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Abstract: A detailed modal analysis of Photomic Crystal Fiber (PCF) 1s carried out by using the Fmite Element
Method (FEM) in FEMLAB environment. The effective mode index of the fundamental mode 1s found out for
different PCF structures and the effective mode area is calculated for varying number of air hole rings. Finally,
dispersion and confinement loss properties of different PCF structures are numerically calculated and it 1s found
that the dispersion and confinement loss profile of the PCF can be controlled by appropriately choosing
diameter, pitch and number of air hole rings. The results show that the effective mode area and the confinement
loss decreases with the increase in number of air hole rings and the dispersion increases with the increase in

number of air hole rings.
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INTRODUCTION

Broadband optical transmission with wavelength
division multiplexing technique is effective for large
capacity networks and optical fibers are widely used as
optical transmission media. However, chromatic and
modal dispersion, nonhinearity and losses restrict the
wavelength region available for these fibers.

Photonic Crystal Fibers (PCFs) recently attracted a
great deal of interest because of thewr excellent
propagation properties (Russel, 2003; Kmght, 2003).
Many research groups all over the world are making
constant effort to establish the superiority of PCFs over
conventional fibers because of its novel optical
characteristics. It has been reported that PCF can realize
endlessly single-mode operation (Birks ef al., 1997),
flexible chromatic dispersion over a wide wavelength
range (Saitoh and Koshiba, 2003; Shen ez al., 2003,
Matsui et af., 2005), large effective area (Matsw ef al.,
2005, Knight er al, 1998), controllable nonlinearity
(Knight et al., 1998), ultralow loss (Tajiuma et af., 2004,
Finazzi et al, 2003) and high group birefringence
(Alam et al., 2005). Basically, PCFs are single-material
fibers with an arrangement of air holes runmng along the
length of the fiber and they provide confinement and
guidance of light in a defect region around the centre. As
for the light confinement mechanism, index guiding PCFs
rely on total internal reflection to confine light in the
region of a missing air hole forming a central core.

Various methods have been used for analysis of PCFs
(White et al., 2002; Ferrando et al., 1999) each of which
has its advantages and limitations. In this research, the
FEM is used to find modal, dispersion and confinement
loss characteristics of PCFs in FEMLAB environment.
The effect of structural parameters on effective mode
index, effective modal area, dispersion and confinement
loss properties are studied i detail. The results are
compared with the existing published results and found a
very good agreement.

MATERIALS AND METHODS

The FEMLAB based finite element technique is used
in this work for the analysis of dispersion properties of
PCF. Figure 1 shows the transverse cross section of a
typical PCF consists of a central high index defect region
or amissing hole in a regular triangular or hexagonal array
of air holes. There are 3 design parameters: the air hole
diameter day, the spacing between holes or pitch A and
the number of air hole rings N,.

For practical purpose, it 1s considered that the
surrounding wall of the PCF is Perfect Magnetic
Conductor (PMC) that constrains the tangential magnetic
field to be zero on their surface. The boundary condition
becomes:

axH=0 )]
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Fig. 1: The cross section of PCF with a regular triangular
air hole array defined by the air hole diameter d
and the pitch A

Here, a, 1s the umt normal on the surface. The inner
air hole and fiber material should maintain a boundary
condition for contimuty of field. The boundary condition
for the inner boundaries is:

a, <(H, -H,) =0 2

The modal analysis 15 carried out, first on the cross
section in the x-y plane of the fiber, i.e., on the cross
section of the fiber as shown in Fig. 1. Tt is assumed
that the wave propagates in the z-direction and has the
form

3

Hix, v,z t) = H(x, y,z)exp| j(ot — B2)] (3)

where:
w = The angular frequency.

B

The propagation constart.

An eigenvalue equation in terms of the magnetic field
H 15 derived from the Helmholtz equation,

Vx(n?VxH)-kH=0 (4)

and is sclved for the eigenvalue of -j3*.
In FEMLAB, however, modal analysis
perpendicular hybrid-mode wave using electromagnetics

of a

module 1s done. The eigenvalue equation 1s solved to give
effective mode index,

My = o )
£ ku

of a guided mode for a given wavelength. Here, k; 1s the
free space wavenumber. Once, the modal solution is
obtained, various post-processing data is readily available
for visualization of the solution in different ways.

The effective mode mdex has both real and imagmary
parts. The chromatic dispersion of PCF 1s calculated easily
(Saitoh and Koshiba, 2003) from the real part of the
effective mode index n,; values versus wavelength using,

D) = %%{Re [ ©)

where:
A = The wavelength.
¢ = The velocity of light.

In order to check, the accuracy of the results found
here, we comsidered an mdex guiding PCF with a single
core of six equally spaced air holes with hole diameter
d =5 um, pitch A = 6.75 pm, the background refractive
index n = 1.45 and the operating wavelength, 4 = 1.45 pm.
The effective index found here, n; = 1.445395 + 1
1.807358x107", This result is in good agreement with that
of the full vector FEM (Saitoh and Koshiba, 2003)
except that of the imaginary part of the effective mode

index. The limitation of finite element method in

calculating the imagmary part of the effective index 1s
stated in (Zolla et al., 2005). The confinement loss of the
photonic crystal fiber can be calculated (Saitoh and
Koshiba, 2003) by using the imaginary part of the
effective mode index,

Confinement loss = 8.686 x Im [k;ng] dB/m, (7)

where, Im stands for the imaginary part.

Another important property of the fiber, the effective
mode area, Az can be calculated (Saitoh and Koshiba,
2003) using the electric field as,

7 2
RULEREES )
Tl dxdy
The area integration is carried out over the cross
section of the fiber and the electric field intensity E 1s
given by,
E=fEl+E? %)
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whete:
E
E

N

Isthe x-componert of the electric field.
Isthe y-componert of the electric field

T

RESULT S AND DISCU SSION

In Fig 2, two dimensional suface plots and cordour
plots for the electric field distritntion are presented for

{a)

Fig 2: Two dimensiona swface field distritndion and
cottou plot. (a) for 2 air hole ring, (h) for 3 alr hole
ring and(c) for 4 air haole rings

=5 A= BT

d=5pm A=4T um

dm= B pm, A=8.75

16

18

12 14

Wirvalangth (ure)

Fig 3: Effective index as a function of wavelength The
vatiation of effective index with the alr hole
diameter, d and pitch, A is also shown in the
figuwe. One ait hole ring is used i1 each case
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differert roxnber of air hole rings. Itis clear, from the plots
that the propagating light becom es moore concerdrated in
the centre, decreasing the spot size when the mamber of
air hole rings isincreased.

The effective mode index is found out for each
operatitg wavelength and for different PCF sthuchares
Figure 3 showrs the plot of effective mode index wersus
waveletgth for differert sthuctural param eters. It iz found
that the effective mode index decreases with the increase
in wawelength, which iz in good agreemert with
Mats of . (2005) and increases with the decrease of air
hole diameter and with the increase of pitch.

Figure 4 shows the wariation of effectiwe mode area
againgt the menber of air hole rings [tis clear that the
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Fig &4 Effective mode area as a function of mamber of air
hicle rings, e Adr bole diameter d = 6 pm and pitch
A=AT5 pm
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Fig 5:Dispersion of photornde crystal fiber against
wawvelength for different mamber of air hole tings.
Auit hiole diam eter, d= 5 pm andhole spacing, A =
6.753 pm
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Fig. 6: Dispersion of photonic crystal fiber against
wavelength for different number of air hole
rings. Air hole diameter, d = 5 pm and hole
spacing, A = 8.75 um
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Fig. 7. Digpersion of photonic crystal fiber against
wavelength for different number of air hole rings.
Adr hole diameter, d = 6 pm and hole spacing, A =
6.75 um.

PCF exhibits a very large effective mode area. Tt is
found that the effective mode area decreases with the
increased number of air hole rings.

Figure 5-7 depict the dispersion property of photonic
crystal fiber against wavelength for different structural
parameters. In each case it is found that the dispersion
mcreases with the increase of operating wavelength,
which agrees with the results found in Saitoh and
Koshiba (2003) and Tajuna et af. (2004) and the amount
of  increment is small compared to that of the
conventional optical fiber, resulting almost flattened
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Fig. 8 Dispersion of photonic crystal fiber against
wavelength for different air hole diameter. Air hole
spacing, A and number of air hole rings, N, is
constant
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Fig. 9: Dispersion of photonic crystal fiber against
wavelength for different air hole spacing. Air hole
diameter, d and number of air hole rings, N, is
constant

dispersion profile. It 1s also found, that the dispersion
increases with the mcreasing number of air hole rings.

Figure 8 depicts the dispersion property of photonic
crystal fibers agamst wavelength for different air hole
diameters. It 15 found that the dispersion increases with
the increase in air hole diameter that agrees with the
results found in (Shen et al., 2003).

Figure 9 depicts the dispersion property of photonic
crystal fiber against wavelength for different pitch. Tt is
found that the dispersion decreases with the increase in
pitch.

Figure 10-12 depict confinement loss as a function of
wavelength for different structural parameters. In each
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Fig. 10: Confinement loss of photome crystal fiber
against wavelength for different number of air
hole rings. Air hole diameter, d = 5 pm and pitch
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Fig. 11: Confinement loss of photonic crystal fiber
against wavelength for different Number of air
hole rings. Air hole diameter, d = 5 pm and pitch
A=875pum

case 1t 13 found that confinement loss decreases with the
mcrease i number of air hole rings that agrees with the
result found m (Finazzi et al., 2003).

Figure 13 and 14 show the confinement loss as a
function of wavelength for different air hole spacing
and for different air hole diameter, respectively. Tt is
found that the confinement loss decreases with the
increase in pitch of the fiber that agrees with the
result found in (Finazzi et al., 2003). Tt is also, found that
the confinement loss mcreases with the increase of air
hole diameter.
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Fig. 12: Confinement loss of photonic ecrystal fiber
against wavelength for different Number of air
hole rings. d = 6 ym and A = 6.75 pm
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Fig. 13: Confinement loss of photonic crystal fiber
against wavelength for different air hole pitch. Air
hole diameter, d and number of air hole rings, N,
is constant
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Fig. 14: Confinement loss of photonic crystal fiber
against wavelength for different air hole diameter.
Air hole pitch, A and number of air hole rings, N,
1s constant
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CONCLUSION

An efficient approach of the finite element method in
the FEMLAB environment is used for the analysis of PCF.
Tt has been found that the effective mode index decreases
with the increase of wavelength and air hole diameter and
mcreases with the mcrease of pitch of PCF. It has been
observed that the electric field distribution becomes more
concentrated to the centre when the number of air hole
rings 1s increased. The effective modal area of the PCF has
been found to be large compared to that of the
conventional optical fiber and it decreases with the
mcrease in number of air hole rings. Dispersion and
confinement loss are calculated for different structural
parameters. It has been found that dispersion increases
with the increase in wavelength, number of air hole rings
and air hole diameter, respectively and that decreases with
the increase m pitch length. It is also found, that
confmement loss decreases with an increase in number of
air hole rings and air hole spacing and that increases with
the increase in air hole diameter. The results will find
application, in desigmng of a photonic crystal fiber for a
particular effective mode area, dispersion and confinement
loss.
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