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Abstract Dispersion properties, birefringence and confine-
ment loss between the circular air-hole photonic crystal fiber
(CAHPCF) and rotational elliptical air-hole photonic crys-
tal fiber (REAHPCEF) are investigated numerically by means
of a plane-wave expansion method and a finite element
method. Results show that the performances of REAHPCF
on flatter dispersion curve, single mode, high birefringence
and low confinement loss is better than that of CAHPCF.

1 Introduction

Photonic crystal fibers (PCFs) have drawn a great deal of
attention from fiber researchers owing to its wide range
of unique optical properties that cannot be realized by us-
ing conventional fibers [1]. Together with the technologi-
cal advancement in the fabrication [2, 3] of PCFs, power-
ful numerical methods [4—7] have been developed to model
the guidance properties. Among these above methods, the
plane-wave expansion method (PWM) and finite difference
method (FEM) are the simpler methods and are able to cal-
culate the mode field distribution, birefringence and confine-
ment loss of the PCFs. By manipulating circular air-hole di-
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ameter and pitch A(center to center distance between the
holes), it is possible to control the PCF dispersion proper-
ties. Furthermore, the circular air holes can be replaced by
the elliptic ones, in order to obtain more flattened dispersion
curve.

To our knowledge, the dispersion curve of rotational el-
liptical air-hole PCF (REAHPCF) has never been reported.
In this paper, we focus on the change of dispersion curve
by replacing the circular air holes (CAHs) with elliptic air
holes (EAHs), as shown in Fig. 1(a). PWM is used to ana-
lyze the dispersion properties. High index core PCF with the
zero-dispersion wavelength over a wide range of wavelength
has been thus designed. In addition, a comparative study be-
tween circular air-hole PCF (CAHPCF) and REAHPCF on
birefringence and confinement loss is simulated by FEM.

2 Simulation models, results and discussions

The structure of the PCF used in this study is shown in
Fig. 1(a) which is constructed of silica (SiO,) with a re-
fractive index of n = 1.492. As depicted in Fig. 1, ellipti-
cal air-hole PCF (EAHPCF) with triangular lattice is design
with holes pitch A, width of ellipse a, height of ellipse b.
The effective index of the fundamental space filling mode
(FSM), i.e., the propagation constant of the cladding area,
is given by nefr = Brsm/ ko, where PBrsm is the propagation
constant of the FSM, ko = 27 /A is the free space wave num-
ber. Once the modal effect indices nes are solved, the dis-
persion parameter can be obtained. Basically, the waveguide
dispersion is strongly related to the design parameters of the
PCFs and therefore can be optimized to achieve desired dis-
persion properties. To verify the suitable value of elliptic-
ity (a/b), Fig. 1(b) depicts the effective index of FSM as a
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function of wavelengths for different a/b with fixed param-
eters: A =2.3 um and a = 0.3A. As can be seen from this
figure, higher a/b results in flatter dispersion curve. This is
attributed to the higher index difference between short axis
and major axis, e.g. a/b = 0.83 is larger than that of other
a/b in this case. Thus, we use a/b = 0.83 throughout this
paper if specified otherwise.

Figure 2(b) shows the relation between effective index
of FSM and frequency for CAHPCF (a = b = 0.3A) and
EAHPCF (a/b =0.83, A =2.3 pm and a = 0.34), re-
spectively. It shows that the effective index curve flattens
with the increase of frequency and one finds that the EAH-
PCF reaches steady state at lower frequency. It can be evi-
denced that EAHPCEF has a better dispersion characteristic
than the CAHPCEF. Figure 2(c) also shows the effective in-
dex of FSM as a function of wavelengths for CAHPCF and
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REAHPCEF (a/b = 0.83, 0: 0° ~ 45°), respectively. Dis-
crepancy of CAHPCF and REAHPCEF is strongest for high-
est 0, as expected, and higher rotational angle 6 exhibits a
flatter performance on dispersion curve than other cases as
shown in Fig. 2(c).

In a conventional step-index fiber, the number of bound

modes is governed by the V number (V = 2”—” n2, —n% 4,
where a is the radius of fiber core, and n¢o and Nclad are the
effective index of core and cladding, respectively), which in-

creases without limit as the wavelength decreases. In PCFs,

similar results can be defined as V = %, /nZ — ngff (where
A is the air-hole pitch, ng is the silica index and neft is an

effective cladding index of FSM). The effective cladding in-
dex can be considered as the effective index of the first radi-
ation state, which is equivalent to finding the lowest mode in
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the band structure of the plain lattice. It is shown in Ref. [1]
that in contrast to step-index fibers, the Ve for a PCF con-
verges to a finite value as the wavelength decreases. If the
finite value is less than approximately 2.405, the PCF is sin-
gle mode. The stationary Vg number is defined by the ra-
tio of a/A, and increases with the ratio. Thus by designing
a REAHPCF with a/A below a certain value, Ve number
may be kept under the second-order mode cutoff value over
any wavelength range, thereby ensuring an endlessly single-
mode operation. For a conventional step-index fiber this cut-
off V number is 2.405, and although a different value is ex-
pected for the PCF, a cutoff Ve can be approximately 2.5
has been experimentally obtained.

We will evaluate Vg for a range of wavelengths, hole-
sizes and 6 (varied from 0° to 40°). To find nefr, we only
need to simulate one unit cell of the elliptic fiber lattice,
and solve for the zeroth eigenvalue. In our case, we change
the value of 6 with fixing parameters: A = 2.3 um, a/b =
0.83, a/A = 0.3. Figure 3 shows the variation of Vg with
log;((A/A) for various 6. The horizontal line corresponds to
the single-mode condition, Vg = 2.405, the cutoff V value
for a step-index fiber. It can be seen from Fig. 3 that higher
0 possesses a better performance on single-mode than other
case as shown in Fig. 3. Figure 4 shows the variation of Vg
as a function of logjg(A/A) for various a/A with fixing
parameters: A = 2.3 um, a/b = 0.83 and 6 = 30°. It can
be clearly seen that lower a/A ratio (a/A < 0.3) results in
single-mode operation at all wavelengths. In addition, larger
holes make the fiber likely to be multimoded. The gaps be-
tween the holes become narrower, isolating the core more
strongly from silica in the cladding. Smaller holes make
single-mode guidance more likely, but the decrease in ef-
fective index difference makes the fiber susceptible to bend
loss.
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Fig. 3 Variation of Vg with log;y(A/A) for various rotational 6.
Insets: distribution of Hy in fundamental mode of REAPCF with
0 =30°.

Having analyzed the dispersion properties in the cladding,
we turn to the direct calculation of birefringence and con-
finement loss in REAHPCF. The mode index is difficult to
be analyzed by PWM due to the large super-cell needed at
long wavelength, so we use FEM. It has been confirmed that
a perfect triangular lattices PCF with circular symmetric air
hole in the cladding does not have birefringence [4], and
the fundamental mode of the fiber consists of two degener-
ate modes. PCF can potentially be made high birefringence:
large contrast facilitates high birefringence, and the fabricat-
ing techniques permit the versatile arrangement of air holes.
In Fig. 2(a), birefringence is introduced by the difference be-
tween two orthogonal directions. The doublet components
of the fundamental mode, as we know, are degenerate in
conventional standard fibers and in CAHPCF with triangu-
lar lattice. However, when the air holes are elliptical, the
degeneracy splits significantly. Regardless of whether both
modes are confined or leaky, the birefringence will be de-
fined as An = |nly; — n:ff|, where nlg and ngff are the re-
fractive indices of the x- and y-polarization modes, respec-
tively. The effective index and birefringence of PCFs are
relative to the varying a/A. As expected, the difference be-
tween two polarized direction modes in cladding asymme-
try can cause high birefringence in PCFs. Figure 5 depicts
the birefringence of REHAPCEF as function of a/A ranging
from a/A = 0.1 to 0.5, whereas a/b = 0.83 remains con-
stant at excitation wavelength A = 1.55 um. As can be seen
from Fig. 5 that the birefringence is sensitive to the vary-
ing a/A, and the birefringence of REHAPCEF is higher than
that of non-rotational one. Birefringence will increase to a
level above 0.001 as shown in Fig. 5, the family curves of
birefringence shift upward, corresponding to an increase in
the a/A value. It may then be concluded that rotating the
angle of elliptical air holes in PCF cladding increases the
birefringence. The increment is much more significantly at
higher a/A than that of shorter one. With the appropriate
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Fig. 5 Birefringence as a function of a/A for various 6

rotational angle of elliptical air hole ranging from 8 = 15°
to 40°, higher birefringence may be achieved.

FEM with perfectly matched layers, which are placed be-
fore the outer boundary can be used to calculate the confine-
ment loss of PCFs. The imaginary part of complex effec-
tive index represents the loss. For small holes and few holes
rings, the confinement loss is huge, but decreases rapidly as
air-hole diameter increases or more air-hole rings are em-
ployed [8, 9]. Figure 6(a) shows the confinement loss as a
function of a/A at different rotational angles of elliptical air
holes with the fixed parameters:» = 1.55 um, a/b = 0.83,
number of air-hole rings N = 7. It can be observed that
the confinement loss at different 6 is less than 10~ dB/km
when the a/A < 0.3. This shows that the effect of REAPCF
cladding on the optical loss is small, and can be achieved
one order of magnitude smaller than that of CAHPCF.

Figure 6(b) also shows the confinement loss as a func-
tion of wavelength at different rotational angles of ellipti-
cal air holes with the fixed parameters: a/b =0.83, N =7
and a/A = 0.3. It can be seen in Fig. 6(b) that the con-
finement loss for rotational case is in the range of 1.02 x
1073 ~ 5.35 x 10~ dB/km and for circular air-hole case is
5.3 x 1073 dB/km at excitation wavelength A = 1.55 um. If
the PCF is required to have an acceptable confinement loss
<0.1 dB/km, the birefringence will increase to a level above
0.001. Thus, there is a tradeoff between the confinement loss
and the birefringence for a rotational elliptical-hole with tri-
angular lattice PCF like a structure of Fig. 2(a) which indi-
cating that the high mode birefringence and low confinement
loss are maintained.

3 Conclusion

In conclusion, dispersion properties, birefringence and con-
finement loss between the CAPCF and REAHPCEF are inves-
tigated numerically by means of PWM and FEM. Results
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show that the performance of REAHPCF on flatter disper-
sion curve, single mode, high birefringence and low con-
finement loss is better than that of CAHPCF. As an exam-
ple, how to design the structure parameters for engineering
the chromatic dispersion, higher birefringence and low con-
finement loss of REAHPCEF is designed and demonstrated.
The suggested REAHPCF can be fabricated by the stack and
draw procedure, which will open new possibilities high per-
formance PCF over the conventional fiber.
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