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A new pentagon polarization maintaining photonic crystal fibre with low nonlinearity is introduced. The full

vector finite element method was used to investigate the distribution and the effective area of modal field, the nonlinear

properties, the effective indices of two orthogonal polarization modes and the birefringence of the new PM-PCF effec-

tively. It is found that the birefringence of the new polarization maintaining photonic crystal fibre can easily achieve

the order of 10™4, and it can obtain higher birefringence, larger effectively mode-field area and lower nonlinearity than

traditional hexagonal polarization maintaining photonic crystal fibre with the same hole pitch, same hole diameter, and

same ring number. It is important for sensing and communication applications, especially has potential application for

fibre optical gyroscope.
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1. Introduction

Photonic crystal fibres (PCF's), also known as ‘ho-
ley fibres’, are micro-structured fibres,[!! where arrays
of holes run along the waveguide length of the fibres.!
The PCFs have attracted significant attention re-
cently because of their unusual properties,!3! which are
strongly dependent on their geometrical parameters!*!
and their flexible structures. We can provide a wide
degree of freedom for PCFs by changing the geomet-
ric characteristics of the cross section of fibres. The
PCFs can be made birefringent by having different air
hole diameters along the two orthogonal axes!®?! or

[6.7] Tn addition, the core of

by asymmetric core design.
the optical power density can be reduced by enlarging
the transmission mode area of optical fibre, thus the
nonlinear effects of fibre can be reduced effectively.!®!
In other words, PCF's can be made low nonlinearity by
having effectively large mode-field area. The arrange-
ment and size of air holes of PCF's have a great control
freedom, thus we can design various characteristics of
PCFs according to different demand.!”! The design of
the micro-structure of the PCFs has become a hot
research field recently.l'®'1] The development and ap-
plication of PCFs have provided new fibres for fibre
optical gyroscopes (FOG). Compared with normal op-
tical fibre, PCFs have characteristics of low bending

DOI: 10.1088/1674-1056,/21,/2/024211

loss, lower sensitivity of temperature, stress and flex-
ibility design degree. The development of PCFs and
applications provides a broad prospect of research for
the FOG. The PCFs used in FOG is much more supe-
rior to the traditional optical fibre in decreasing FOG
noise, size and thermal sensitivity and increasing the
precision and stability.

In this paper, a new pentagon polarization main-
taining photonic crystal fibre (PM-PCF) with low
nonlinearity is proposed, which shows birefringence
when the size of several holes near the core is en-
larged. The distribution and the effective area of the
modal field, the nonlinear properties, the effective in-
dices of two orthogonal polarization modes and the
birefringence of the new PCF are analysed by using a
full-vector finite element method (FEM). Our analyses
show that the birefringence of the new PM-PCF can
easily achieve the order of 10~* and it can obtain the
effectively large modal field area and low nonlinearity,
which has potential application for FOG.

2. Basic theory

At present, the modal solution approach based
on the FEM is more flexible than most approaches as
it matches well to the complex structure of PCFs.!%
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Considering the Maxwell’s equation for a lossless opti-
cal guide, we obtain a two-dimensional wave equation
for the FEM analysis as

V x ([p]V x &) — k3lg)® = 0, (1)

if # = E, [p] = [u]7! and [g] = [e,], on the other
hand, if ¥ = H, then [p| = [u,] and [¢] = [¢,]7!. In
Eq. (1), H is the full-vectorial magnetic field, E is the
full-vectorial electric field, € and p are the permittiv-
ity and permeability, respectively of the waveguide, kg
is the free space wave-number.

The computing function F' to Eq. (1) can be ex-
pressed as:

F = é/ (V x ) {[p]V x #}d2

— k2 //sp*-spd(z, (2)
2

here (2 is the whole solution domain.

Considering the application of the full-vector
FEM, we should divide the fibre cross section into a
number of curvilinear hybrid elements. In the FEM,
the intricate cross section of the photonic crystal fibres
can be accurately represented by using many triangles
of different shapes and sizes.[]

Then we can obtain the eigenvalue equation:

(K@} = kine[M]{®}, (3)

where [K] and [M] are the finite element matrices, neg
is the effective index. For each finite element, [K] and

[M] can be expressed as!]

{NYT 9{N}

K = — A _
(K] / ox ox dedy
0

HN}T (N}
—/B E dedy

9]

+ / CE{N}T{N}dzdy, (4)
2

[M]

| DR (N} dzay, (5)
(94

where {N} is a row matrix standing for a complete
set of base functions and {}T represents a transposed
matrix.

We can obtain the propagation characteristics
of three-dimensional optical waveguide by solving
Eq. (3).

3. Physical model

In order to obtain a large modal area, we can
design fibres with small air-holes and large hole-to-
hole distances. Furthermore, PM-PCF could be real-
ized by changing the geometric characteristics of the
cross section.'?) The fabrication of PM-PCF can use
two different air hole diameters along two orthogo-
nal axis near the core region, which provides effective
index difference between two orthogonal polarization
modes.['3] To date, most structures of PCF are hexag-
onal, named as the hexagonal PCF (H-PCF), in this
fibre the air holes are arranged in the equilateral trian-
gular lattice with six holes in the first ring surrounding
the cores. The arrangement or amount of air holes has
great impact on the fabrication of PCF. The PCF with
less air holes or bigger hole dimension can be more eas-
ily fabricated. In this paper, based on the structure of
Q-PCF which was proposed in our recent work,* we
proposed a new PM-PCF with low nonlinearity. The
low nonlinearity and large modal area were obtained
by wiping off the first ring of Q-PCF and changing
the size of the air holes, here we named it equilateral
pentagon PCF, which is shown in Fig. 1(a). The bire-
fringence was obtained by enlarging three air holes in
the first ring of the equilateral pentagon PCF, here we
named it equilateral pentagon PM-PCF. The struc-
ture of the equilateral pentagon PM-PCF is shown
in Fig. 1(b), in which the smaller air hole diameter
dy = 2.5 um, larger air hole diameter dy = 5 pm, and
the hole pitch A =5 pm.

Fig. 1. (colour online) Structures of (a) equilateral pen-
tagon PCF and (b) equilateral pentagon PM-PCF.

4. Results and discussion

4.1. The distribution and the effective
area of modal field
When the hole pitch A = 5 um, the hole diame-

ter dy = 2.5 um and do = 5 pum, we obtained modal
field profiles of z-polarization mode and y-polarization
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mode of the equilateral pentagon PM-PCF at 1550 nm
respectively, which are shown in Fig. 2.

Fig. 2. (colour online) Modal field profiles of the equi-
lateral pentagon PM-PCF at 1550 nm: (a) z-polarization
mode; (b) y-polarization mode.

The field can penetrate the lattice near the cen-
ter of the fibre, but it dies out after a few holes. It
can be observed that the modal field of this fibre can
be well restricted. The x-polarization mode possesses
the characters of TE-mode, whose effective index is
slightly higher than that of y-polarization mode. It
also can be observed that z-polarization modal field
expands larger than that of y polarization at the same
wavelength.

Using finite element method, we can calculate the
modal effective area Acgpcr) by using the following
equation: 7!

S | E(z,y)]*dzdy]?
JJ B, y)|*dedy

When the hole pitch A = 5 um, the hole diameter d; =
2.5 pm and dy = 5 pm, the effective mode-field area of
the new PM-PCF and traditional H-PM-PCF curves
corresponding to wavelength A\ were shown in Fig. 3.

(6)

Acsi(PcF) =

It was found that effective mode-field area increases
with the increase of wavelength and the value of the
new PM-PCF is higher than that of H-PM-PCF at
the same wavelength. At the wavelength of 1550 nm,
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Fig. 3. (colour online) The effective mode-field area

curves corresponding wavelength A.

the effective mode-field area of the new PM-PCF can
achieve 165.2402 pm?.

4.2. The nonlinear properties

Using the finite element method, we can calculate
the nonlinear coefficient ypcr of the PCF by using the

following equation:[16]

21Ny

(7)

YPCF = )\AQH(PCF)7
where ny = 3.0x 10729 m2.- W1 is the nonlinear index
of silica, Acg(pcr) is the modal effective area, and A is
the operating wavelength.

Using formula (7) we can easily gain nonlinear
properties of the new PM-PCF and traditional H-PM-
PCF. When the hole pitch A = 5 pum, the hole diam-
eter d; = 2.5 um and dy = 5 pm, the nonlinear coeffi-
cient ypcr curves of these two fibres corresponding to
wavelength A were shown in Fig. 4.
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Fig. 4. (colour online) The nonlinearity curves corre-

sponding to wavelength A.

It could be found that nonlinearity decreases with
the increase of wavelength and the nonlinear coeffi-
cient value of the new PM-PCF is lower than that
of H-PM-PCF at the same wavelength. At the wave-
length of 1550 nm, the nonlinearity of the new PCF
can achieve about 0.736 W~ -km™".

4.3. The modal effective index

The variation of the effective indices of two or-
thogonal polarization modes, are shown in Fig. 5, by
a solid line and a dashed line respectively. It can be
shown that both effective index values reduce mono-
tonically with the increase of the operating wavelength
A, effective index values of x-polarization modes are
higher than that of y-polarization modes at the same
wavelength.
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Fig. 5. (colour online) The variation of effective index
with operating wavelength .

4.4. The birefringent characteristics

The PCFs are usually fabricated from a single ma-
terial (fused silica). Therefore, the birefringence of the
PCFs attributed mainly to geometric anisotropy.!'®!
The degree of modal birefringence B of the PCF is de-
fined by the difference between the real parts of neg ()
and neg (y):[6,17,18]

B = neg(7) — neg (v), (8)

where neg(z) and neg(y) are effective indices of -
polarization mode and y-polarization mode, respec-
tively.

When the hole pitch A = 5 pm, the hole diameter
d; = 2.5 um and dy = 5 pm, the modal birefringence
B as functions of the wavelength for the new PM-
PCF and traditional H-PM-PCF was shown in Fig. 6.
From Fig. 6 we can see that the modal birefringence
B of the new PM-PCF is higher than that of tradi-
tional PM-PCF, and the value is up to 1.75x10~* for
the equilateral pentagon PM-PCF at the wavelength
A = 1.55 um. Although it is not very high rela-
tive to many known microstructure fibres, the modal
birefringence B is high enough for many applications,
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Fig. 6. (colour online) The variation of birefringence with
operating wavelength .

e.g., FOG. In addition, it also can be concluded that
the modal birefringence B of PCFs are mainly deter-
mined by the asymmetric microstructure near the core
and could be obtained by increasing the asymmetric
degree of the air-holes situated in the inner one or two

rings.[7]

5. Conclusion

A novel pentagon PM-PCF with low nonlinear-
ity was successfully modeled and analysed by using
a full-vector FEM. The distribution and the effective
area of modal field, the nonlinear properties, the effec-
tive indices of two orthogonal polarization modes and
the birefringence of the new PCF were simulated and
analysed. The new PM-PCF can obtain higher bire-
fringence, larger effectively mode-field area, and lower
nonlinearity than traditional H-PM-PCF with the
same core diameter, same hole diameter and same ring
number. From numerical results it was found that the
birefringence of the new polarization maintaining pho-
tonic crystal fibre can easily achieve the order of 10~4
and the modal birefringence B is up to 1.75x10™% at
the wavelength A = 1.55 pum, which is high enough
for application of FOG. In addition, it can obtain the
effectively large mode-field area and low nonlinearity.
At the wavelength A = 1.55 um, the effective area of
pentagon PM-PCF is up to 165.2402 um? and the non-
linearity of pentagon PM-PCF is 0.736 W—1.-km~!.
This new PCF is important for sensing and commu-
nication applications, especially has potential applica-
tion for FOG.
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