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Abstract— In this paper a highly polarization maintaining
birefringent photonic crystal fiber at telecommunication
window is reported via Full-Vectorial Finite Element Method
(FV-FEM). By taking triangular lattice of three ring
hexagonal structure PCF with suitable designing parameters
such as symmetrical elliptical hole along radial axis of
ellipticity a/b=5um, air hole diameter d=1um and pitch
A=2.3um, high birefringence (2.437 x107) with small effective
mode area(9.47pm2) and beat length (0.64cm) are found at
wavelength 1.55um.

Index Terms— Birefringence, Effective mode area, Full-Vector Finite
Element Method, Photonic crystal fiber

[. INTRODUCTION
Nowadays, Photonic crystal fibers (PCFs) have diverse applications in telecommunications,
sensors, interferometry, soliton, lasers, medical instrumentations and various polarization-
sensitive devices etc. [1]-[3]. PCFs are made from single material such as silica glass with an
array of microscopic air channels running along its length. Essentially, photonic crystals
contain regularly repeating internal regions of high and low dielectric constant. The
governing property of the crystals is a photonic band gap: ranges of frequency for which light
cannot propagate through the structure [4].The primary difference between PCFs and
conventional fiber is that photonic crystal fibers feature an air-silica cross section, where as
standard optical fibers have all glass cross-sections of varying refractive index. Polarization
Maintaining Photonic Crystal Fiber (PMPCF) has different elliptical air holes along central
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axis of the core region which creates an effective index difference between the two
polarization modes. These modes can be verified theoretically as well as experimentally [5]-
[8]. PMPCFs can exhibit high birefringence, provide small effective mode area for very large
wavelength range as compared to conventional polarization maintain optical fibers [9]-[12].

Due to complex structure of PCF, different numerical techniques has been used to study the
different properties of PMPCF such as Finite Element Method (FEM)[13], Improved
Effective Index Method[14], Finite Difference Time Domain Method (FDTDM)[15], Plane
Wave Expansion Method (PWEM)[16], Multi-Pole Method [17]. Among these methods,
Full-Vectorial Finite Element Method (FVFEM) is best suitable to calculate mode field
pattern, effective refractive index, effective mode area, and birefringence properties of the
fiber. The FV-FEM technique takes less computational time and requires less computer
memory and provides accurate results at higher wavelength. By manipulating elliptical air
hole size along radial axis width ‘a’ and height ‘b’, pitch ‘A’, and air hole diameter ‘d’ of
the proposed PCEF, it is possible to achieve small effective mode area and high birefringence

at wavelength 1.55pm.

II. FuLL-VECTOR FINITE ELEMENT METHOD
The Full-Vectorial Finite element method (FV-FEM) is advantageous in complex geometries

of photonic crystal fiber. It is a full vector implementation for both propagation and leaky
modes and cavity modes for two dimensional Cartesian cross sections in cylindrical co-
ordinates. First and second order interpolant basis are provided for each triangular elements.
PML (Perfectly matched layer) boundary conditions is employed at computational domain
for evaluating effective mode area and birefringence of the proposed PCF [18].We begin with
the source-free time harmonic form of the vector wave equation in an arbitrary, anisotropic
lossy media [19].

—
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The complex diagonal tensors 5 and €, represent co-ordinates stretching and the dielectric
material respectively [20-25]. The mathematical details are given elsewhere [26].

Finally, we will get matrix generalized eigen-values equation of the form

[:"':" - nif‘FE)EETl} = {0} (2)
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Where A and B represent tri-diagonal matrices and Er; denotes for transverse electric field.
The effective refractive index of the fundamental mode is given as nesr = f/ko, where f is the

propagation constant, ko=2m/A is the free space wave number.

III. RESULTS AND DISCUSSIONS

® e o o ®e ©e o @ ® ©e o @
® ©e o o o ® e o o o ® © o o o
P © © © © ¢« ®» © © © © @ ®» ®© o o o
P © ®© ©® ©® €e® © © © © @ ®» ®© © o o
®e ©e o o o ® ®©e o o o ® ©e o o o
® ©e o @ ® © o © ®e ©e o o
@ (ii) (ii1)

Fig.1 (Proposed Polarization maintaining birefringent photonic crystal fiber structures)

Structures parameter
(i) d=1um,A=2.3um and a/b=5um
(i1) d=1um,A=2.3um and a/b=2.5um
(iii)d=1pm,A=2.3um and a/b=1.66pm

In this paper, a new type of polarization maintaining highly birefringent triangular lattice
three-ring hexagonal PCF is proposed. Symmetrically elliptical air holes are introduced
along radial axis of the fiber with keeping all other air hole diameter as same. By using
elliptical air hole the degeneracy splits significantly and photonic band gap also changes
which causes increase in birefringence. The key point is to destroy the symmetry of the
structure and make the effective index difference between the two orthogonal polarization
states. The black regions are air hole and white regions are silica, where the refractive indices

of silica and air holes are taken as 1.45 and 1 respectively.

Above structures are then analyzed by FV-FEM. The diameter of all identical air holes and
pitch (distance between the two center of the consecutive air hole) throughout the simulation

were taken as fixed e.g. d=1um and A=2.3um respectively.
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Fig.2 Simulated Transeverse Electric Mode field pattern (one fourth part) of Birefringence PCF for all three structures
(1)d=1pm, A=2.3pum and a/b=Sum,(ii)d=1um, A=2.3pum and a/b=2.5um and (iii)d=1um, A=2.3pum and a/b=1.66pm at
wavelength 1.55um respectively.

Initially, the size of symmetrical elliptically air hole is taken as a/b=1.66um after
simulation transverse electric mode field pattern is observed for all structures. The effective
mode area can be calculated in operating wavelength range by using eq.(3) via FEMSIM
technique [27] for structure (i). Then the elliptical air hole size was varied to 2.5um and Sum
for other simulation for structures (ii) and (iii) as shown in Fig.1. Mode field patterns of all
three structures are shown in Fig 2. Once mode field patterns are known, the effective mode

area can be calculated using following formula,

[ﬂ_=|E| E'dxc!y:}z

A = =
=ff o IE*dudy

3)

From Fig.3, it is observed that the effective mode area of the PCF increases with increasing
of wavelength and decreases with decreasing elliptical air hole size in radial axis of the fiber.
The effective mode areas were obtained as 11.25um* 10.11um* and 9.46 pum?® for three
structures (i), (i1) and (iii) respectively at wavelength 1.55um. It is clear that effective mode

area is minimum for structure (ii1) in comparison to structures (i) and (ii).
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Fig.3 Variation of effective mode area with wavelength of the proposed PCF structures (i) d=I1pm, A=2.3um and
a/b=5um,(ii) d=1pm, A=2.3um and a/b=2.5pm and (iii) d=1pm, A=2.3pm and a/b=1.66um respectively.

By using FEMSIM technique, the birefringence of the proposed fiber is then determined by
the difference between the effective indices of two orthogonal polarization modes which is
given as

B = |H§F€ - n§ﬁ| 4)

where n¥g and 1l are the refractive indices of the x-and y-polarized fundamental modes of
the fiber respectively. The variation of phase birefringence with wavelength of PCFs is
shown in Fig.4. It is clear that phase birefringence increases with increasing wavelength and
also increasing with ellipticity of the air hole along radial axis of the fiber. The effective

indices of the x- and y-polarized modes of PCF structure (iii) are nZgz =1.421973 and n . =

1.419536 respectively giving a phase birefringence B = |n§ﬁ-‘_ niE'F| =2.437x107 at
wavelength 1.55um which is much higher than the structure (i) and (ii) where the phase
birefringence of structures (i) and (ii) are 9.24x10™ and 1.615x10™ respectively. From Fig.5,
it is also observed that phase birefringence decreases with increasing normalized frequency of
all three structures. The phase birefringence is obtained 2.437x107 for structure (iii) at

wavelength 1.55um and normalized frequency 1.48.
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Fig.4 Variation of birefringence with wavelength of the proposed PCF structures (i) d=1um, A=2.3um and a/b=5Sum, (ii)
d=1um, A=2.3um and a/b=2.5um and (iii) d=1um,A=2.3um and a/b=1.66pm respectively
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Fig.5 Variation of birefringence with normalized frequency of the proposed PCF structures (i) d=lum, A=2.3um and
a/b=5um, (ii) d=1pum, A=2.3um and a/b=2.5um and (iii) d=1pum, A=2.3um and a/b=1.66pm respectively

Once phase birefringence can be solved by using FEMSIM technique, the beat length

parameter of the proposed PCF can be calculated by using the equation given below
Lg=2 &)

Where Lp, A and B are called beat length, wavelength and birefringence of the fiber
respectively.

The beat lengths (Lp) are obtained as 1.68cm, 0.96cm and 0.64cm for structures (i), (i) and
(111) respectively at wavelength 1.55um. From Fig.6, it is observed that beat length decreases
with increasing wavelength as well as elliptical size of the air hole along radial axis of the
fiber. It is also observed that beat length decreases with increasing normalized frequency of
all three structures PCF as shown in Fig.7. At wavelength 1.55um at normalized frequency
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1.48 the beat length is obtained 0.64cm for structure (iii) which is comparatively smaller than

structures (i) and (ii) respectively.
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Fig.6 Variation of beat length (Lg) with wavelength of the proposed PCF structures (i)d=1pum, A=2.3pum and a/b=5um,
(i) d=1um, A=2.3um and a/b=2.5um and (iii)d=1pum, A=2.3um and a/b=1.66um respectively
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Fig.7 Variation of beat length (L) with normalized frequency of the proposed PCF structures (i) d=1um, A=2.3um and
a/b=5um, (ii) d=1pm, A=2.3um and a/b=2.5pm and (iii) d=1pum, A=2.3um and a/b=1.66pum respectively

IV. CONCLUSION

The polarization maintaining highly birefringent small mode area photonic crystal fiber is
investigated by Full-Vector Finite Element Method successfully. The simulation results prove
that birefringence and effective mode area property mostly depends upon the optimized

geometrical fiber parameters such as width and height of symmetrical elliptical hole along
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radial axis of the fiber, air hole diameter, pitch etc. For width a=1um, height b=0.2um, air
hole diameter d=1um and pitch A=2.3um, high birefringence 2.437x10™ with small effective
mode area 9.47pm2 and beat length 0.63cm are achieved for structure (iii) at wavelength 1.55
um. This kind of fiber can be used in interferometer and various polarization-sensitive

devices.
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