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In this paper, polarization properties and propagation characteristics of polymer photonic crystal fibres with

elliptical core and non-hexagonal symmetry structure are investigated by using the full vectorial plane wave method.

The results show that the birefringence of the fibre is induced by asymmetries of both the cladding and the core.

Moreover, by adjusting the non-symmetrical ratio factor of cladding n from 0.4 to 1 in step 0.1, we find the optimized

design parameters of the fibre with high birefringence and limited polarization mode dispersion, operating in a single

mode regime at an appropriate wavelength range. The range of wavelength approaches the visible and near-infrared

which is consistent with the communication windows of polymer optical fibres.
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1. Introduction

Photonic crystal fibres (PCFs)! are known to
facilitate the tailoring of the modal structure of the
guided light.
PCFs have already shown a phase birefringence as
high as 1.4 x 1073 and 3.7 x 1073,13] comparing with
the conventional design where the achievable birefrin-

Especially, polarization maintaining

gence value range from 3.1 x 10~* for elliptical core
up to 6 x 10~* for bow-tie fibres.!*! Recently, Ortigosa-
Blanch et al!® presented a PCF with ultrahigh group
birefringence of G = 7.5x 102 and approximate phase
birefringence of B = 4.5 x 1073. They also observed
that the phase and group birefringence in this fibre
have opposite signs.

In principle, typical PCFs which preserve the six-
fold symmetry have no birefringence.® Similar to the
conventional fibres, the birefringence in PCFs can
be introduced either by internal stress leading to an
anisotropy of the refractive index in the corel” (as in
Panda and Bow-tie fibres), or by lowering the geome-
tries symmetry of the fibre cross section (as in ellipti-
cal core fibres). The latter leads to strong form bire-
fringence that less sensitive to external perturbations

such as temperature, strain and pressure. Form bire-
fringence in PCF's can be also achieved by introducing
holes with different radii,[>3®! by replacing the circu-
lar holes with elliptical holes in the cladding,!®~'! or
by adding defects to mimic an elliptical-like core.[12:13]
To date, most works have concentrated on silica fibres.
More recently, highly birefringent PCFs have been
made in polymer (also namely micro-structured
polymer optical fibres, (MPOFs)). Comparing with
silica PCFs, we find that polymer PCFs show a num-
ber of advantages such as the lower processing temper-
ature of polymers, the controllability of the polymer-
ization process, and the flexible ways to produce the
polymer preforms.['5) However, no paper presents the
design properties of polymer PCFs according to the
light guiding characteristic of polymer. In this paper,
we proposed a new design scheme on highly birefrin-
gent polymer PCFs. Several propagation characteris-
tics of this fibre were simulated by using fully vectorial
plane wave method (FV-PWM),[!6:17] such as mode
field properties, spectral dependence of the phase and
the group birefringence, cut-off wavelengths and chro-
matic dispersion of phase birefringence. Moreover, by
adjusting the non-symmetrical ratio factor of cladding
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7 from 0.4 to 1 in step 0.1, we found that the bire-
fringence of the fibre is caused by the asymmetries
of both the core and the cladding, we also found out
the optimized design parameters of this fibre under
high birefringence, limited polarization mode disper-
sion (PMD) and operating in a single mode regime ap-
proaching the visible and near-infrared regions which
corresponds to the communication windows of poly-
mer optical fibres.

2. The theory model

The cross-section of the new designed highly bire-
fringent polymer PCF's is depicted in Fig.1.
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Fig.1. An elliptical core non-hexagonal symmetry struc-
ture, d is the hole-diameter, A is the hole-spacing in the x
direction and b is the hole-spacing in the y direction.

It has a near elliptical core consisting of triple ad-
jacent air holes defect in the core region of hexagonal
structure, and the fibre cladding shows non-hexagonal
symmetry structure. The geometric parameters were
chosen such that the hole-spacing in x-axis direction
is A = 2.3 um, and the ratio of hole diameter to hole-
spacing in z-axis direction is d/A = 0.4. The non-
symmetrical ratio of cladding is defined as n = b/ 4,

which is the ratio between the hole-spacing in y-axis
and that in z-axis. In the process of simulation, we ne-
glect the material dispersion and the refractive index
of background material of polymer is set as n = 1.49.

In order to model the propagation properties, es-
pecially the birefringence and PMD of the fibre as
shown in Fig.1, the scalar approximation becomes
inadequate.['8) Thus a FV-PWM has been employed
to accurately predict sensitive properties. For the di-
electric waveguide with linear and time-independent,
lossless and free source, the equation of Helmholtz is

1 w
mVXH(’I"):C—Q

where ¢(r) is dielectric constant, and ¢ = 1/,/Egpo is
the speed of light in vacuum.

V x H(T)v (1)

Since the z-direction of PCFs is index-invariant,
the separation of H and E field into transverse and
longitudinal components is most convenient. The
transverse field component obeys the following vector

wave equation:

(V2 + kie)Ey + Vi(E; - Vilne) = %Ey, (2)

(V2 4+ k2e)H; + Vilne x (Vy x Hy) = 2 Hy. (3)
Similar to the plane wave method, we apply the
periodic boundary conditions to it, assume that the

dielectric constant is a periodic function of the space
then it can be expanded by using Fourier series:'?!

e(r) = Zaceic'r, Ine(r) = Z kgel€™  (4)
¢ e

where G is the grid vectors in the reciprocal space.
The transverse E field can also be expanded by

using Fourier series:

E, - Z {E(G,x)eic'r:% + E(G,y)eiG'ryA} . (5)
G

Substituting Eqgs.(4) and (5) into the wave equation
(2), we obtain a standard eigen-value equation:

—|GI*(Eged + Ecyd) + k§ > _ea-c(Earat + Bany@)) = Y ke [(Ga — G})Egra
G/

el

+(Gy - G;;)EG/y](Gzi + Gng) = 52 (EGacjj + EGy?;) (6)

For H, we also derive a similar equation as follows:
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~|GP(Hoxd + Hayd) + kY ca—cr(Harad + Hary§) — Y k- [(haryGly — haraGly)
G/

G’

x[(Gy = Gy)& — (Go — GL)j) = B*(Hgo @ + Hey)- (7)

By solving Eqgs.(6) and (7) at a particular wave-
length A, the modes and the corresponding 3 of the
PCF can be calculated, the propagation properties
of PCFs are also obtained. To ensure high accuracy
to reconstruct the sub-wavelength details of the mi-
crostructure with sufficient precision, we use as many
as 216 plane waves per polarization and supercell com-
prising up to 99 elementary cells.

3. Birefringence of the cladding

To analyse the origin of anisotropic properties
of elliptical core non-hexagonal symmetry cladding,
we apply the concept of the fundamental space-filling
mode (FSM). FSM is the fundamental mode of an
infinite photonic crystal cladding when the core is
absent.!!) The propagation constant Spsy of the FSM
is the maximum of § allowed in the cladding and the
effective cladding index is defined as ncaa = Brsm/k,
where k is the wave vector. The FSM is usually ap-
plied to analyse the single mode conditions for PCF's
and the bound mode lying below the FSM is a leaky
mode. For the non-hexagonal symmetry cladding
PCFs, the spectrum of the FSM can be easily found
by using FV-PWM applied to a single unit cell. Fi-
nally, the effective index of the FSM can be obtained.
Figure 2 shows the birefringence of FSM (defined as

Brsm(A) = —(Brsm,e — Brsmyy)) as a function of
wavelength for this fibre by adjusting n =0.4, 0.5,
0.6, 0.7 and 1.0. The birefringence of fundamental
mode is also depicted in Fig.2 (dash line). It can be
seen from Fig. 2 that discrepancy of the two polarized
states is the strongest for the lowest 7, and its bire-
fringence is also highest as expected. The effective
index of polarized FSM states determines the lowest
effective index of the corresponding bound mode. At
long wavelength, the bound mode will eventually ap-
proach the corresponding FSM. This means that the
largest possible birefringence for this PCF would be
the largest birefringence of the FSM. The birefrin-
gence of the FSM reduces monotonically with the re-
duction of wavelength except n = 0.4, which is in

accordance with the statement that, in short wave-
lengths, the vector terms in the wave equation become
negligible and the accuracy of the scalar approxima-
tion improves. For n = 0.4, the birefringence of FSM
reaches maximum and which is higher than that of
fundamental mode at wavelength A < 1.75 pm. Hence,
its birefringence of fundamental mode is larger than
that of other values of 17 due to the corresponding re-
duction of core region with the decreasing of 7. In
addition, the corresponding birefringence of FSM de-
creases obviously with the increasing of 7, and the two
polarized states meet and its birefringence is almost

zero when n = 1.0.
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Fig.2. Birefringence of fundamental mode and FSM as a
function of wavelength for d/A = 0.4, and n = 0.4, 0.5,
0.6, 0.7, 1.0.

4. Fundamental bound modes

and cutoff conditions

In the case of small air-filling fraction, hexago-
nal symmetry lattice PCF's are well known to support
only one pair of degenerate bound modes. However, in
the case of large air-filling fraction, higher modes will
appear because the V-parameter always has an upper
bound, it can certainly exceed the cut-off of one or
more higher modes.??) Since the cut-off wavelength
increases with d//, in the analysis, we concentrate on
the structures where d/A does not exceed 0.5 (here
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d/A = 0.4). It is natural to ask how these properties
are affected by the hexagonal asymmetry cladding. To
show this, we introduce V-parameter for this PCF[?"
Vocr () = 220 [0 —ma W), ()
where a is the radius of fibre core, n.(\) is the effective
index of the fundamental mode associated with the in-
dex of the core, and similarly, nq () is the effective in-
dex of cladding replaced by nrsm here. Figure 3 shows
the V-parameter as function of wavelength. It can be
seen from Fig.3 that the cut-off wavelength of this fi-
bre will increase with the decreasing of . As n reduces
from 1, the air-filling fraction of non-hexagonal sym-
metry cladding increases thus npsy decreases for the
fixed wavelength. This leads to an increase of V. The
reduction of n will also result in a reduction of core
area as well as a. Hence, although the single mode
region for a smaller n will less wide than that for a
larger 7, this region would not be reduced too much.
Figure 4 shows the trajectories of the pair of funda-
mental modes and the pair of second-order modes as
function of wavelength, here 7 is selected at 0.4. It
should be seen that higher order modes were cut off
at wavelength of 0.8um, which accords with cut-off
wavelength shown in Fig.3 when n = 0.4. Appar-
ently, the higher modes are more dissipative due to
the small core area. This extends the useful range of
single-mode operation near to shorter wavelength.

. 10
] oo 0 0.0 0 0O
S 0%696°6°0%090C %0
g ] 0 0 0 0.0 0 00 0 0
2 00 O 0 0000000
Q QOO Q. e OO Q@
g o-ooooo(c%_%o)ooooo
o h o o O O O TOVo O o o O
S ] o B O O 6 B0 00 00
- ] 0000000 . 0
8 - O O O O 0O 0O O O O
S ] 0. 0.0.0.0.0.0.0
i ] o o c 0 0 0 0
() 4
> —104
] (a)
e — T T T T
—10 0 10

Horizontal direction/pm

multi-mode

single-mode

V-parameter

04 08 12 1.6 20 24
Wavelength \/pum

Fig.3. V-parameter as a function of wavelength for d/A =
0.4, and n = 0.4, 0.5, 0.6, 0.7, 1.0.
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Fig.4. Modal index as a function of wavelength for

d/A = 0.4 and n = 0.4. This fibre is multimode at wave-
length A < 0.8 pm.
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Fig.5. Intensity profiles for bound modes with d/A = 0.4, n = 0.4 at wavelength 850nm (a) = component and (b) y

component.

According to cutoff conditions, in order to illus-
trate typical modal fields, in Fig.5 we show the major
components for the two fundamental modes of this fi-
bre, with d/A = 0.4 and asymmetry factor n = 0.4
at wavelength A = 0.85 um. The z-polarized mode

(Fig.5(a)) with an effective index nZ; = 1.482824
is more strongly bounded than that of y-polarized.
The y-polarized mode (Fig.5(b)) has an effective in-
dex n¥; = 1.481528, giving a birefringence An =
0.001294. Essentially, the bound modes are linearly
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polarized along the symmetry axes. The x-mode is
slightly more confined to the core and this fibre sup-

ports no other bound modes.

5. Phase and group modal bire-

fringence

To analyse the polarization properties of the el-
liptical core, non-hexagonal symmetry PCF, normally
two kinds of modal birefringence are defined. That is,
the phase modal birefringence

BOY) = 22 (8.0 ~ 4,(). ()

which is associated with the polarization beat length
Lp(X\) = A/B()), and the group modal birefringence

a8,  da,
GO = di_d_i:

which is closely related to PMD 7 = G/c¢ and deter-
mines the rate at which orthogonal polarized pulses

dB(\)
BO)-A=ZZ, (10)

separate in propagation.??) Here 8, , are the modal
propagation constants and k is the free-space wave
number.

Optical fibre with form birefringence (both con-
ventional and micro-structured) typically shows sig-
nificant chromatic dispersion of phase birefringence
dB(A)/dA and, as a result, shows a considerable dif-

ference between B and G.1234]

Nevertheless, in many
experiments with polarization maintaining fibre, these
values are assumed to be equal and used interchange-
ably. In fact, this assumption is incorrect for the high
birefringence PCFs. Figure 6 shows both the calcu-
lated phase and group birefringence for a variety of fi-
bres with asymmetry factors n = 0.4, 0.5, 0.6, 0.7 and
1.0 over a wide range of wavelength A\ spanning from
0.2 um to 2.5 ym. It should be seen from Fig. 6 that
the phase birefringence approaches zero in the shorter
wavelength as expected, but in the longer wavelength,
the phase birefringence will reduce and close to a non-
zero constant value which does not accord with ellipti-
cal core hexagonal symmetry structured PCFs due to
the existence of cladding asymmetry. As the fibre, the
phase birefringence appears a maximum in an appro-
priate wavelength (here wavelength is between 1.0 and
1.7 pm), and the red shift of this wavelength will arise
with the decreasing of 77. The degeneration of the fun-
damental modes is significantly broken with increasing
of \ for different values of 77 up to 1.0. The reduced
splitting of two polarized modes for higher n can be

clearly seen, smaller 7 results in higher birefringence.
We assign this phenomenon to increased birefringence
of FSM and the reduction of core area with the de-
creasing of 7. The group birefringence exhibits the
behaviour notably different from the phase birefrin-
gence. For short wavelength, it is negative with a min-
imum value at the wavelength from 0.65 to 0.95 yum,
and this minimum value also induces red shift with
the decrease of 1. Then it rises steeply across zero,
becomes significantly large and approaches to zero
when wavelength becomes longer, ultimately. The ap-
pearance of zero group birefringence will depress ef-
fectively one order of PMD at wavelength regions of
0.85um < A < 1.3um, according to 7 = G/c. The
reason for the difference between B(\) and G(A) can
be found in Fig.7, showing the derivative of the phase
birefringence with respect to the wavelength, which is
a part of the second term in Eq.(10).
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Fig.6. Birefringence of Phase and Group as a function of
wavelength for d/A = 0.4 and n = 0.4, 0.5, 0.6, 0.7, 1.0.
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Fig.7. Chromatic dispersion of phase birefringence d B(\)/dA
as a function of wavelength for d/A = 0.4, and n = 0.4, 0.5,
0.6, 0.7 ,1.0.

The value of this term can indeed be larger than B
itself. Moreover, this happens in the most interesting
range of the wavelengths, namely, when 0.65um < A <
0.95pum, where group birefringence is minimum. Only
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in the very narrow regions (here 1.4pm < A < 1.7um),
where the derivative crosses zero, are the phase and
group birefringence approximately equal. Hence, by
adjusting asymmetry factor 7, the designed fibre is
possible to realize zero dispersion in a single mode op-
erating within visible and near to infrared regions.

6. Conclusion

In this paper, we have shown numerically the po-
larization properties and propagation characteristics
of elliptical core, non-hexagonal symmetry polymer
PCFs by using FV-PWM. The results showed that
the birefringence of the fibre is induced by asymme-
tries of both the cladding and the core. Moreover, by
adjusting the non-symmetrical ratio factor of cladding

1 from 0.4 to 1 in step 0.1, we found out the optimum
designing parameters of this fibre with the hole spac-
ing of 2.3 um in z-axis direction, d/A = 0.4, and non-
symmetrical ratio factor of cladding n = 0.4. This fi-
bre is able to exhibit high birefringence of 1.294 x 1073
and limited PMD, and can operate in a single mode
This
wavelength range is approaching visible and near-

regime at an appropriate wavelength range.

infrared band which is consistent with the communica-
tion windows of polymer optical fibres. These results
also provide appropriate parameters for the fabrica-
tion of highly birefringent single mode polymer PCFs.
Moreover, our results indicated that it is possible to
design a polarization maintaining fibre based on poly-
mer with negligible PMD at a chosen operation wave-
length, and which may be beneficial in high-bit-rate

telecommunication.
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