
chalcogenide. �e nonlinearity decreases as the wavelength
increases because of reduced con�nement of light in the core.
�e higher the con�nement of light in the core region the
lower the value of the e	ective area, and so high nonlinearity

can be achieved. Large nonlinearity of 26739.42W−1m−1 is
attained at 1.55 �m which decreases with ellipticity ratio of
the air holes.�e obtained value of nonlinearity is better than
that in [20, 29].

�us our design is important (relative to others) because
spiral PCF with so� glass reported [9] has a little higher
birefringence, compared to our result, but the nonlinearity
reported in our case is large and �attened and low disper-
sion is obtained and this combination is an added advan-
tage to go for nonlinear application like supercontinuum
generation.

5. Conclusion

A photonic crystal �ber with elliptical air holes in spiral
lattice is designed by �nite element method. �e structure
is designed for di	erent ellipticity ratios for the air holes in
the cladding and the e	ect on various �ber parameters is
analyzed. From the numerical results, large birefringence of

the order of 10−2 is obtained, which is larger than that of
conventional PCFs. �e �ber o	ers large birefringence value
of 0.0256 at 1.55�m. So, it �nds application in polarization
control. Due to the small core it o	ers large value for

nonlinearity of 26739.42W−1m−1 at 1.55 �m and a negative
dispersion of −1136.69 at 0.85 �m, so that it can be used as
dispersion compensation �ber. Compared to other ellipticity
ratios, the structure with ellipticity ratio 1.6 is optimized and
has better properties in terms of birefringence, dispersion,
and nonlinearity. So it is evident that, large value of non-
linearity and �attened dispersion around short IR wave
region leads this spiral PCF to be used in non-linear optical
applications.

Conflict of Interests

�e authors declare that there is no con�ict of interests
regarding the publication of this paper.

References

[1] P. S. J. Russell, “Photonic-crystal �bers,” Journal of Lightwave
Technology, vol. 24, no. 12, pp. 4729–4749, 2006.

[2] J. A.West, N. Venkataramam, C.M. Smith, andM. T. Gallagher,
“Photonic crystal �bers,” in Proceedings 27th European Confer-
ence on Optical Communication, Amsterdam,�e Netherlands,
2002.



6 Advances in OptoElectronics

[3] J. Broeng, T. Søndergaard, S. E. Barkou, P. M. Barbeito, and
A. Bjarklev, “Waveguidance by the photonic bandgap e	ect in
optical �bres,” Journal of Optics A: Pure and Applied Optics, vol.
1, no. 4, pp. 477–482, 1999.

[4] J. Wang, C. Jiang, W. Hu, and M. Gao, “High birefringence
photonic bandgap �ber with elliptical air holes,” Optical Fiber
Technology, vol. 12, no. 3, pp. 265–267, 2006.

[5] I. Kujawa, R. Buczynski, T. Martynkien et al., “Multiple defect
core photonic crystal �ber with high birefringence induced by
squeezed lattice with elliptical holes in so� glass,” Optical Fiber
Technology, vol. 18, no. 4, pp. 220–225, 2012.

[6] S.M.A. Razzak andY.Namihira, “Proposal for highly nonlinear
dispersion �attened octagonal photonic crystal �bers,” Photon-
ics Technology Letters, vol. 20, no. 4, pp. 249–251, 2008.

[7] A. Agrawal, N. Kejalakshmy, B. M. A. Rahman, and K. T. V.
Grattan, “So� glass equiangular spiral photonic crystal �ber
for supercontinuum generation,” IEEE Photonics Technology
Letters, vol. 21, no. 22, pp. 1722–1724, 2009.

[8] M. N. Hossain, M. S. Alam, D. M. N. Hasan, and K. M. Mohsin,
“A highly nonlinear spiral photonic crystal �ber for tailoring
two zero dispersionwavelengths in the visible region,”Photonics
Letters of Poland, vol. 2, no. 3, pp. 143–145, 2010.

[9] C. Gui and J. Wang, “Elliptical-spiral photonic crystal �bers
with wideband high birefringence, large nonlinearity, and low
dispersion,” IEEE Photonics Journal, vol. 4, no. 6, pp. 2152–2158,
2012.

[10] M. Samiul Habib, M. Selim Habib, M. Imran Hasan, and S. M.
A. Razzak, “Highly nonlinear polarizationmaintaining two zero
dispersion spiral photonic crystal �ber using arti�cial defects,”
Optical Fiber Technology, vol. 19, no. 6, pp. 539–542, 2013.

[11] I. N. M. Wijeratne, N. Kejalakshmy, A. Agrawal, B. M. A.
Rahman, and K. T. V. Grattan, “Numerical analysis of second
harmonic generation in so� glass equiangular spiral photonic
crystal �bers,” IEEE Photonics Journal, vol. 4, no. 2, pp. 357–368,
2012.

[12] J. Wang, C. Jiang, W. Hu, and M. Gao, “High birefringence
photonic bandgap �ber with elliptical air holes,” Optical Fiber
Technology, vol. 12, no. 3, pp. 265–267, 2006.

[13] G. Hu and D. Chen, “Side-hole dual-core photonic crystal
�ber for hydrostatic pressure sensing,” Journal of Lightwave
Technology, vol. 30, no. 14, pp. 2382–2387, 2012.

[14] Y. Du, X. Qiao, and Q. Rong, “A miniature fabry-pérot interfer-
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