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A new highly birefringent octagonal photonic crystal fiber (Hi-Bi OPCF) with a rectangular array of four
elliptical airholes in the fiber core region is proposed and analyzed using the full-vector finite element

method with anisotropic perfect match layer absorbing boundaries.

Numerical results show that the

phase birefringence of the photonic crystal fiber (PCF) reaches 3.43x1072 at the wavelength of 1550 nm.
Moreover, two zero-dispersion wavelengths are achieved in the visible and near infrared wavelength regions

for one polarization state but not in the other.
OCIS codes: 060.2400, 060.2280.
doi: 10.3788/COL201109.100609.

Photonic crystal fibers (PCFs)[!=3l have a wavelength-
scale periodic silica-air microstructure around the core
along their length, providing much more degrees of free-
dom for tailoring the properties of PCF, such as chro-
matic dispersion!*®!| confinement lossl®, nonlinear”,
and birefringence. As a result, it is also possible to
fabricate a highly birefringent PCF by introducing suit-
able airholes in cladding!®®. Recently, great attention
has been devoted to the enhancement of birefringence of
PCF[19-13] because the highly birefringent polarization
maintaining PCFs have been widely used in the fiber
communication systems and sensing applications!*4:15],
Some highly birefringent hexagonal PCF's have been pro-
posed by introducing an asymmetric structurel!2:13.16],
An et al.l') reported an ultrahigh birefringent hexagonal
PCF with ultralow confinement loss using four airholes in
the core, An ultrahigh mode birefringence is realized with
a mode birefringence of up to 1072. Moreover, hexagonal
photonic bandgap fibers (PBGFs) with asymmetric air
cores have also been suggested in high birefringence['8.
However, there are few reports for highly birefringent oc-
tagonal PCFs (OPCFs). OPCFs have isosceles triangu-
lar unit lattices with a vertex angle of 45°; for the same
numbers of air-hole rings in cladding, OPCFs have more
airholes than the conventional hexagonal PCF, resulting
in an increase in the air-filling ratios!'®2%. Due to these
properties, the birefringence of OPCF is very sensitive to
the structure.

In this letter, we numerically explore the possibility of
designing a highly phase birefringent OPCF. Simulation
results show that the phase birefringence of the OPCF is
3.43x1072 at the wavelength of 1550 nm. To the best of
our knowledge, this is the first theoretical demonstration
of such high level of phase birefringence for microstruc-
tured optical fibers. Due to the abovementioned proper-
ties, the proposed OPCF's in this letter have many optical
applications in future.

The cross-section of the proposed OPCF is shown in
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Fig. 1. The cladding consists of an octagonal lattice
with circular airholes in fused silica. The diameters of
the first-ring airholes and the outer-ring airholes are d;
and dy, respectively. In order to obtain high birefrin-
gence, a rectangular array of four elliptical airholes was
introduced in the core region. These holes were identical,
with their diameters along the z- and y-axis denoted as
a and b, respectively. The pitched between the holes in
the vertical and horizontal directions were labeled as A4
and As, respectively.

Due to the high refractive index contrast and complex
structure, it is very difficult to obtain the simulation re-
sults for PCFs. Many modeling techniques have been
applied in their characterization, including the finite
element methods (FEMS)[QLQQ], plane-wave expansion
method?324] | finite difference time domain method (25!,
and multipole method®l. 1In this letter, FEM with
anisotropic perfectly matched layer (PML) 27] boundaries
were used to calculate the modal complex effective refrac-
tive index neg by solving an eigenvalue drawn from the
following Maxwell equation with a magnetic field:

V x (e5'V x h) — kjpuh =0, (1)

where h is the magnetic field; €, and p, are the relative

Fig. 1. Cross-section geometry of the proposed high birefrin-
gence OPCF.
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dielectric permittivity and magnetic permeability com-
plex tensors, respectively; kg=2m/\ is the wave number
in the vacuum, and )\ is the wavelength. The magnetic
field of the modal solution is expressed as h=He "*,
where H is the field distribution on the transverse plane,
and v = a+jf is the complex propagation constant with
the attenuation constant « and the phase constant (.
With the application of the variation finite element pro-
cedure, the above full vector equation yields the follow
algebraic problem:

A - (%)2BH =0, 2)

where the eigenvector H and the eigenvalue (v/ko)? pro-
vide the full vectorial magnetic field distribution and the
effective index of the mode, respectively; A and B are
symmetrical sparse matrices. We can get neer by solving
Eq. (2). Then, the guiding properties of OPCFs, includ-
ing phase birefringence B(\), chromatic dispersion D,
confinement loss L and other properties, can readily be
calculated. The material dispersion obtaining from the
Sellmeier formula is included directly in our calculation.

Figure 2 shows the fundamental mode field profile
of the proposed OPCF with the following parame-
ters: A=2.0 pm, d;=1.40 pm, d2=0.92 pm, b=0.5 pm,
A1=0.6653x2 pum, A3=0.5653x2 pm, and elliptical ratio
a/b=0.1 at excitation wavelength A=1550 nm. The light
was tightly confined in the high-index core region of pro-
posed OPCF (Fig. 2). In addition, the y-polarized mode
was stronger than the x-polarized model. The problem
arises in part from the fact that y-polarized states have
lower effective refractive indexes than that of z-polarized
states.

Firstly, we numerically investigated the effect of the
rectangular array of four elliptical airholes cladding in the
OPCEF core on the birefringence. Figure 3 shows the bire-
fringence characteristics of the proposed OPCF versus
wavelength at a/b values of 0.2, 0.4, 0.6, and 0.8, when
b=0.5 um. The three different airholes in the cladding
were considered in our OPCF with the following param-
eters: A=2 pm, dy=1.4 um, d=0.92 pm, b=0.5 pm,
A1=0.6653x2 pym, and As= 0.5653x2 um. As expected,
the modal birefringence increased when the wavelength
increased. Furthermore, the birefringence also increased
with the increase of a/b, while the increasing speed of
the birefringence decreased as the wavelength increased.
When the value of a/b was less than 0.6, the increasing
pace of birefringence in the long wavelength was fast.
However, once the value of a/b was over 0.6, the max
birefringence point trended to the short wavelength. The
birefringence values for different a/b values of 0.2, 0.4,
0.6, and 0.8, were 1.65x1072, 2.32x1072, 2.98x1072,
and 3.36x1072, respectively, at a wavelength of 1550
nm. According to these results, the maximum birefrin-
gence increased by up to 3.36x1072 at the wavelength
of 1550 nm when a/b was 0.8. The birefringence of
3.36x1072 was two orders of magnitude higher than
that of the traditional polarization maintaining optical
fiber, and higher than the birefringence reported in Refs.
[10,11,13]. This result offers the essential information
for the characterization and the design of highly birefrin-
gent OPCF. We then kept the parameters A=2.0 pm,
d2=0.92 pm, a=0.4 pum, b=0.5 um, A;=0.6653%2 pm

and A3=0.5653x2 pm unchanged and changed d; of the
first ring airholes from 1.42 to 1.46 pum with steps of 0.02.
The result is shown in Fig. 4. By changing the diameter
of the first ring airholes while keeping the other parame-
ters unchanged, the birefringence in the short wavelength
range was not obviously altered (Fig. 4). However, the
value of the birefringence within the longer wavelength
band increased with the enlargement of the diameters of
the first ring airholes. The maximal birefringence value
was 3.43x1072 at a wavelength of 1550 nm. To the best
of our knowledge, this is a very high theoretical value at
the communication wavelength in the field of microstruc-
tured optical fibers. In addition, according to the above
analysis, the rectangular arrays of four elliptical airholes
were mainly responsible for birefringence management.
However, the diameters of the first ring airholes have
little impact on the birefringence tailoring.

Chromatic dispersion in PCF's plays an important role

Fig. 2. Polarized mode field pattern of the HEY, (left) and
HE{, (right) modes.
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Fig. 3. Birefringence of the OPCF versus A for four different
a/b values (0.2, 0.4, 0.6, and 0.8; b=0.5 um).
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Fig. 4. Birefringence of the OPCF versus wavelength for three
different d; values (1.42, 1.44, and 1.46 um).
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in optical communication as it limits the information car-
rying capacity of the fiber. In addition, the modal chro-
matic dispersion of the proposed OPCF changed in the
HEY, and HE{; modes along with the wavelength when
the parameters were unchanged (4=2.0 pm, d2=0.92
pm, b=0.5 pum, A= 0.5653x2 pm, and A;=0.6653x2
pum) for four different a/b values (0.2, 0.4, 0.6, and 0.8)
(Figs. 5(a) and (b)). As seen from the same figures,
the variation trend of the modal chromatic dispersion
of the HEY, and HE{; modes was irregular. The zero
dispersion wavelength (ZDW) shifted toward to the vis-
ible wavelength region as a/b increased. However, the
minimal point of chromatic dispersion shifted toward
the long wavelength. Moreover, the dispersion within
the long wavelength region increased when the wave-
length increased as the value of a/b became 0.2 for the
HEY, mode, while the variation of modal dispersion of
HE?; mode showed the opposite. The minimal dispersion
value was —597 ps/(nm-km) at the wavelength of 1550
nm. Then, we left the parameters (A4=2.0 pum, d2=0.92
pm, a=0.4 pm, b=0.5 pm, A;=0.6653x2 pm, and A=
0.5653%x2 pm) unchanged and changed the diameter d;
of the first ring airholes from 1.42 to 1.46 pm with steps
of 0.02 (Fig. 5(c)). Two ZDWs at 615 and 921 nm,
respectively, were achieved using the proposed OPCF
for the HE7; mode (Fig. 5(c)). The first ZDW was in
the visible region, while the second ZDW was located
in the working wave band of the Ti:sapphire oscillator
(700-980 nm) which contributed to frequency conversion
of Ti:sapphire femtosecond laser. PCF with two ZDWs
can make strong power supercontiuum spectral in the
near infrared band. However, there were no ZDWs for
the HEY; mode in the proposed OPCF when the diam-
eter dy of the first ring airholes changed from 1.42 to
1.46 pm with steps of 0.02. All values of dispersion
showed negative values. According to our analysis, the
rectangular arrays of four elliptical airholes made a slit
for the HEY, mode waveguide, thus affecting the dis-
persion of the HEY, mode. As a result, there were no
ZDWs for the HEY, polarization mode. Moreover, as
can also be seen from the graph, the dispersion did not
change with the change of the diameter of the first ring
airholes for both the HEY, and HEj; modes. According
to the analysis, the rectangular arrays of four elliptical
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Fig. 5. Chromatic dispersion of the y axis and the z axis of
the proposed OPCF.
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Fig. 6. Confinement loss as a function of the wavelength X in
the proposed OPCF.

airholes were mainly for dispersion management; how-
ever, the large airholes of the first ring in the outer
cladding have little impact on the dispersion tailoring.

Figure 6 shows confinement loss of the HEY; and HE{;
modes as the function of the wavelength. As expected,
the losses increased with the wavelength because the
field confinement decreased. The confinement loss of
HE#, mode increased much faster than that of the HEY,
mode in the long wavelength range. In addition, the
magnitude of confinement loss of HE{, mode was so
much higher than that of the HEY; mode. This property
makes it possible to realize the single polarization single
mode (SPSM) in our proposed OPCF.

In conclusion, a highly birefringent OPCF with a rect-
angular array of four elliptical airholes in the fiber core
region has been successfully demonstrated through a
modal solver based on FEM. Results show that our
proposed OPCF shows a very high birefringence. The
value of the phase birefringence increased by up to
3.43x1072 at the wavelength 1550 nm. The birefrin-
gence of 3.43x1072 is two orders of magnitude higher
than that of the traditional polarization maintaining
fiber, and even higher than the birefringence reported
in other references. Moreover, two ZDWs have been
achieved using the proposed OPCF for HE7; mode. The
first ZDW is in the visible region, however, the second
ZDW is in the working wave band of the Ti:sapphire
oscillator (700-980 nm), which contributes to the fre-
quency conversion of Ti:sapphire femtosecond laser. It is
expected that the proposed OPCF can be used as high
birefringence and SPSM fiber.

This work was supported by the National Natural Sci-
ence Foundation of China (No. 60637010) and the State
Major Basic Research Development Program of China
(No. 2010CB327604).
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