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A Study on Single Polarization Guidance in Photonic Band Gap
Fiber with Anisotropic Lattice of Circular Air Holes
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SUMMARY  We propose a novel single polarization photonic band gap
fiber (SP-PBGF) with an anisotropic air hole lattice in the core. An SP-
PBGF with an elliptical air hole lattice in the core recently proposed can
easily realize SP guidance utilizing the large difference of cutoff frequency
for the x- and y-polarized modes. In this paper, in order to achieve SP guid-
ance based on the same principle of this PBGF, we utilize an anisotropic
lattice of circular air holes instead of elliptical air holes to ease the fabrica-
tion difficulty. After investigating the influence of the structural parameters
on SP guidance, it is numerically demonstrated that the designed SP-PBGF
has 381 nm SP operating band.

key words: photonic crystal fiber, Single polarization guidance, photonic
band gap, anisotropic air hole lattice, birefringence

1. Introduction

In the rapid spread of the Internet, the demand for high
speed and large capacity optical communication system is
increasing. However, conventional fibers are not thought
to be adequate and thus a novel high performance optical
fiber is desired. Under this circumstance, in order to ex-
pand the communication capacity and to achieve high-speed
transmission, various new types of high performance opti-
cal fibers have been studied. One of these fibers is photonic
crystal fibers (PCFs) with interesting features [1]-[4]. These
fibers can be generally classified into two types referred to
as holey fibers (HFs) and photonic band gap fibers (PBGFs)
according to their guidance mechanism.

In recent years, the single polarization (SP) devices
utilized in digital coherent communications have been also
studied. The ordinary PCFs with a triangular lattice of air
holes have a sixfold symmetry and the two orthogonally
polarized modes in these fibers are degenerate. Therefore,
in order to obtain birefringence, some structural asymme-
try has to be introduced into the core or cladding and sev-
eral types of SP-PCF have been reported [5]-[14]. One of
these approaches is to utilize elliptical air holes and the PCF
with an elliptical air hole lattice in the core has been re-
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ported [12], [13]. In these PCFs, the SP guidance is easy to
achieve by using the isotropic effective index of the funda-
mental space-filling mode (FSM) in the cladding with circu-
lar air holes and the anisotropic FSM index in the core with
elliptical air holes. However, in general, the elliptical air
holes require sophisticated fabrication process. In[14], in-
stead of elliptical air holes, an anisotropic lattice of circular
air holes is used to design an SP-HF.

In this paper, we present a novel SP-PBGF with an
anisotropic air hole lattice in the core region. Our SP-PBGF
with only circular air holes has a simple structure compar-
ing to that with an elliptical air hole lattice. In Sect. 2, we
indicate the finited-element methods to calculate the mode
field distributions and propagation constant. In Sect. 3, we
demonstrate the SP guidance can be achieved in the pro-
posed SP-PBGEF. In Sect. 4, we investigate the diameter and
lattice pitch dependences of the SP bandwidth in our SP-
PBGF. In Sect.5, we design the SP-PBGF to broaden the
SP band and this paper is concluded in Sect. 5.

2. Finite Element Method for Photonic Crystal Fibers

Our proposed single-polarization PBGFs shown in Fig. 1
have a uniform structure in z direction and the periodic struc-
ture in the x-y plane, and the light propagates along the z
direction in this fiber. From Maxwell’s equations, we obtain

Fig.1  Cross-section of the proposed SP-PBGF with an anisotropic lat-
tice of circular air holes.

Copyright © 2016 The Institute of Electronics, Information and Communication Engineers
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Fig.2  Curvilinear hybrid edge/nodal element.

the following wave equation,
VX (pV X ®) - kiqg® =0 (1)

where u, and g, are the relative permeability and relative
permittivity, respectively, kg is the free-space wavenumber,
and ® represents either the electric field E or the magnetic
field H and

p=ulg=¢g for ®=E )
p:a;,_l,q:u, for @ = H. 3)

In this paper, the curvilinear edge/nodal hybrid ele-
ments [15], as shown in Fig. 2, are employed to discretize
the x-y plane. Expressing the field ® as

D(x,y,2) = P(x,y)exp(-jBz) 4)

and applying the vector finite-element method (FEM) to (1),
we obtain the eigenvalue problem,

(LK1 -p*M]) ¢} = (0} (5)

where [K] and [M] are the finite-element matrices [15], 8 is
the propagation constant along the z axis shown in Fig. 1,
and the {¢} is the eigenvector. The mode field distribution
and 3 can be obtained by solving the Eq. (5).

3. SP-PBGF with an Anisotropic Lattice of Circular
Air Holes

In this section, we investigate a novel structure of SP-PBGF
with only circular air holes, which is based on the hon-
eycomb photonic crystal lattice of air holes used in [13].
In[13], in order to obtain SP guidance, the sixfold rotational
symmetry of a honeycomb PBGF is broken by introducing
elliptical air holes into the core region. In general, intro-
ducing elliptical air holes requires sophisticated fabrication
process. In this paper, in order to obtain SP guidance in the
PBG type PCF, we introduce an anisotropic lattice of circu-
lar air holes into the core regions instead of using elliptical
air holes. The cross-section of our SP-PBGF is shown in
Fig. 1. This structure has large air holes around the core
having an anisotropic air hole lattice structure, and these air
holes are placed to suppress the higher order modes [13].
In this paper, the lattice pitch in the cladding is referred to
as A and that in the core is referred to as A’, as shown in
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Fig.3  Dispersion curves of FSM in the core. The effective indices of

the x- and y-polarizations are shown with the red solid curve and blue solid
curve, respectively.

1.45 T T T T T
- - - —y—polarization

x-polarization
1.401 1

1.35} Single—polarizatio

®
Q
=]
g operation
5} — =
zZz s
S anl AL
1.30F
&
= Single—polarization
125 operation
1 1 1 1 1
120706 0.8 1.0 1.2 1.4
AN

Fig.4 PBG property and the dispersion curves of guided modes in the
proposed PBGF. The white-colored areas represent PBG. The blue dashed
and red solid curves show the x- and y-polarization guided modes, respec-
tively.

Fig. 1. The air hole diameter in the cladding is assumed to
be d; = 0.55A and the diameter of large air holes in the 1st
ring of cladding is assumed to be d, = 1.2A. The SP-PBGF
consists of SiO, and air holes, and their refractive indices
are n; = 1.45 and n, = 1.0, respectively. The lattice pitch in
the core region is set to be A’ = A/4. The FSM of the core
has a birefringence due to the anisotropic lattice consisting
of circular air holes.

In order to achieve the SP guidance with almost the
same effective refractive index reported in [13], we investi-
gate the effective index and birefringence of the core FSM
and their air hole diameter dependences. Figure 3 shows the
FSM index for each polarization mode with d3/A = 0.1 ~
0.2. In this analysis, the normalized operating wavelength
is assumed to be A/A = 1.55. From this result, we can
see that the birefringence increases with d3/A as we expect.
In[13], the SP guidance is achieved around n.s = 1.35. In
order to achieve almost the same effective index of the SP
guided mode, the air hole diameter in the core is set to be
d3 = 0.7A’ = 0.175A. The dispersion curves of the PBG
for the cladding region and the guided modes of SP-PBGF
are shown in Fig. 4. The white regions represent the PBGs
for the cladding region and the guided modes can be exist



776

(a) x-SP mode (A/1=0.63)

(b) y-SP mode (A/1=0.9)
Fig.5 Mode field distribution for the SP mode of SP-PBGF.

Table 1  Overlap integrals between Gaussian field and mode field distri-
bution.
Eplitical air hole lattice ~ Anisotropic lattice
spot-size/A 2.2 2.24
overlap integral ~98% ~98%

only in this regions. The SP guidance can be achieved in the
wavelength band where only the x- or y-polarized mode is
cut off. In our proposed SP-PBGF, we can see that the x-
and y-SP guidances can be achieved at the short and long-
wavelength sides of the guided modes, respectively. Figure
5 shows the field distributions for the x- and y-SP modes
at A/A = 0.63 and 0.9, respectively. We can see that these
mode field profiles are similar to a Gaussian profile. In or-
der to evaluate the mode matching to a Gaussian field, we
calculated the overlap integral between a Gaussian field and
the mode field of the SP-PBGF shown in Fig. 5(b). Table
1 shows the maximum overlap integral value and the nor-
malized spot-size of the corresponding Gaussian field. For
comparison, those values for the SP-PBGF with elliptical
air holes reported in [13] are also shown. In both cases, the
overlap integrals can be up to 98% by adjusting the spot-
size of the Gaussian field and good connection with con-
ventional optical fibers and the other photonic crystal fibers
may be expected. Figure 6 shows the chromatic dispersion
originated from the complex air hole structure for the pro-
posed SP-PBGF with A = 1.32 ym. Within the y-polarized
SP wavelength band, reasonable wavelength dispersion of
—10.6 to —3.2 ps/(km - nm) is obtained. On the other hand,
within the x-polarized SP wavelength band, the chromatic
dispersion is large.

Moreover, the wavelength bandwidth for the y-
polarization is 124 nm when the center wavelength is as-
sumed to be 1540 nm, and this wavelength bandwidth cov-
ers the (C+L) optical communication band. However, com-
paring with the SP band reported in [13], the SP band of
our proposed SP-PBGF is narrow. This is because, the bire-
fringence of our anisotropic lattice consisting of circular air
holes is smaller than that of the elliptical air hole lattice. In
addition, the effective indices of the guided modes are de-
creased from that of the FSM by the strong confinement of
light in the core region. Therefore, the SP bandwidth be-
comes narrower than that reported in [13].
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Fig.6  Chromatic dispersion property in the proposed PBGF by setting
A = 1.32 um. The red and green solid curves show the chromatic disper-
sion of the x- and y-polarization, respectively.

4. Diameter and Lattice Pitch Dependences of SP
Bandwidth

Though the PBGF shown in the previous section can realize
the SP guidance, the SP bandwidth is narrower than that of
the PBGF using an elliptical air hole lattice[13]. In this
section, in order to obtain a wider SP band, we investigate
the air hole diameter and lattice pitch dependences of the
SP bandwidth and optimize the structural parameters of our
SP-PBGF.

The wider SP band can be achieved by shifting the op-
erating wavelength to the shorter (higher frequency) side.
It is because the increasing rate of the PBG band edge
is smaller at shorter wavelengths and the cut off wave-
length difference between the x- and y-polarizations be-
comes larger for the same birefringence. The structural pa-
rameters of our PBGF need to be redesigned to make the op-
erating wavelength shorter. Another strategy to get a wider
SP bandwidth is to increase the birefringence. The larger
birefringence leads to the larger cutoff wavelength differ-
ence between the two orthogonal polarizations.

In order to enlarge the polarization birefringence, first,
we investigate the air hole diameter dependence of the band-
width and birefringence. The air hole diameter in the core
is set to be d3/A’ = 0.6, 0.7 and 0.8. The lattice pitch in
the core region and the other structural parameters are set
as the same values in the previous section. Figure 7 shows
the air hole diameter dependence for the dispersion curves
of the guided modes with d3/A’ = 0.6, 0.7 and 0.8. Table 2
shows the birefringence of FSM and the SP bandwidth esti-
mated from Fig. 7. From these results, though the effective
indices of the guided modes can be increased by setting d3
smaller, the birefringence is getting smaller as d; decreases.
Therefore, this strategy dose not seem to be quite effective
to obtain a wider SP band.

After that, we investigate a lattice pitch A" dependence
of the birefringence. In order to design the PBGF with a
high birefringence, we investigate the lattice pitch depen-
dence of the birefringence for the core FSM. Figure 8 shows
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and 0.8, respectively.

Table 2  Birefringence and SP bandwidth shown in Fig. 7.
dz /N
0.6 0.7 0.8
Birefringence ~ ~0.005 ~0.009 ~0.014

SP Bandwidth 0.07 0.07 0.07
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Fig.8 Core lattice pitch dependence of the birefringence for the core
FSM.

the lattice pitch A’ dependence of the birefringence. Here,
the normalized frequency is set to be A/A = 1.0, the hole
size of the core is d3/A’ = 0.7, and the lattice pitch of the
core is considered from A’ = 0.05A to 0.45A. The other
structural parameters are set as the same value as mentioned
above. We can see that a higher birefringence is realized by
setting the lattice pitch in the core smaller, and the SP guid-
ance is expected to be achieved in the wider band. Next,
we investigate the core lattice pitch dependence of birefrin-
gence for the SP-PBGF. The lattice pitch in the core is set to
be A’ = A/6, A/4 and A/2.5, and the other structural pa-
rameters are set as the same values as mentioned above. The
relationship between the birefringence of SP-PBGF and the
core lattice pitch A’ is shown in Fig. 9. Figures 10(a),10(b),
and 10(c) show the field distributions of the SP modes of
SP-PBGFs with A" = A/6, A/4 and A/2.5, respectively.
From these figures, we can see that the higher birefringence
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Fig.10  Lattice pitch dependence for mode field distribution of the
guided mode in the core (y-SP guided mode).

is obtained when the core lattice pitch A’ is larger. This
result seems to conflict with the result for FSM. However,
in the case of waveguide modes, the smaller lattice pitch in
the core region leads to an weaker light confinement in the
anisotropic core region, which causes to reduce the modal
birefringence. Therefore, we can see that, in this situation,
the larger core lattice pitch A’ is favorable to enlarge the
modal birefringence.

5. Broaden the SP Bandwidth of SP-PBGF

In this section, based on the above discussion, we design
the SP-PBGF with a wider SP band comparing to that dis-
cussed in Sect.2. The core lattice pitch is selected to be
A’ = A/2, air hole diameter is d3 = 0.6A’(= 0.3A) or
0.66A’(= 0.33A), and the other structural parameters are set
as the same values in the previous section. The dispersion
properties of the PBG for the cladding region and the guided
modes of SP-PBGF are shown in Fig.11. From this fig-
ure, the effective indices of the guided modes are larger than
those shown in Fig. 4 and the cutoff wavelength for each po-
larized mode is shifted to the shorter wavelength side com-
paring to that discussed in Fig. 4. Though the birefringence
itself is smaller than that shown in Sect. 2, the difference
of cutoff wavelength between the x- and y-polarizations is
larger. Therefore, we can see that a wider SP bandwidth
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(b) y-SP mode (A/1=2.24)

Fig.12  Mode field distribution of guided mode for SP-PBGF with d3 =
0.6A".

(a) y-SP mode (A/1=1.75)

is realized. The mode field distribution of the SP-PBGF,
whose hole size in the core is d3 = 0.6A’, is shown in
Fig. 12. We can see that only the y-polarized guided mode
is supported and the SP guidance is achieved.

When the air hole diameter in the core is selected to be
ds = 0.6A’ and the lattice pitch is set to be A = 2.89 um, the
normalized frequency bandwidth is 0.51 that corresponds to
a wavelength bandwidth of 388 nm and a center wavelength
of 1495 nm. Therefore, this SP-PBGF can be used in the
wide wavelength band covering the E-band to U-band. On
the other hand, when the air hole diameter in the core is
d; = 0.66A’ and the lattice pitch is A = 1.88 um, the nor-
malized frequency bandwidth is 0.29, the wavelength band-
width of 361 nm, and the center wavelength is 1494 nm.
On this condition, this SP-PBGF has the almost same wave-
length bandwidth as the structure with d3 = 0.6A’. In these
results, our proposed SP-PBGF with the optimized struc-
tural parameters can realize the SP guidance in an ultra wide
wavelength band.

The propagation loss of PCF with a lot of air holes in
the core region seems to be higher than that of conventional
SMF due to the scattering loss caused by the surface rough-
ness between air and silica. In order to estimate the scatter-
ing effect, we calculate the factor F reported in [16]. An
estimated F value is F = 0.25 um~' for our proposed
SP-PBGF with d; = 0.6A’(= 0.3A) at the wavelength of
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Table 3  Overlap integrals between Gaussian field and mode profile
shown in Fig. 12.
Fig.12(a)  Fig. 12(b)
spot-size/A 1.73 1.7
overlap integral ~91% ~87%
80 ‘ ‘
— 60 — x—polarization
= i y—polarization |
£ 401 o :
£ 2 »
a [ ] e ]
— 0 ********** -0 0] T
=]
920+ 0 1
@ 1300 1400 1500 1600 1700 1800
5 40| 1
N2
260} ]
—80

1000 1500 2000 2500 3000 3500 4000
Wavelength [nm]

Fig.13  Chromatic dispersion property in the proposed PBGF with A =
2.89 um and d3 = 0.6A” = 0.3A. The red and green solid curves show the
chromatic dispersion of the x- and y-polarization, respectively.

1.55 ym (A = 2.89 um). The F value and correspond-
ing scattering loss reported in [16] are 0.0174 um~' and 3.5
dB/km, respectively. Comparing with the value in [16], the
estimated F value of our proposed SP-PBGF is about 14
times larger and the corresponding scattering loss may be up
to 50 dB/km. Table 3 shows the mode matching to the Gaus-
sian field and the corresponding normalized spot-size. The
overlap integrals of Figs. 12(a) and (b) with the Gaussian
field can be up to 91% and 87% at the optimal normalized
spot-size, respectively. The coupling efficiency to the con-
ventional fibers is not so high for the butt coupling. In the
directional coupler type devices from other types of fibers
to this SP-PBGEF, such as the polarization splitter in [17],
the coupling efficiency may be improved. The structural de-
sign to improve coupling efficiency is one of our next issue.
Figure 13 shows the chromatic dispersion of the proposed
SP-PBGF with A = 2.89 um. The chromatic dispersion is
relatively large in the longer wavelength band. However,
about +17 ps/(km - nm) is obtained in the SP wavelength
range of 1363 ~ 1710 nm. The design to suppress the chro-
matic dispersion in this type of PBGF is also one of our next
issue.

In the above discussion, the air hole diameter is ex-
pressed in a normalized scale. The actual hole size depends
on the lattice pitch. Comparing with the SP-PBGFs dis-
cussed above, the former SP-PBGF with A = 2.89 um has
a larger lattice pitch and a larger air hole size of d3/A’ =
0.3A = 0.867 um. Considering an actual fabrication, fine
structures with smaller air holes require high-precision fab-
rication processes. That means the latter structure has an
advantage in the actual fabrication.

6. Conclusion

In this paper, we proposed a novel SP-PBGF and designed
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the structural parameters to achieve a wider SP bandwidth.
Our proposed SP-PBGF can achieve wide band operation
covering the E- to U- communication band, by selecting the
optimal structural parameters, i.e., the core lattice pitch and
air hole diameter. However, the mode field profile is signif-
icantly different from those of standard SMFs. Therefore in
future work, we will investigate the structure of SP-PBGF
with an anisotropic air hole lattice to obtain a Gaussian like
mode field distribution.
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