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A new type photonic crystal fiber with high birefringence 
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In this paper,a new type of photonic crystal fiber with high birefringence is proposed and analyzed 
with a full-vector model based on the super-lattice and the plane-wave expansion model. Due to the 
two different sizes of the holes introduced into the cladding of the PCF, the fiber is two-fold rotational 
symmetry and appears to be with high birefringence. Numerical results demonstrate that a modal bire- 
fringence at wavelength 1.31 lam is 1 .8 •  10 .3 in the PCF with A=2 .55  I~m,dl/A----O. 3 and d 2 / A =  
0. 833. A near 200 nm SPSM region within the wavelength range from 1.4 t~m to 1.6 t~m is ob- 
tained. 
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High performance polarization-maintaining fibers 
(PMFs) have potential for a number of applications 
such as high bit rate communication system, PM fibre 
loops for gyroscopes and so on. The index-guiding PCFs 
are characterized by a series of holes running throughout 
the length of the fiber arranged in a microscale structure 
around a high index core. This offers a new possibility to 
create high birefringence in the index-guiding PCFs, be- 
cause the stack-an&draw process allows the formation 
of the required symmetric or asymmetric microstructure 
and the index contrast of the index-guiding PCFs is 
higher than that of conventional fibers. Through chan- 
ging the shape and size of air hold 1-2~ , high birefringence 
PCF can be realized and its modal birefringence could 
reach 10 .3 order of magnitude. 

Based on the near elliptical core PCF 1:3~ , eight big air 
holes are introduced near the core region along direction 
x ,and a new type of high birefringence PCF having a 
W-shaped effective index profile along the axis y, as 
shown in figure 1, is formed. The properties of this PCF 
are analyzed by the combination of super-lattice full vec- 
tor model and plane wave method. 

As shown in figure 1,the sizes of big holes and small 
holes are characterized by the hole diameter d2 and d l ,  
respectively,and the hole pitch is represented by A. The 
parameter d2/d~ is arranged larger than 1, which results 
in a W-shaped effective index profile along the axis y. 
Polarization maintaining fiber with a W-shaped refrac- 
tive index profile has different cutoff wavelengths for the 
two polarized fundamental mode, as the degeneracy of 
the fundamental mode is lifted E47 

To model the polarization properties, the scalar ap- 
proximation becomes inadequate. Thus a full vector 
model has to be employed to accurately predict sensitive 
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Fig,. 1 ~-ansversal cross section of high 

birefringence PCF proposed 

properties. 
Assuming that the PCF be lossless and uniform in the 

propagation (z) direction, we focus on the transverse 
mode field distribution ex (x ,y )  and ey (x,  y) ,  which sat- 
isfy a pair of coupled wave equations E3~ : 

~ (  31nn2 Olnn 2 
(v~ - ]  +k2n2)ex =-- ex --ST-+e, --g-f-S] 

O ( Olnn 2 Olnn 2 
( V ~ - - f f  -k kZ n2 ) ey =--  3y e~ ----~x Af- gy --~-~---y ] (1) 

where k = 2~r/A is the wave number, n = n ( x ,  y) the 
transverse refractive index profile,and fl the propagation 
constant of the corresponding mode. 

To solve the wave equations above, we employ a su- 
perlattice to describe the transverse refractive index pro- 
file E37. Because the modal fields of the guiding mode in 
PCF have the characteristics of localization, the localized 
Hermite-Gaussian functions are used as basis functions 
to decompose the electric field. Thus the vector wave e- 
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quations are deduced into the following eigenvalue sys- 
tems: 

EL1 L21 Ee l 
La L4 = ff e, 

where L~ = I~d q- k z I ~  q- I~2 ,  L2 = I ~  ~ , La = I ~ s  L4 
= I~d + k  z I ~  + I ~  ; and I (~ , I (~ , I (~ and I (t) are o- 
verlap integrals of the modal functions defined in our 
previous work ~s? . It is a significant advantage in this way 
that all these integrals can be done analytically, and the 
numerical precision and efficiency can be improved 
greatly,especially when a great numbers of terms are 
needed in the expansions. 

By solving Eq. (2) at a particular wavelength 2, the 
modes and the corresponding fl of the PCF at a given 
wavelength ;t can be calculated. The transverse modal e- 
lectric field can be obtained by substituting the eigenvec- 
tor into the decomposed equation. 

In conventional fiber, modal effective index fl/ko of 
guided mode is greater than nel.a, the index in the clad- 
ding and less than n .... in the core region. The same the- 
ory should also be applied to the PCF. The effective 
cladding index of PCF can be obtained by investigating 
the propagation of the fundamental cladding mode, 
which is also called the fundamental space filling mode 
(FSM) defined as the mode with the highest effective 
index in the cladding of infinite perfect PC ~?. One of 
the efficient numerical models for analyzing FSM is 
plane wave expansion method (PWM) ~? . 

Taking the PCF to be uniform in the propagation (z) 
direction,the modal magnetic field of infinite PC can be 
described by Helmholtz equation 

where r is the dielectric constant,o~ the angular fre- 
quency,and c the light velocity in vacuum. 

According to the Bolch theory, the magnetic field can 
be expanded by plane wave as below: 

H ( r )  = E h G , . e . e  ~(~-~'~) (4) 

where u has two value of 1 and 2 ,G is a vector in the re- 
ciprocal space, and e, represents two primitive vectors 
vertical to the propagation direction k +G.  Three vector 
e~ ,el ,and k + G  are vertical to each other. HG., is a com- 
ponent of the magnetic field in the direction e,. Dielectric 
constant can be expanded by Fourier series/73 �9 

r = E c a e  ~'';, 

~G = - - ~ ( t - ) e - ~ " ; d V  
rJ 

(5) 

where V is the volume of primitive cell. Substituting e- 
quation (4) and(5)into (3),equation (3) becomes the 
algebraic eigenvalue problem. 

I +GI k-+C I  -I(G ' -  

G ' ) ~ - - e . e z  --el" "e'a-]Ihl'G'hz,G,l=wZ[hl'~']-~[.hz,o] (6) 

Combining the method of full-vector based on the su- 
per-lattice and that of plane-wave expansion, we analyze 
the properties of the high birefringence PCF as shown in 
figure 1. The polarization degeneracy is lifted in two-fold 
rotational symmetry fibers, so that the fiber appears 
high birefringence, n~and nY~f are effective indices of the 
two orthogonal polarization states in the fundamental 
mode, respectively, corresponding to the slow and fast 
axis. The effective index n c l  in the cladding region is de- 
fined by the index of FSM that can be calculated by 
plane-wave expansion method. When n~, or n~ff is larger 
than nd, the mode is a guiding mode. When no% or neY~ is 
smaller than nc~, the mode becomes a leaky mode, where 
it is the cutoff of the fundamental mode. When n~ is lar- 
ger than n~ and ng~f is smaller than nc~, the fiber guides 
only one polarization mode-x polarization fundamental 
mode. Figure 2 shows the effective index curves of the 
x-polarized fundamental mode, y-polarized fundamental 
mode, and FSM as a function of wavelength for the PCF 
shown in figure 1 ,where A = 2.55 ~tm, d~/A----0. 3 and 
d z / A  = O. 833. The x-polarized fundamental mode has 
higher effective index than that the y-polarized funda- 
mental mode has. Therefore, the cut-off wavelength of 
x-polarized mode is longer than that of y-polarized 
mode. The y-polarized mode is unguided in the wave- 
length range over 1.4 t_tm, and the x-polarized mode is 
unguided in the wavelength range over 1.6 /.tm, there 
fore a single-mode single-polarization region within the 
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Fig. 2 Modal effective index of x-polarized mode, 

y-polarized mode and FSM for high Birefringence 

PCF with A = 2 .  55 ltm,dl/A=O. 3 and d2/A=O. 833 
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wavelength from 1.4/am to 1.6 /am is obtained, guided 
only by a x-polarized mode. 

Figure 3 shows the intensity profile of the x-polarized 
fundamental mode at a wavelength of 1.55 /am, where 
intensity contours are spaced by 2 dB. The mode profile 
is well confined to the core region and elongated in the 
direction of direction x (slow axis). Mode field appears a 
shape of near ellipse and strongly linear polarization. 

Modal birefringence is an important parameter for a 
high birefringence PCF. Figure 4 shows the modal bire- 
ffingence of fundamental mode as a function of the wa- 
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Fig. 3 Contour map of x-polarized modal field 

intensity at wavelength 1.55 i~m for the high 

Birefringence PCF with A = 2 . 5 5  ILm, 

dl/A=O. 3 and d2/A=O. 833 
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Fig, 4 Birefringence as a function of wavelength of the 

high Birefringence PCF with A = 2 . 5 5  l~m 

d , / A = 0 . 3  and dz/A=O. 833 

velength in this PCF. There are two characteristic 
points,A and B,in figure 4. Point A represents the cut- 
off point of y-polarized mode and B is correspondent to 
the cutoff point of x-polarized mode. AA equals to 1. 4 
/am,AB equals to 1. 6 /am, and the wavelength difference 
),B --AA is 200 nm. The AB-AA represents the bandwidth of 
the single-mode single-polarization Wavelength region. 
When wavelength A is less than An, modal birefringence 
in the fiber increases monotonously with the increase of 
the wavelength, due to the field penetration further into 
the periodic cladding region. Modal birefringence of 1.8 
X 104 is obtained at the wavelength 1.31 /am. 

According to the numerical results, the mode cut-off 
could be judged by the relation between the effective in- 
dex of two polarized fundamental mode and FSM. While 
the abrupt change in dispersion or birefringence curve 
can also be used for analyzing the mode cut-off. 

A new type of high birefringence PCF is proposed in 
this paper. Due to the two different sizes of the holes in- 
troduced into the cladding of the PCF, the fiber is two- 
fold rotational symmetry and appears to be of high bire- 
ffingence, which is much higher than that in the conven- 
tional polarization-maintaining fiber. When the ratio of 
the diameters of the big holes and the small holes is 
greater than 1, a W-type profile of effective index is con- 
structed,and the cut-off of the fundamental mode will 
occur at the longer wavelength for the W-type fiber. Ac- 
cording to the numerical result, we can obtain near 
200nm SPSM region for the SPSM PCF with A =  2.55 
/am,dl/A=O. 3 and dz/A=O. 833 and also get a modal 
bireffingence of 1.8 X 10 .3 at the wavelength 1.31 /am. 
There will be some new possibilities of fabricating high 
performance SPSM PCFs with this new type of high bi- 
refringence PCF. 
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