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ABSTRACT

We report a novel design of photonic crystal fiber (PCF) with a rectangular array of four closely-spaced,
highly elliptical air holes in the core region and a circular-air-hole cladding. The proposed PCF is able to
support ultra-wideband single-polarization single-mode (SPSM) transmission from the visible band to
the near infrared band. With the aid of the inner cladding formed by the central air holes, one polarization
of the fundamental mode can be cut off at very short wavelengths and ultra-wideband SPSM propagation
can be achieved. The inner cladding also suppresses the higher order modes and allows large air filling
fraction in the outer cladding while the proposed fiber remains SPSM, which significantly reduces the
mode effective area and the confinement loss. Our simulation results indicate that the proposed PCF
has a 1540 nm SMSP range with <0.25 dB/km confinement loss and an effective area of 2.2 pm?. More-
over, the group velocity dispersion (GVD) of the proposed PCF can also be tuned to be flat and near zero
at the near infrared band (~800 nm) by optimizing the outer cladding structure, potentially enabling
many nonlinear applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the past decade, single-polarization single-mode (SPSM) fi-
bers have drawn increased interest because they support only
one polarization state of the fundamental mode in many polariza-
tion sensitive applications. Due to their special characteristics such
as high extinction ratio and no polarization mode coupling, they
can be used as polarizing elements in high-power fiber lasers, fiber
optic gyroscopes, and fiber sensors. A number of SPSM fibers based
on photonic crystal fiber (PCF) structures have been proposed re-
cently. Owing to the much higher index contrast in PCFs, wideband
SPSM propagation can be realized. The previously reported designs
of SPSM-PCF mainly rely on the asymmetric cladding structure
and/or the stress-induced material birefringence to generate the
large birefringence required by the SPSM fibers [1-6]. Many of
these designs are focused on SPSMs with large mode effective areas
that are useful in high-power systems [7,8]. On the other hand, no-
vel optical fiber communication applications, such as parametric
amplification, wavelength conversion and wavelength multicast-
ing make use of fiber nonlinearity and prefer low-loss nonlinear
SPSM fibers [9]. Nonlinear SPSM fibers could eliminate polariza-
tion-dependent noises and enhance interaction efficiency by align-
ing the polarization of the interacting waves in the same direction.
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Near-zero dispersions with small dispersion slopes would benefit
applications like polarized supercontinuum generation [10]. For
many of the conventional SPSM-PCF designs, small mode effective
area and low confinement loss are difficult to achieve because the
low air filling fraction of the cladding is required in their designs to
realize both birefringence and fundamental mode cutoff. Recently
we pointed out that large birefringence can be realized by intro-
ducing an array of circular or elliptical air holes in the core region
of a PCF with relatively large air filling fractions of the cladding
[11].

In this work, we demonstrate an ultra-wideband SPSM-PCF de-
sign with the core region containing a rectangular array of four
highly elliptical air holes (to realize the fundamental mode cutoff)
and an optimized circular-air-hole cladding with large air filling
fraction (to reduce the mode effective area and the confinement
loss). In contrast to the conventional SPSM-PCFs, the proposed
PCF design exploits the novel four-hole inner cladding in the core
region and enables the control of the fundamental mode cutoff
by simply adjusting the spacings of the four holes. This four-hole
arrangement in the inner core also relaxes requirements on the
outer cladding design. As discussed in the following section, the in-
ner cladding increases the air filling fraction of the core region and
helps to cut off the fundamental x-polarized mode at very short
wavelengths (in the visible band), and therefore enables an ultra-
wide SPSM band. In this work, we show that the proposed design
can provide a SPSM propagation over an ultra-wide wavelength
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range from 0.3 to 1.84 um with the confinement loss as small as
<0.25 dB/km. The mode effective areas at 800 and 1.55 pm are esti-
mated to be 2.16 um? and 3.56 pm?, respectively. Such small mode
areas can be leveraged to realize low bending losses. Compared to
the previous design of high-birefringence fiber using elliptical
holes at the core [11], the proposed SPSM-PCF design needs special
care in designing the elliptic ratio and spacing of the central air
holes. For the possible nonlinear applications, the proposed clad-
ding modifications can achieve a flat and near zero group velocity
dispersion (GVD) at ~800 nm.

2. Design and optimization of the PCF structure

Our SPSM-PCF design incorporates a rectangular array of four
identical air holes in the core region [11], as shown in Fig. 1. These
air holes are large enough to prohibit light propagation in them
and behave like an inner cladding. To realize SPSM transmission,
the elliptical ratio (ER) (a:b) of these holes, i.e. the ratio of the
diameter a along the y-axis over the diameter b along the x-axis,
and the spacings A, and A, between the holes in the y- and x-axis
directions, need to be optimized. The cladding of the proposed PCF
consists of a conventional hexagonal lattice of circular air holes
with their pitch A being 2.2 pm. The background material of PCF
is fused silica whose Sellmeier coefficients can be found in [12].
The field distribution and its effective modal effective indices (1)
are numerically simulated using a full-vector finite element meth-
od (FEM) simulator (COMSOL Multiphysics™), and the confine-
ment loss, modal effective area Agr and the fiber nonlinear
coefficient ) of the modes are calculated [1,13].

2.1. Single-mode propagation

For traditional single-mode PCF designs, the air filling fraction
(AFF) of the cladding are relatively low. When AFF is high, the
effective refractive index of the cladding, i.e. that of the fundamen-
tal space-filling mode (FSM), becomes smaller and higher order
modes can be supported. On the other hand, low AFF causes an in-
crease in the mode effective area and the confinement loss. In our
design, however, with the inner cladding of four elliptical holes,
even though the AFF of the cladding is relatively high, the AFF of
the core region is also increased. Thus, the effective mode indices
supported in the core region are decreased, and the higher order
modes can be suppressed at even higher AFF of the cladding. On
the other hand, for the structures with circular inner holes or holes
with small elliptical ratios, the edge-to-edge spacing between the
inner air holes cannot be too small, otherwise the propagation of
the fundamental mode at the center would be affected by the inner
cladding. But for the PCFs using the central holes with large ellip-
tical ratios, the minimal edge-to-edge spacing along the long axis

Os:
0 o g8
0

O
@)
@)
O
D
D
@)

®
o
e
20
e
2,
e
OSPE
Ses
08
oo
o0

A

Q
@
@
O
O
258
= 0O

&
>
Q
Q
Q
Q
O

v,

Y

1.8

\

=17
L L Band (1569nm~1610nm)

=N
(=]

-
[3,]

% B2
9" C Band (1529nm~1563nm)
141

Cut-off Wavelength (um

1.0 1 1 1 1 1 1 1
0.74 075 076 0.77 0.78 0.79 0.80
d/A

Fig. 2. Cut-off wavelength versus d/A.

between the holes can be reduced, and the fundamental mode
can be still well confined to the center.

To demonstrate that single-mode propagation can be realized
even at large values of d/A, Fig. 2 gives the cut-off wavelengths
of the 2nd-order mode at different d/A values. In these calcula-
tions, a and b are taken as 0.451 and 0.2 A, respectively. As a result,
our calculations show that A, should be larger than 0.451 to make
the fundamental mode confined to the center, and here both A,
and A, are taken as 0.55 /. It can be seen that d/ A can be as large
as 0.77 while our proposed PCF still remains single-moded at the C
and L bands. Fig. 3 shows the dispersion curves with d/A =0.77
that indicates a cut-off wavelength of 1.5 um for the 2nd-order
mode. Other higher modes, including the x-polarized 2nd-order
mode, are all cut off within the wavelength range in Fig. 3. For
the fundamental mode, its x-polarized mode has a wider distribu-
tion in the x direction, and its ny is smaller than that of the y-
polarized mode. The single-mode modal birefringence can reach
as high as 0.02487 at 1.55 um. The confinement loss is significantly
reduced when d/A, i.e. AFF, is large. For either polarization, the
highly elliptical holes greatly limit the field distribution along the
direction of their short axis and the field is mainly distributed
along the long axis of the holes.

2.2. Single-polarization propagation

To further cut off the x-polarized 1st-order mode to realize sin-
gle-polarization propagation, we need to carefully adjust the ellip-
tical ratio and the spacing of the inner holes as well as the AFF of
the cladding.

Large birefringence between the two polarizations of the 1st-or-
der mode is essential to achieve wideband SPSM. We found that,
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Fig. 1. Cross-sectional view of the proposed PCF.
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Fig. 3. Dispersion curves when d/A is 0.77.

when the central air holes have large elliptical ratios, it is possible
to simultaneously ensure a well-confined fundamental mode and
provide large polarization birefringence because the minimal
edge-to-edge distances in the long-axis direction of the holes can
be much smaller than that in the short-axis direction. The birefrin-
gence is increased when 1, is reduced. Thus, highly elliptical holes
are very beneficial to our design because they allow smaller edge-
to-edge spacings along the long axis between the holes as dis-
cussed in the previous section.

Closely spaced, highly elliptical air holes in the core region by
themselves cannot guarantee the SPSM property. The AFF of the
cladding also needs to be carefully designed. Besides the single-
mode condition illustrated in Fig. 2, there are additional require-
ments on the upper limit of d/A. The resultant n.s of FSM needs
to be large enough to cut off the x-polarized mode. At certain con-
ditions, even though the single-mode condition can be satisfied,
the single-polarization condition can’t. For example, the nes of
FSM with d/A = 0.77 is so low that neither polarization of the fun-
damental mode gets cut off, even when both 4; and A, are de-
creased to their minimum value of 0.454. It is found that when
d/ A is set to be 0.76, the x-polarized mode can be cut off when both
A1 and A, are decreased to 0.54. Further reduction of the AFF
could increase the SPSM bandwidth at some expense of the con-
finement loss and mode effective area.

Within the compact spacings of the inner air holes, the effective
indices of higher order modes are reduced and this reduction fur-
ther suppresses the even higher modes. When A; and A, are de-
creased from 0.554 to 0.54, the cut-off wavelength of the 2nd-
order mode is extended towards the shorter wavelength side in
comparison to that in Fig. 2.

In the above discussed configuration, i.e. a=0.454, b=0.24, d/
A=0.76 and A= A,=0.54, the intensity distribution of the y-
polarized fundamental mode under the SPSM condition is shown
in Fig. 4.

To further identify the specific single-polarization requirement
for the inner cladding structure, several PCF designs with different
elliptical ratios have been examined at 1.55 pm. In these calcula-
tions, the d/A of the outer cladding is set to be 0.76, and we find
that the ER should be larger than 2:1 to achieve the SPSM propaga-
tion, and both A; and A, should be no more than 0.5A4.

We note that, in contrast to the birefringent fiber design in [11],
where the elliptic ratio of the holes is relatively small (less than
2:1) and the spacings between the central holes need to remain
large enough to keep the light confined to the fiber center, our cur-
rent SPSM design can only be realized under a large elliptic ratio
(larger than 2:1), and the spacing along the major axis direction
needs to be small enough to cut off one polarization of the funda-
mental mode.

Fig. 4. Intensity distribution of y-polarized mode at 1.55 pm.

The key characteristics of the SPSM-PCF shown in Fig. 4 are
examined in greater details here. Remarkably different from the
conventional SPSM-PCFs, the 1st-order x-polarized mode in our de-
sign is cut off at 0.6 pum, even shorter than the 2nd-order y-polar-
ized mode that is cut off at 1.1 um (as shown in Fig. 5). Single-
polarization multi-mode (SPMM) propagation exists within a wide
wavelength range from 0.6 to 1.1 pm, and SPSM propagation can
be achieved beyond 1.1 um. The upper limit of the SPSM wave-
length range is determined by the confinement loss herein, as
the confinement loss of the 1st-order y-polarized mode increases
rapidly at longer wavelengths. If we set the highest tolerable limit
of the confinement loss at 0.25 dB/km, the SPSM range can reach
from 1.1 to 1.62 um, an ultra-wide 520 nm range covering both
the 1.3 and 1.55 pm fiber communication windows.

In Fig. 5, the confinement losses are estimated based on the
imagery part of the n.5 which has been used as a performance
indicator for the fiber design analysis, while the actual transmis-
sion loss of fabricated fiber will be significantly influenced by the
fabrication process. It is also shown that a fairly flat negative chro-
matic dispersion distribution around the interested 1.55 pm wave-
lengths. In the C band (1529-1563 nm), the GVD only varies from
—213 to —218 ps/(nm km). The mode effective area at 1.55 pum is
calculated to be 6 um?, and the small mode area could enable low-
er bending losses.

2.3. Dispersion-optimized SPSM PCF

Since flat and near-zero GVD is preferred in many potential
nonlinear applications it can be easily achieved by further modifi-
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Fig. 5. Dispersion and confinement loss curves of the proposed PCF.
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Fig. 6. Intensity distribution of y-polarized mode of the proposed dispersion-
optimized SPSM PCF at 800 nm.
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Fig. 7. Group velocity dispersion curve of the proposed dispersion-optimized SPSM
PCF.

cations on the outer cladding, due to the four-hole inner cladding
that relaxes the limitations on the outer cladding design.

One of the possible near-zero, dispersion-flattened PCF struc-
tures as well as the intensity distribution of the y-polarized funda-
mental mode at 800 nm is shown in Fig. 6. The diameter of the four
big circular air holes d1 is 0.96 4, while the other structure param-
eters are the same as those in Fig. 4. It can be seen from Fig. 6 that
the mode field is more confined compared to that in Fig. 4 due to
these larger cladding holes. The mode effective areas at 800 nm
and 1.55 um are estimated to be 2.16 and 3.56 pm?, respectively.

Considering the nonlinear refractive index (n,) of the fused silica
(fiber) as 3.2 x 1072° m?/W [14], the nonlinearity y of the proposed
PCF is estimated to be 116 W~' km~! at 800 nm. Also, the confine-
ment loss is reduced, and the losses at 1.84 um is calculated as
0.24 dB/km. Since the four big air holes help to suppress the higher
order modes as well, the bandwidth of the SPSM propagation is ex-
tended to 1540 nm (0.3-1.84 um), while the confinement loss is
kept less than 0.25 dB/km. Fig. 7 shows the GVD curve within the
SPSM band. The GVD value is within the range of 0~-10 ps/
(nm km) around 820 nm wavelength.

3. Discussions and conclusions

We propose a simple design of ultra-wideband SPSM-PCF with a
rectangular array of four elliptical air holes in the core region, and
along with an optimized circular-air-hole cladding both small
mode size and near-zero dispersion can be realized. As a near-zero
dispersion-flattened nonlinear SPSM fiber, the proposed PCF could
be applied in various fields including parametric amplification,
wide-band wavelength conversion, wavelength multicasting and
supercontinuum generation. We believe that the stack-and-draw
[15] or the die-cast method that is able to realize elliptical-hole
and asymmetric PCF structures [16], can be used to fabricate such
a structure. While the highly asymmetric mode shape of our pro-
posed PCF design surely makes it more challenging to couple it
with conventional optical fibers, such kind of highly birefringent
PCFs have been widely proposed and implemented in the real
applications and various schemes have been proposed to alleviate
the problem [17].
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