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Abstract—In general, an accurate evaluation of the bending
loss of an optical fiber with an arbitrary refractive index profile
is a cumbersome task, especially for holey fibers (HFs). In this
paper, various approaches are applied and compared for the
bending loss evaluations of single-polarization elliptical-hole core
circular-hole HFs (EC-CHFs), which are circular-hole HFs having
a core with an elliptical-hole lattice structure. Our simulation
results show that when bending loss formulas for weakly guiding
circular fibers are applied to a HF by regarding it as an
approximate circular fiber having an equivalent step-index (SI)
profile, the definition of the core region is the most crucial
issue. Moreover, we also show that the results obtained by the
approximate approach based on the bending loss formulas for
the equivalent SI circular fiber are in good agreement with direct
approaches with numerical simulations for the real EC-CHF
structure, if the equivalent core radius is suitably defined for
the real cross section.
Index Terms—Holey fiber, elliptical hole, single-polarization,
bending loss, finite-element method, beam propagation method,
EC-CHF.

I. I NTRODUCTION
OLARIZATION-STATE stabilization of two degenerate
fundamental modes is required for the applications of
optical fibers to coherent optical communication systems and
fiber interferometers. Inducing an axially nonsymmetrical core
profile is effective to stabilize the polarization states and various birefringent or single-polarization fibers using geometrical
or stress effects have been proposed [1]–[3]. On the other hand,
holey fibers (HFs) [4], [5] with high refractive-index contrast
possess high controllability for their transmission characteristics [6] and an enormously high modal birefringence has
recently been reported in a squeezed lattice elliptical-hole
HF [7]. Single-polarization HFs have also been reported [8]–
[10] and a novel single-polarization HF using the anisotropic
fundamental-space filling mode (FSM) [11] of elliptical-hole
lattices has recently been proposed [12], [13]. This HF is referred to as an elliptical-hole core circular-hole HF (EC-CHF),
which is a circular-hole HF having a core with an ellipticalhole lattice structure, and possesses more peculiar transmission
properties compared with conventional HFs. The radiation
loss caused by a fiber bend is a crucial issue for a practical
implementation. While, in general, an accurate evaluation of
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the bending loss of an optical fiber with an arbitrary refractive
index profile is a cumbersome task, various approaches have
been applied to bending loss calculations. Marcatili proposed
an exact approach to derive the bending loss of a dielectric
slab waveguide by solving the eigenvalue equation for a ring
resonator [14]. However, it is difficult to apply this direct
approach to the bending loss evaluation of a round fiber, and
thus various approximate approaches have been devised. The
easiest approach would be to use the bending loss formulas
derived by Marcuse, for a slab waveguide [15], [16] and a
round fiber [17], [18], and the formula [17] has been extended
to a round fiber with a radially inhomogeneous profile by Sakai
and Kimura [19]. Other typical approach with a numerical
method uses an equivalent straight fiber model [20] based on
a conformal transformation [21]. Moreover, recent dramatic
progress in computer technology has made possible even the
three dimensional (3D) direct numerical simulation of a curved
waveguide using a beam propagation method (BPM) [22].
On the other hand, HFs have a complicated cross section
without an axially symmetric profile and it makes the bending
loss evaluation more difficult. Nevertheless, so far several papers have reported on the bending loss of HFs [11], [13], [23]–
[26]. In this paper, we attempt to apply various approaches
to the bending loss evaluation of a single-polarization ECCHF that has a significant mode field deviation from a typical
mode field in standard fibers, and the applicability of the
bending loss formula, which is derived for weakly guiding
circular fibers, to such an EC-CHF with peculiar characteristics
is demonstrated by a comparison with the accurately direct
simulations for the real structure.
II. S INGLE - POLARIZATION ELLIPTICAL - HOLE CORE
CIRCULAR - HOLE HOLEY FIBER
An EC-CHF is a circular-hole HF having a core with an
elliptical-hole lattice structure and shown in Fig. 1. When the
effective-index of FSM (FSM index) in the cladding lattice is
designed to lie between those of the slow and fast modes of
the core lattice consisting of elliptical holes, the EC-CHF can
guide only one polarization state [12], [13]. Figures 1(a) and
1(b) correspond to EC-CHFs having two mutually orthogonal
directions of elliptical holes in a hexagonal arrangement of the
core and are referred to as yEC- and xEC-CHFs, respectively
[13]. We notice that the fundamental guided mode corresponds
to the HEy11 mode in the yEC-CHF (Fig. 1(a)) and the HEx11
mode in the xEC-CHF (Fig. 1(b)), respectively.

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. XX, NO. Y, MONTH 2009

2

Λ

z’
Λ
dL

dc

dS

r’

2a

y
x

n1

y

θ’

n2

θ

r
x

R

(a)

Fig. 2.

Coordinate system for the standard loss formula (3).

a weakly guiding circular SI fiber are applicable to evaluate
its bending loss.
1) Standard loss formula: Under the assumption that a
fiber is bent uniformly with a constant radius R, as shown in
Fig. 2, an outgoing wave from the fiber core is expressed as a
superposition of cylindrical waves represented by an expansion
(2)
of Hankel functions of the second kind, Hν , of the following
form

(b)

with

Fig. 1. Elliptical-hole core circular-hole HF. (a) The yEC-CHF. (b) The
xEC-CHF.

III. A PPROACHES FOR BENDING LOSS EVALUATION OF
HOLEY FIBERS

In this section, we provide an overview of the approaches
used for computing the bending loss of HFs. The 3D numerical
simulation may be effective for an accurate evaluation of the
bending losses of HFs, while such an accurate loss evaluation
is a cumbersome task induced by huge computations, especially for arbitrary refractive index profiles including an airsilica periodic microstructure profile. Thus some approximations are usually introduced.

Ez0 ν = BHν(2) (κ0 r0 ) exp(−iνθ0 ) exp(−iβz 0 ),

(1)

κ0 = (n22 k02 − β 2 )1/2 ,

(2)

where B is an expansion coefficient, β is the phase constant
for the z 0 -direction, n2 is the cladding index, and k0 is the
free-space wavenumber. Then the expansion coefficients are
determined by matching the expanded field outside the fiber
to the guided mode field on the fiber surface and the following
standard loss formula [17] for an LPlm mode in weakly
guiding SI fibers can be derived:
[
]
√ 2
πκ exp − 23 (γ 3 /βg2 )R
√
αB =
,
(3)
2γ 3/2 v 2 RKl−1 (γa)Kl+1 (γa)
where
κ = (n21 k02 − βg2 )1/2 ,

(4)

γ=
− n22 k02 )1/2 ,
v = k0 a(n21 − n22 )1/2 .

(5)

(βg2

A. Approximate approach based on bending loss formula
derived for a weakly guiding circular fiber
This easiest approximate approach applies an effectiveindex method to HFs [11], [13], [23], [25]. EC-CHFs consist
of two kinds of air-hole lattices corresponding to a core
and cladding regions. Each region is regarded as an infinite
uniform lattice and is approximated by a medium having
the refractive index equal to the FSM index of the air-hole
lattice. Consequently, the EC-CHF can be regarded as an
approximated circular fiber having an equivalent step-index
(SI) profile, referred to as an equivalent SI fiber, and the
following two bending loss formulas [17], [18] derived for

(6)

βg is the propagation constant of the guided mode in the
straight structure, a is the core radius, n1 is the core index,
and Kl (γa) denotes the lth-order modified Bessel function of
the second kind. Using a numerical method for calculating
the total power and the cladding field amplitude coefficient
in the straight structure, we obtain the modified expression
applicable to a fiber having an arbitrary profile core,
)
(
−4∆w3
√
3
R
a
exp
2
2
3av
ε0 π 2 neﬀ A
,
(7)
αB =
µ0 4Pg w ( wR + v2 )1/2
a

2∆w
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Jl denotes the lth-order Bessel function of the first kind.
In both the formulas (7) and (9), the total power Pg can be
expressed as follows:
for the guided mode in weakly guiding fibers,
√ ∫
neﬀ ε0
Φ2 dS,
(12)
Pg =
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Coordinate system for the formula (9) based on diffraction theory.

Pg =

1
2

∫

Ex Hy∗ − Ey Hx∗ dS,

∫

g

2 0

×F (χ)cos(χ)dχ,
2

(9)

with
Kl−1 (w) + Kl+1 (w)
I1 + [n2 k0 sinχI2
F (χ)=−γA
2
√
(10)
− βg2 − n22 k02 cos2 χI3 ]AKl (w),
where I1 , I2 , and I3 are defined in [18]. The above expression
is modified to be applicable to fibers having an arbitrary profile
core. For the dominant mode in weakly guiding SI fibers,
which is denoted as LP01 , (9) can be reduced to the formula
shown in [18] with
πv 2 βg |A|2
|Jl−1 (κa)Jl+1 (κa)|.
Pg =
2ωµ0 γ 2

(11)

(14)

φ(r)rdr.

(15)

0

(8)

S

(13)

∞

P0 =

where Pg and A are the total power and the cladding field
amplitude coefficient, respectively, in the straight fiber, neﬀ =
βg /k0 , ∆ = (n21 − n22 )/(2n21 ), w = aγ, ε0 and µ0 are the
dielectric permittivity and magnetic permeability of free space,
respectively, and the integral in (8) extends over the cross
section. x, y, and z (z is directed along the fiber axis) represent
local Cartesian coordinates in the fiber cross section, as shown
in Figs. 2 and 3. The validity of the formula (3) for standard
HFs having a solid core, which is formed by a single air-hole
defect region, has been demonstrated through a comparison
with experimental results in [23].
2) Loss formula based on diffraction theory: Marcuse
also proposed another approach based on Fraunhofer’s diffraction theory to evaluate the bending losses of dielectric waveguides [18]. Under the scalar approximation, this loss formula
is derived by using the scalar diffraction integral. In this
approach, the field outside of the core is computed from the
the guided mode field at the surface of the core with the threedimensional diffraction integral [16] and, by introducing some
mathematical approximations that are required to calculate
an integral, the following alternative loss formula for the
coordinate system shown in Fig. 3 can be derived:
]
[
2R
2
3/2
2
2 2
√
2 2 ∫ π/2 exp − 3β 2 (βg − n2 k0 cos χ)
ε 0 n2 a A
√g
αB =
µ0 16πPg −π/2
β 2 − n2 k 2 cos2 χ

Ey ,

and, for the LP01 mode in axially symmetric fibers,
√
πβg ε0
P0 ,
Pg =
k0
µ0
with

with

or

Here, we consider that the guided modal field Φ is expressed
by
[
]
cos(lθ)
Φ = φ(r)
exp(−iβg Rθ0 ).
(16)
sin(lθ)
In general, in applying such formulas to HFs, it should be
noted that since the core region can not be clearly defined,
the accuracy of the obtained results strongly depends on the
definition of core region. Moreover, since an uniform cladding
is assumed in the formulas, the real cladding model of HFs
consisting of a finite lattice cannot be included in this approximate approach. Accurate results may be obtained by using a
two dimensional (2D) numerical analysis for calculating the
total power, the cladding field amplitude coefficient, and the
effective index in the formula, (7) or (9), for a real fiber cross
section.
B. Complex eigenmode analysis approach
While a full 3D numerical simulation is quite effective for
faithfully evaluating waveguides having a complicated cross
section, such as HFs, it requires huge computations due to
the discretization of the cross section. However, in bending
loss evaluations, it is usually assumed that a fiber is bent
uniformly with a constant radius. In this case, a bent fiber
structure can be described in a cylindrical coordinate system or
replaced by a straight fiber with an equivalent refractive index
distribution, referred to as the equivalent straight structure
model, and then the bending loss can be calculated directly
from a complex eigenmode analysis for the cross section.
Using a numerical method for a cross-sectional analysis,
we can faithfully evaluate real structure models, including a
cladding with a finite lattice structure.
1) Approach using a cylindrical coordinate system:
From Maxwell’s equation, we obtain the vector wave equation
∇ × (p∇ × Φ) − k02 qΦ = 0,

(17)

where Φ represents either the electric field E or the magnetic
field H and
p = 1,

q = n2

for Φ = E,

(18)

2

q=1

for Φ = H.

(19)

p = 1/n ,
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When the distance along the fiber axis z is approximated by
z ' Rθ0 , the coordinates r0 − R, z 0 , and Rθ0 in a cylindrical
coordinate system can be replaced by x, y, and z, respectively,
in a Cartesian coordinate system, whose origin is placed at the
center of the core cross section. Then, the rotation operator in
the vector wave equation can be given by



R ∂
∂
0
−
Φx
R+x ∂z
∂y

R ∂
1
∂ 
0
Φy  .
∇ × Φ =  − r+x
∂z
R+x + ∂x 
∂
∂
Φz
−
0
∂y
∂x
(21)
The approach using a cylindrical coordinate system is to solve
the vector wave equation (17) with the help of this operator.
2) Approach using the equivalent straight structure
model: Based on the conformal transformation [21], the
equivalent refractive index distribution for the bent fiber is
approximated by
(x)
neq (x, y)=n(x, y) exp
(22)
R)
(
x
'n(x, y) 1 +
,
(23)
R
and then a vector wave equation can be expressed as
∇ × (peq ∇ × Φ) − k02 qeq Φ = 0,

(24)

where
peq = 1,
peq =

1/n2eq ,

qeq = n2eq

for Φ = E,

(25)

qeq = 1

for Φ = H.

(26)

The approach using the equivalent straight structure model is
to solve this vector wave equation.
In this paper, a 2D vector finite-element method (V-FEM)
based on curvilinear edge/nodal hybrid elements is applied
to the complex eigenmode analysis for (17) or (24), and
the bending loss is obtained from the imaginary part of the
obtained complex propagation constant.

C. 3D beam propagation method approach
A 3D BPM approach [27] may be the most powerful and
direct technique to accurately analyze real structure models
including even a nonuniform bend. However, since HFs have
a complicated cross-sectional structure, the accuracy is limited by computer resources. Assuming that the curvature is
uniform, a cylindrical coordinate system or the equivalent
straight structure model [28] is available, and thus it reduces
the dimension of the discretization. In our BPM analysis, a
cylindrical coordinate system is adopted.
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1.445
1.440

n eff

For a bent fiber described in a cylindrical coordinate system
shown in Fig. 2, the rotation operator is defined as



∂
1 ∂
0
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r ∂θ
∂
∂ 
Φθ  .
∇ × Φ =  ∂z
(20)
0
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Fig. 4. Dispersion property for the guided mode of a single-polarization
three-ring yEC-CHF (solid curve) and equivalent SI fibers with a = 3.5Λ
(open circles) and a = 3Λ (open squares).

IV. A SSESSMENT OF APPROACHES FOR EVALUATING
BENDING LOSS

We compute the bending loss of a yEC-CHF, as shown in
Fig. 1(a), having 37 elliptical holes in the core (referred to
as the three-ring core) by various approaches. The structure
in Fig. 1 displays the one-ring EC-CHF, as an example of
EC-CHFs. The EC-CHF evaluated here is characterized by a
lattice pitch Λ, a circular hole size ξ = dc /Λ = 0.23, an
elliptical hole size ξe = dL /Λ = 0.4025, and an ellipticity
dL /dS = 3.6. Here, dL and dS represent the major- and minoraxis lengths, respectively, and the refractive index is assumed
to be 1.444. Figure 4 shows the dispersion property of the
three-ring yEC-CHF with these parameters by the solid curve.
In this figure, the effective indices of the equivalent SI fibers
with core radii of 3.5Λ and 3.0Λ are also plotted by the open
circles and the open squares, respectively. We observed good
agreement among the three-ring yEC-CHF and the equivalent
SI fibers.
We first discuss the approximate approaches based on the
loss formulas, in which the core index n1 and cladding index
n2 are approximated by the FSM indices in the core and
cladding regions, respectively, of the EC-CHF. A wavelength
is hereafter assumed to be 1.55 µm. The bending loss obtained
by the approach based on the standard loss formula (3)
for the equivalent SI fiber, which we refer to as a formula
approach based on the equivalent SI fiber, is indicated by
the thin solid curves in Fig. 5, and, in addition, the thin
dashed and thin dashed-dotted curves are obtained by using
the standard loss formula (7) and the formula (9) based on
diffraction theory, respectively, with a numerical method. A
numerical method is not indispensable for SI circular fibers.
However, here, to obtain the total power (14) and the amplitude
coefficient A in the formulas, we used the approximate scalar
FEM for a circularly symmetric structure [29]–[31] as a
numerical method and divided the core into quadratic ring
elements [29]. The excellent agreement of the dashed and
solid curves validates the approach using the standard loss
formula (7) with the approximate scalar FEM. On the other
hand, some discrepancies appear between the standard loss
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Fig. 5. Bending loss property of a three-ring yEC-CHF. Thin solid curves,
the formula approach using (3) based on the equivalent SI fiber. Thin dashed
curves, the formula approach using (7) based on the equivalent SI fiber with
the approximate scalar FEM. Thin dashed-dotted curves, the formula approach
using (9) based on the equivalent SI fiber with the approximate scalar FEM.
Thick solid curves, the formula approach using (7) based on the equivalent
SI fiber in which the real EC-CHF structure is considered for evaluating all
the parameters in (7) (Pg , A, and neﬀ ). Thick dashed curves, the formula
approach using (7) based on the equivalent SI fiber in which the real ECCHF structure is considered only for evaluating Pg and A. Open circles and
pluses, the 2D complex eigenmode analyses using a cylindrical coordinate
system and the equivalent straight structure model, respectively, for the real
EC-CHF structure. Squares, the 3D V-FEBPM for the real EC-CHF structure.

formula (dashed or solid curve) and the formula based on
diffraction theory (dashed-dotted curve), but the behaviors of
bending losses with a bending radius R agree well with each
together. The dependence of an equivalent core radius, which
is used as the core radius a in the formulas, is also shown
in Fig. 5. Here, a comparison of the results obtained for two
equivalent core radii a = mΛ and (m + 0.5)Λ is presented.
m represents the number of air-hole ring in the core lattice
and here m = 3. Noticeable discrepancies appear between
both the results, and it should be noted that the definition
of the equivalent core radius strongly affects the accuracy of
bending loss evaluations using the effective-index approach
based on the loss formula. Moreover, we attempted to apply
the 2D V-FEM for the real EC-CHF structure to compute all
the parameters in the loss formula (7) except for the core and
cladding indices, which are the total power Pg , the cladding
field amplitude coefficient A, and the effective index neﬀ ,
and the computed results are shown by the thick solid curves
in Fig. 5. The core and cladding indices n1 and n2 remain
being approximated by the FSM indices in these regions. In
the results, we observed no significant discrepancy depending
on equivalent core radius and the results lie between those
obtained by the formula approach based on the equivalent SI
fiber for two equivalent core radii of mΛ and (m + 0.5)Λ. On
the other hand, the thick dashed curve represents the result
in which the real structure is considered only for evaluating

the power and the amplitude coefficient in the loss formula
(7). The results are similar to those obtained by the formula
approach based on the equivalent SI fiber (thin solid curves).
Finally, to verify the approximate approach based on the loss
formula, we apply two directly numerical approaches, which
are the complex eigenmode analysis using the 2D V-FEM and
the 3D vector finite-element BPM (V-FEBPM) analysis, to real
EC-CHF structures including a cladding with a finite lattice
structure. Here, the computational domain is shown in Fig.
6 and the cladding region consisting of an air-hole lattice is
terminated by a perfectly matched layer (PML) [32]–[34]. In
our simulations, W and WP M L are assumed to be 40 µm and
2 µm, respectively. The bending losses, which are computed
by the 2D complex eigenmode analysis using a cylindrical
coordinate system, for the cladding region widths of 20.0
to 66.0 µm with 2.0 µm steps are shown in Fig. 7. In the
cladding region with a small width, since confinement loss
occurs due to a finite cladding, the computed loss approaches
the confinement loss with increasing bending radius. In a large
Wo , on the other hand, the loss decreases with expanding the
cladding region, but its abrupt increase is observed for small
values of R/Wo . This is ascribable to a coupling between
the guided mode and a cladding mode. Similar peaks in the
bending loss curves have also been observed in [24], [35]. To
accurately evaluate the bending loss, the cladding region width
is required to be large enough (under without such undesirable
coupling), and thus lower bounds for the computed losses as
a function of the cladding width Wo shown in Fig. 7 will
provide the net bending loss at a bending radius. In Fig. 5,
the open circles and the pluses denote the bending losses
finally obtained by the 2D complex eigenmode analyses using
a cylindrical coordinate system and the equivalent straight
structure model, respectively, and the squares are by the 3D
V-FEBPM. In the 3D V-FEBPM simulation, a cylindrical
coordinate system is adopted. There is excellent agreement
among these directly numerical approaches, which are two
approaches based on the 2D complex eigenmode analysis
and the 3D V-FEBPM approach. The result obtained by
the formula approach based on the equivalent SI fiber for
a = (m + 0.5)Λ (thin solid curve) is in good agreement with
the directly numerical approaches for the real bent EC-CHF
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mΛ (dashed-dotted curve).

structure. Figure 8 shows mode field distributions on the x axis
and the solid curve corresponds to the real EC-CHF structure,
while the dashed and dashed-dotted curves correspond to the
equivalent SI fibers with a = (m+0.5)Λ and mΛ, respectively.
We can see that the agreement between the EC-CHF (solid
curve) and the equivalent SI fiber with a = (m+0.5)Λ is fairly
good, especially in the cladding region. This explains that the
equivalent SI fiber with a = (m + 0.5)Λ more accurately
approximates the real structure than that with a = mΛ, and
thus we may be able to have an approximate equivalent core
radius by comparing the mode field of equivalent SI fibers with
that of the EC-CHF. Figure 9 shows the dependence of bending
radius on the equivalent core radius, which satisfies that the
bending loss obtained by the standard loss formula (3) with it
coincides with the 2D V-FEM calculation using a cylindrical
coordinate system. It is remarkable that the variation of the
effective core radius with bending radius abruptly becomes
smaller, for a bending radius larger than approximately 2.0
cm. Thus, for a bending radius exceeding a certain threshold

value, the dependence of equivalent core radius on the formula approach may be relatively small. However, in fact, the
definition of equivalent core radius depends on many physical
parameters, such as wavelength, air-hole sizes, lattice pitch,
and the number of air-hole ring in the core lattice. Perhaps,
light confinement in the core region will be the most important
factor. Thus, it is not easy to derive a widely available relation
to define the equivalent core radius in the standard bending
loss formular for EC-CHFs and the detailed investigation will
be the subject in the future. The standard formula derived for
round fibers having an axially symmetric profile is effective
for accurately predicting the bending loss of EC-CHFs, if the
equivalent core radius is suitably defined.
Figures 9(a) and 9(b) display the field distributions in the
bent three-ring yEC-CHFs with bending radii of 1.0 and
2.0 cm, respectively, and are computed by the 2D complex
eigenmode analysis using a cylindrical coordinate system. A
significant radiation field caused by the bend is observed in
the bending radius of 1.0 cm. On the other hand, the bent
fiber with R = 2.0 cm preserves the mode field in the straight
condition approximately. It seems that the accuracy of bending
losses (thin solid curve in Fig. 5) evaluated by the standard
formula is degraded for the field deformation caused by a small
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Fig. 10. Mode propagation along a bent three-ring yEC-CHF with a bending radius 1 cm over a length of 5 mm. (a) z = 0.25 mm. (b) z = 0.5 mm. (c)
z = 0.75 mm. (d) z = 1 mm. (e) z = 3 mm. (f) z = 5 mm.

bend. Moreover, we demonstrate the mode propagation along
a bent three-ring yEC-CHF with a bending radius 1.0 cm over
a length of 5.0 mm by using the 3D V-FEBPM simulation in
Fig. 10. We will see that, as the mode propagates down the
bent fiber, its power radiates into the cladding region.

In addition, we observed good agreement between the loss
curves for the real EC-CHFs and the equivalent SI fibers with
a = (m + 0.5)Λ through the results shown in Figs. 5, 11, 12,
and 13. This means that EC-CHFs possess bending properties
comparable to those of standard weakly guiding fibers.

V. N UMERICAL EXAMPLES
To verify the above discussion, we have applied a few approaches to EC-CHFs having other structures. Figures 11, 12,
and 13 show the bending losses of a three-ring xEC-, four-ring
yEC-, and four-ring xEC-CHFs, respectively. The open circles
denote the results for the real EC-CHF structures obtained
by the 2D complex eigenmode analysis using a cylindrical
coordinate system. The thin solid and thick dashed curves
correspond to the results obtained by the formula approach
using (3) based on the equivalent SI fiber, and the formula
approach using (7) in which the 2D V-FEM is applied only
to evaluate the power and amplitude coefficient for the real
structure, respectively. The bending loss of EC-CHF seems
to be hardly influenced by the direction of elliptical holes
in the core lattice. This is because the EC-CHFs evaluated
here are approximately weakly guiding, as seen from Fig. 4.
The formula approach based on the equivalent SI fiber will
provide a more accurate result for a lower relative FSM index
difference given by ∆, and here ∆ = 0.3717 and 0.3722 %
for the yEC- and xEC-CHFs, respectively, at λ = 1.55 µm.

VI. C ONCLUSION
Various approaches have been applied and compared for
the bending loss evaluations of single-polarization EC-CHFs,
which have an elliptical-hole lattice structure in the core and,
thus, possess more peculiar transmission properties compared
with conventional HFs. In using the loss formula for an
equivalent SI fiber, the definition of the equivalent core radius
was found to strongly affect the accuracy of bending loss
evaluations. However, when an EC-CHF is approximately
weakly guiding (i.e. has a low relative FSM index difference),
the result obtained by the formula approach based on the
equivalent SI fiber will be in good agreement with directly numerical approaches for the real structure including a cladding
with a finite lattice structure. As a result, we can conclude
that, under a suitable definition of an equivalent core radius,
the standard loss formula derived for standard weakly guiding
SI fibers is strongly effective for predicting the bending losses
of general HFs.
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Fig. 11. Bending loss property of a three-ring xEC-CHF. Circles, the 2D
complex eigenmode analysis. Thin solid curve, the formula approach using
(3) based on the equivalent SI fiber. Thick dashed curve, the formula approach
using (7) in which the real EC-CHF structure is considered only for evaluating
Pg and A.
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Bending loss property of a four-ring yEC-CHF.
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Bending loss property of a four-ring xEC-CHF.
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[10] T. Schreiber, F. Röser, O. Schmidt, J. Limpert, R. Iliew, F. Lederer,
A. Petersson, C. Jacobsen, K.P. Hansen, J. Broeng, and A. Tünnermann,
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F IGURE C APTIONS
Fig. 1. Elliptical-hole core circular-hole HF. (a) The yEC-CHF.
(b) The xEC-CHF.
Fig. 2. Coordinate system for the standard loss formula (3).
Fig. 3. Coordinate system for the formula (9) based on
diffraction theory.
Fig. 4. Dispersion property for the guided mode of a singlepolarization three-ring yEC-CHF (solid curve) and equivalent
SI fibers with a = 3.5Λ (open circles) and a = 3Λ (open
squares).
Fig. 5. Bending loss property of a three-ring yEC-CHF. Thin
solid curves, the formula approach using (3) based on the
equivalent SI fiber. Thin dashed curves, the formula approach
using (7) based on the equivalent SI fiber with the approximate
scalar FEM. Thin dashed-dotted curves, the formula approach
using (9) based on the equivalent SI fiber with the approximate
scalar FEM. Thick solid curves, the formula approach using
(7) based on the equivalent SI fiber in which the real ECCHF structure is considered for evaluating all the parameters
in (7) (Pg , A, and neﬀ ). Thick dashed curves, the formula
approach using (7) based on the equivalent SI fiber in which
the real EC-CHF structure is considered only for evaluating
Pg and A. Open circles and pluses, the 2D complex eigenmode analyses using a cylindrical coordinate system and the
equivalent straight structure model, respectively, for the real
EC-CHF structure. Squares, the 3D V-FEBPM for the real ECCHF structure.
Fig. 6. Computational domain used in directly numerical
approaches.
Fig. 7. Dependence of the computational domain on the bending loss computed by the 2D complex eigenmode analysis.
Fig. 8. Field distributions on the x axis of a three-ring yECCHF (solid curve) and equivalent SI fibers with a = (m +
0.5)Λ (dashed curve) and mΛ (dashed-dotted curve).
Fig. 9. Field distribution in a bent three-ring yEC-CHF with
R = (a) 1 cm and (b) 2 cm.
Fig. 10. Mode propagation along a bent three-ring yEC-CHF
with a bending radius 1 cm over a length of 5 mm. (a) z =
0.25 mm. (b) z = 0.5 mm. (c) z = 0.75 mm. (d) z = 1 mm.
(e) z = 3 mm. (f) z = 5 mm.
Fig. 11. Bending loss property of a three-ring xEC-CHF.
Circles, the 2D complex eigenmode analysis. Thin solid curve,
the formula approach using (3) based on the equivalent SI
fiber. Thick dashed curve, the formula approach using (7)
in which the real EC-CHF structure is considered only for
evaluating Pg and A.
Fig. 12. Bending loss property of a four-ring yEC-CHF.
Fig. 13. Bending loss property of a four-ring xEC-CHF.

