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Combination of full-vector finite element method with anisotropic perfectly matched layers results in a novel
structure of low-dispersion photonic crystal fiber with high birefringence. The negative dispersion can be
obtained at a wavelength of 1.55 pm by adjusting the lattice constant A and the round air hole diameter d.
Numerical results show that the dispersion variation is negative in the C band, the dispersion slope values are
between 0.112 and 0.142 ps - km™ - nm™ over the C band, and the birefringence is 5.7 x 107
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Photonic crystal fibers (PCFs)? ) also called holey fi-
bers (HFs) or microstructured fibers, are characterized
by a periodic arrangement of air holes around a cen-
tral high-index core along the entire length of the fi-
ber. Control of chromatic dispersion in PCFs is a very
important problem for practical applications in optical
communication systems, dispersion compensation, and
nonlinear optics. So far, various PCFs with remarkable
dispersion properties, such as shifting of zero disper-
sion wavelengths to the visible and near-infrared wave-
length, an ultra-flattened chromatic dispersion, and a
large positive dispersion with a negative slope in the
1.55-pm wavelength range, have been reported?. Fibers
with flattened dispersion are mostly preferred for opti-
cal frequency conversion and broad-band flattened su-
percontinuum generation.

PCFs with high birefringence are of significant re-
search interest, as they could be widely used in fiber
sensors, in the long fiber loops of gyroscopes and high-
bit-rate communication systems with long-term stabi-
lized operation®. Modal birefringence in these PCFs
has been predicted to have values an order magnitude
of 107 higher than that of the conventional HB fibers
(104F. To our knowledge, the key point in realizing
the birefringence is to destroy the symmetry of the
fiber structure and increase the effective index differ-
ence between the two orthogonal polarization modes!.
According to previous researches, highly birefringent
PCFs can be obtained by breaking the circular sym-
metry implementing asymmetric defect structures such
as dissimilar air hole diameters along the two orthogo-
nal axes™, asymmetric core design®'! and by replacing
the circular holes with elliptical ones in the cladding!''?
and squeezed hexagonal lattice PCFs. Another kind of
highly birefringent structure reported is a square lattice
PCFIM. According to the symmetry theory, the rectan-
gular lattice is potentially more anisotropic than the
triangular and honeycomb lattices! 1),
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The design of a simple PCF structure with low dis-
persion and high birefringence characteristics is an on-
going challenge. Taking all the above circumstances
into account, in this paper, we propose a novel PCF, in
which the fiber includes a solid silica core and a clad-
ding with rectangular lattice elliptical air holes along
the fiber length. The design is validated using an effi-
cient full-vector finite-element method (FV-FEM) with
anisotropic perfectly matched layers (PMLs) for accu-
rate modeling of PCFsP1,

As shown in Fig. 1, the structure of PCF studied
here has a transverse section consisting of four ellipti-
cal air holes. The whole fiber is based on pure silica,
and all air holes are arranged by using square lattice
structure along the fiber length, and a central air hole
is eliminated to form a light propagation region. It is
characterized by the lattice constant A, the elliptical air
hole major axis a and minor axis b, and the round air
hole diameter d. It is defined as 7 = b/a. In our work,
the refractive index of the air hole is n, = 1, and the
refractive index of the silica background is n = 1.45.
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Fig. 1. Schematic cross-section of the proposed PCF structure.
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The cross-section of the PCF is divided into homo-
geneous subspaces, where we employ the FEM to solve
Maxwell’s equations by accounting for the adjacent sub-
spaces®!9. Following vector wave equation is derived from
Maxwell’s equations by employing anisotropic PMLs/10

Vx([s]'Vx E) = kn’[s]E =0, (1)

where k = 2n/4 is the free-space wave number, A being
the wavelength, E denotes the electric field, n is the
refractive index, [s] is the PML matrix, and [s]! is an
inverse matrix of [s].

Waveguide dispersion of optical fibers is a major fac-
tor causing optical pulse spreading. Once the modal ef-
fective indexes n_, are solved, the waveguide dispersion
parameter D (4) can be obtained!"”

— (2)

where c is the velocity of the light in a vacuum, A is the
wavelength of the light. Our design procedure is based
on the possibility to approximate the real dispersion
D(A) by a sum of the waveguide dispersion (or geo-
metrical dispersion) D (4) and the material dispersion
D ()M

D(A) =~ D,(A) + D.(A). (3)

The material dispersion can be obtained directly from
the three-term Sellmeier formula, while the waveguide
dispersion can be calculated as in Eq. (2). In order to
obtain total dispersion, from Eq. (3), if we are able
to design the PCF in such a way that it can exhibit
a waveguide dispersion nearly opposite to that of the
material dispersion, namely D (4) = —=D (A) over a fi-
nite number of frequencies!", we can partially fulfill the
nearly-zero dispersion requirement.

The dependences of D (4) are plotted on vari-
ous incremental values of the design parameter of
the proposed PCF, as in Fig. 2. Figure 2(a) shows
the D (4) curves by fixing # = 0.5 and d = 0.7 pm,
while changing A from 1.2 to 1.4 pm in step size 0.1
pm. It can be seen from Fig. 2(a) that the proposed
PCF has a negative dispersion parameter and a nega-
tive dispersion slope in the wavelength range around
1.55 pm, which demonstrates an excellent dispersion
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Fig. 2. Waveguide dispersion D (4) curves as a function of the
wavelength A for various incremental values of the design pa-
rameters A, d, and 7. (a) Change A when d = 0.7 and 7= 0.5
pm. (b) Change d when A =1.2 pm and 7 = 0.5.

compensating property. The value of D (1) decreases
gradually with wavelength in a shorter wavelength,
and increases gradually in a longer wavelength range,
owing to the fact that the air hole function decreases
with an increase in A. Meanwhile, the minimum dis-
persion wavelength has a blue shift with an increase in
A. The D (A) decreases gradually with the wavelength
as well as shows up-shift with the increase in A. Here,
in order to obtain better dispersion compensating, we
have fixed A at 1.2 pm.

In addition, Fig. 2(b) shows the D (1) curves by
changing d from 0.7 to 0.8 pm in step size 0.05 pm by
fixing A at 1.2 pm and 7 at 0.5. Figure 2(b) shows that
the proposed PCF has a negative dispersion param-
eter and negative dispersion slope in the wavelength
range around 1.55 pm, and the value of D (4) decreases
gradually with wavelength, while the value of D (4) in-
creases with increase in d. Meanwhile, the minimum
dispersion wavelength has a red shift with an increase
in d. Analyzing Figs. 2(a) and (b), it is understood that
the proposed PCF has optimal dispersion curves and
better dispersion compensation when the fiber param-
eters are optimized as follows: A = 1.2 ym, d = 0.7 pum,
and 77 = 0.5.

The sum of the PCF can, thereby, be altered to ob-
tain the total dispersion profile [Fig. 3(a)]. For conve-
nience, the total dispersion is calculated using Eq. (3),
but written in a slightly different form as follows:

D(A) = D(4) - (=D, (4)). (4)

In Fig. 3(a), the curves corresponding to the D (4),
the sign-changed —D (4), and D(A), are represented in
triangular sign, square sign and black circle sign, re-
spectively. According to Eq. (4), the black circle curve
corresponding to D(A) is obtained by subtracting the
values of the square curve from the triangular one. As
it can be observed, the total dispersion is —7.04 ps - km~
U-nm™ at wavelength of 1.55 pm, and the dispersion
slope values are between 0.112 and 0.142 ps - km™ - nm™
over the C band, as shown in Fig. 3(b).

Birefringence is defined as a difference between the
real part of effective refractive indices of z and y polar-
ized fundamental modes and can be expressed as?

B(2) = [Re(n!, ()~ Re(n, (1)), (8)
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Fig. 3. (a) Curves for D (4), D (4), and D(A) versus wave-
length for the optimized PCF when A = 1.2 ym, d = 0.7 pm,
and 77 = 0.5. (b) Dy, (4) versus wavelength for the optimized
PCF when A =1.2 ym, d = 0.7 pm, and 7 = 0.5.

S11302-2



COL 12(Suppl.), S11302(2014)

CHINESE OPTICS LETTERS

April 30, 2014

8.0x10°

. —o—A=12um, 0.5, 0=0.7
.UX r

6.0x10°
50x10°+

3l
4.0x10 o
o'..

3.0x10°t

2.0x10'3/ (b)
3 L

1'0)(101.0 11 12 13 14 15 16 17 18

A/um

Fig. 4. Birefringence curves as a function of the wavelength A4

for the proposed PCF with optimized design parameters A =

1.2 ym, d = 0.7 pm, and 7 = 0.5.

Birefringence

where, ', and n, are effective refractive indices of
two orthogonal polarization fundamental modes.

In Fig. 4, the calculated fundamental mode bire-
fringence as a function of the wavelength A has been
plotted, for the optimized design parameters. It can be
observed that the birefringence is about 5.7 x 10? at
the wavelength of 1.55 pm.

In addition, from the electric field distribution of the fun-
damental mode in Fig. 5 at the wavelength of 4A=1.55 yum,
we can observe the strong confinement of light in the
core of the PCF.

We demonstrate a novel-type low-dispersion PCF with
high birefringence. By tuning the pitch and hole size,
it is demonstrated how the dispersion of the fiber can
be designed and fibers with positive as well as near-zero
dispersion slope are fabricated. When the parameters
of the proposed PCF are optimized to be A = 1.2 pm,
d = 0.7 pm, and 77 = 0.5, the dispersion slope values are
between 0.112 and 0.142 ps - km™ - nm? over the C band,
and the birefringence is 5.7 x 107 at 1.55 pm.
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