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Abstract-In this paper, we have analyzed external stress induced birefringence and confinement loss
properties for hexagonal and octagonal air hole arranged PCFs (photonic crystal fibers). Here finite
element method (FEM) has been used for stressand optical analysisin COMSOL Multiphysics environment
The analysis has been carried out on both types of structures by varying air hole diameter. Different stress
has been applied on the PCFs boundary and the effective indices, birefringence and confinement loss are

calculated as a function of stress.

It is found that birefringence and confinement loss properties of

hexagonal PCFs are more sensitive than octagonal. Again this effect is larger for PCFs with smaller air

hole diameters than larger.

Keywords: Photonic crystal fiber (PCF), finite element met{&EM), elasto-optic effect, birefringence

and confinement loss.

1. INTRODUCTION

Photonic crystal fibers (PCFs) are a new clafss
optical fibers. PCFs also known as microstructditeets
that has arrays of holes running along its length.
Microstructured fibers guide light due to modifitatal
internal reflection. Unlike conventional fibers, PCcan
be made entirely from a single material, typically
undoped silica [1]. The holes act to lower the cffe
refractive index in the cladding region and so tlighe
confined to the solid core, which has a relativieilyher
index. In a PCF, the number of holes and theirssize
shapes, orientations and placements can provideeeg
of freedom and hence unique properties, which ate n
available in conventional optical fibers [2-3]. Téteong
wavelength dependency of the effective refracthaek
and the inherently large design flexibility of tReCFs
allow for a whole new range of novel propertiess[4-
Such properties include endlessly single-modedrdibe
extremely nonlinear fibers and fibers with anomalou
dispersion in the visible wavelength region.
Propagation properties of PCFs have been investigat
widely using different analysis techniques and<¢648].
From some recent research works we find that
hydrostatic pressure, axial force, twisting anchghtion
may cause changes in fiber structure and properties
when they are used as sensor for civil structunes o
acoustic pressure in underwater
communication systems [9-12]. But few works hasnbee
done to understand the external stress effectsGirs P
These research works mainly carried out on effectiv
index, birefringence, polarization mode dispersaom
confinement loss properties only for hexagonahailes

and underground

arranged PCFs with few design parameters. In this
research work an analysis has been carried oliseree

the effect of thermal and external stress on birgénce
and confinement loss for both hexagonal and octalgon
air hole arranged PCFs. The fiber designs have been
carried out for both types of PCFs by varying ateh
diameter. Then different stress has been appleth®
PCFs boundary and the effective indices, birefnige
and confinement loss are calculated as a function o
stress. It is found that the external stress insliigher
birefringence for hexagonal PCF than octagonadldo
found that confinement loss as a function of stress
increases more sharply for hexagonal PCF than
octagonal. For both structures effect of stress on
confinement is lower for larger air diameter tharafier.

2. FORMULATION

To study the distribution of stresses in aticapfiber,
the finite element approach is a highly suitable¢hoe to
be applied due to its flexibility and power. In opl
fibers or waveguides under stress, the originabotif/e
index of the material changes due to photoeladict
The new refractive index for x and y polarized tighn
be calculated from the following equation [6]:

Ny =n0+C10'X+C2(0'y+0'2) (1-1)
ny =Ny +C10y +C2(Ux +Uz) (1-2)
n, =ny +Co, +Cy(0y +0y) (1.3)

where,C,, C, are the elasto-optic coefficient of the fiber
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or waveguide materiai,o nyo andngare the unstressed
refractive indices of the material angn, andn,are the
main diagonal element of the anisotropic refraciiviex
tensor.

PML is an absorbing layer specially studied to abso
without reflection the electromagnetic waves [7§ing
this layer, we carstimate the confinement loss of any
optical fiber.To define a PML, an additional modeling
domain (sub domain) outside the boundaries is atmed
absorb the leaked light. The PML can have arbitrary
thickness and is specified to be made of an asific
absorbing material. The material has nisotropic
permittivity and permeability that match the petiwity
and permeability of the physical medium outside the
PML in such a way that there are no reflections.

An eigenvalue equation for the magnetic fiéldis
derived from Helmholtz equation

Ox(e710xH)~kZuH =0 (2)
where, permeabilityy = o, L

permittivity,& = £y, L

propagation constarity = 277/ A .

For a PML that is parallel to one of the Cartesian
coordinate planes, hecomes diagonal

L, 0 O
L={0 L, O 3)
0 0 L,
where,
=SySZ :stz L :sty
s, Y s, " s,

The parameters,, s, ands, are the complex-valued
coordinate scaling parameters. By assigning suaitabl
values to these, it can be obtained a PML thatrakso
waves traveling in a particular direction. The edu
below represent a PML that attenuates a wave trayel
in thex direction.

s,=a-bi, s, =1, s, =1
where,a andb are arbitrary positive real numbers.

Optical analysis is performed for calculating the
effective mode indices for different modes propampat
within the fiber. It involves dealing with perpendlar
hybrid mode waves. The mode analysis is made on a
cross-section in the x-y plane of the fiber.

The wave propagates in the z direction has the form

H(x, y, z,t) = H(x, y)e!(@# (4)
wherew is the angular frequency agidhe propagation
constant. An eigenvalue equation for the magnéid f
H is derived from Helmholtz equation in the fibeogs
section reduces to:

Ox([n20xH)-kiH =0 (5)

which is solved for the eigenvalue off*-

Boundary condition along the outside of the claddin
the magnetic field is set to zero. Because the itunel of
the field decays rapidly as a function of the radifithe
cladding this is a valid boundary condition. This
condition is expressed by the equation:

nxH=0 (6)

For a confined mode there is no energy flow in the

radial direction, thus the wave must be evanesoehe

radial direction in the cladding. Effective modeléx of
a confined mode,

()

This is true only ifng,q <N < Nege - The effective
index ng of the fundamental mode of the PCF is

computed as a function of wavelength. Then the ioda
birefringence of the fiber is obtained by

B =

m (8)

NG~ N

where,ng andng are the effective indices in x and y

direction respectively.

The effective indexny) found here is a complex
number and the real part, Rg{ is used to calculate
dispersion and the imaginary part, hgj is used for
confinement loss calculation .

A07T.Im(ngy ) x10°
Aln(10)

Confinememloss=

(9)

3. RESULTS AND DISCUSSION

We have analyzed external stress-induced
characteristics of birefringence and confinemess lm
PCFs using the finite-element method (FEM). COMSOL
Multiphysics has been used here as a modeling and
simulation tool, where a combination of structural
mechanics module and electromagnetic module has bee
used to carry out the stress analysis and opticalem
analysis of the PCFs respectively.

We considered two types of PCFs.
= Hexagonal PCF (the structures are designed by
hexagonal air hole arrangement).
= Octagonal PCF (the structures are designed by
octagonal air hole arrangement).

PCFs are made by only single material ($i@&here
n=1.45. Operating wave length is 1.55 um. External
stresses P is considered from OPa to 5GPa. Herse D i
cross sectional diameter, d is the air-hole diamétes
pitch (distance between two air holes), e is PMHtiwi
and Nr is the number of air hole rings. For bothcttires
initially the dimension of the structure is- D=Q21m,A
=25 um, Nr=4,e =1 pumand d = 1.2 um, which is
shown in Fig.1. Other designs are made by varyiyg o
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air hole diameter (0.8 um, 1.0 pm, 1.2 um, 1.4 poch a
1.6 um) for both hexagonal and octagonal PCFs.
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Fig.1: Cross sections of PCFs (a) Hexagonal &ttic
(b) Octagonal lattice.

Here finite external stress is applied on boundary
from all direction. This causes stress distribut@er the
fiber cross section. Fig.2 shows arrow displacement
under external stress for hexagonal air hole amanamt,
where the arrow direction shows pressure is applied
uniformly from all directions. The power flow fohe
fundamentak polarized mode is shown in Fig.3.
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Fig.2: Arrow displacement under external stress fo
hexagonal air hole arrangement with external stress
5GPa, where d=1.2pm=2.5um, e=1um and Nr=4.

neff_ermav{10)=1.422451+3.330643e-18 IMax: 1.502e4
Surface: Fower flow, me average, z component wq
- x
: 1.8
xin
i6
2 14
1.5 12
1 1
0g
0.5
06
L] 0.4
0.5 0z
15 <14 05 0 o5 1 1.5 2 25 3 35 1}

el Min: -2,266e-6

Fig.3: Power flow, time average, z component herao
air hole arrangement with external stress.

3.1 Effective Index
To get the stress effect on PCF we must perform the

used as input information for optical analysis M-
We have got the modal effective index as the outyput
optical analysis. The external stress acting onhitiey
fiber induces a specific stress distribution in fitber's
cross section and makes deformation of the fiber's
structure. Amount of deformation is different for
different structured PCFs. So that the stress ieduc
effective index for hexagonal and octagonal PCEsat
same. The Fig.4 shows that effective index changes
sharply for hexagonal structure than octagonal whith
increase of stress that agrees with the resultfauio].

To compare the result here we considered samerdesig
and operating parameters for both types of PCFs.

1.47

—=— Hexagonal
—&— Octagonal

146

1451

1.44 ¢

Effective index

1431
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1.41 ' : ' :
0

External stress, P (GPa)

Fig.4:External stress effect on effective index for both
hexagonal and octagonal air hole arrangement, where
A=1.55um, d=1.6 pm\=2.5um and Nr=4.

3.2 Birefringence

Stress distribution in the fiber's crosection and
deformation of the fiber's structure both factatlunes
different modal effective index in both axis (x any
which causes modal birefringence. So stress induced
birefringence is also different for hexagonal and
octagonal PCFs.

w107
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Fig.5: Birefringence of hexagonal PCF as a functibn
air hole diameter and external stress, where
A=1.55umA=2.5um and Nr=4

Fig.5 shows that birefringence increases almost

stress analysis before optical analysis because the linearly as a function of air hole diameter for agznal

stress-induced corrections of the refractive indes

PCF with fixed pitchA=2.5um. It also depicts that
© ICMERE2011



birefringence increases with the increase of esfern
stress that agrees with the result found in [9-11].
Similarly Fig.6 shows the birefringence as a fumctof

air hole diameter for octagonal PCF under extestiaks.
Here also birefringence increases with the incresse
stress. But the effect is sharper for hexagonal air
arrangement PCF than octagonal. This is showngrv Fi
where the design and operating parameters are fesme
both structures.

confinement loss is very high for larger externaéss

with smaller air hole diameter (d=0.8 um to d=1.Qum
Again, Fig.10 (a) and (b) shows the result of cosrfinent

loss as a function of external stress for both peral

and octagonal PCFs, where we considered same design
and operating parameters. The figures show thasstr
effect on confinement loss is larger on hexagonal
structure than octagonal and this effect gradually
decreases for larger air hole diameter.
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Fig.8: Confinement loss of hexagonal PCF as a fonct
of air hole diameter and external stress, whererpat
stress PA=1.55umA=2.5um and Nr=4

Fig.6: Birefringence of octagonal PCF as a functibn
air hole diameter and external stress, where
A=1.55umA=2.5um and Nr=4
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Fig.9: Confinement loss of octagonal PCF as a fanct

of air hole diameter and external stress, whete55um,
A=2.5um and Nr=4

Fig.7: External stress induced birefringence fahbo
hexagonal and octagonal PCF, whierd .55um,
d=1.6um, A=2.5um and Nr=4
3.3 Confinement Loss x 107
All the PCF guided modes are leaky. In solid-core
PCFs light is confined within a core region by the !
air-holes. Light will move away from the core ifeth
confinement provided by the air-holes is inadequate
Because of the finite transverse extent of the inorgf
structure, the effective index is a complex valits;
imaginary paris related to losse®ue to external stress
deformation of the fiber's structure causes comfiexet
loss. Fig.8 and Fig9 shows the variation of confirat
loss against external stress for hexagonal andjoctd
air hole arrangement PCFs respectively. From thedis ,
it is clear that confinement loss gradually decesasith u ! 2 3 4 5
the increase of air hole diameter for both strieithat L Stzss' A
agrees with the result found in [12]. It also shdhat (@)
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Fig.10: Confinement loss of hexagonal and octagonal
PCF as a function of external stress and air halaeter,
whereA=1.55umA=2.5um and Nr=4

4. CONCLUSION

In this research work an analysis has been capuéd
to observe the effect of thermal and external stas
birefringence and confinement loss for both hexatjon
and octagonal air hole arranged PCFs. It is fohatlthe
external stress induces higher birefringence for
hexagonal PCFs than octagonal. It is also found tha
confinement loss as a function of stress increaza®
sharply for hexagonal PCFs. For both structurescetif
stress on confinement loss is larger for smaller ai
diameter than larger. From our simulation resulcoeld
infer that external stress affects more on birgfimce
and confinement loss properties of hexagonal PB&s t
octagonal and again this effect is larger for semadiir
hole diameter.
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8. NOMENCLATURE

Symbol  Meaning Unit

n Refractive index Dimensionless

Nest Effective index Dimensionless

P Pressure (Pa)

A Wavelength (um)

A Pitch (um)

d Air hole diameter (um)

Nr Number of air hole Dimensionless
rings

D Fiber cross section (um)
diameter

e PML width (um)
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