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A novel design of single-mode large-mode-area optical fiber is presented. The core is composed of alternate
high and low-index regions to form an effectively low-index contrast between the core and the cladding. The
proposed fiber is investigated by the finite-element method with anisotropic perfect matched layer boundary
conditions. In addition, the bending losses of the fibers are calculated and compared with those of the step-
index optical fibers. In particular, numerical simulations demonstrate that single-mode operation can be
achieved in one such fiber with mode area larger than 600 μm2 at the wavelength of 1.55 μm and bending
loss lower than 0.02 dB/m for bending radius greater than 20 cm.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Transmission of high power light in the small core of a conven-
tional single-mode fiber leads to high power densities and gives rise
to significant unwanted nonlinear effects. Nonlinear effects in a
fiber can distort the pulses at high bit rate and can produce crosstalk
among the closely spaced wavelengths. The realization of large-mode
area in a conventional optical fiber requires a low-index contrast be-
tween the core and the cladding so that single-mode operation can be
maintained. However, an step-index optical fiber with numerical
aperture (NA) lower than 0.05 is generally difficult to achieve in conven-
tional manufacturing processes [1]. The invention of microstructured
optical fibers has lead to the appearance of various kinds of novel
large-mode optical fibers [2–10]. Single-transverse-mode rod-type pho-
tonic crystal fiber with mode-field-area as large as 2300 μm2 have been
reported [8]. The single-mode large-mode-area optical fibres can be re-
alized by the enhanced differential loss between the fundamentalmode
and the high-order modes so that the high-order modes can be elimi-
nated after a moderate propagation distance [2,3,5]. Fundamental-
mode operation is possible in all-glass leakage channel fibers with
core diameter beyond 100 μm. A multilayer cladding large-mode-area
optical fiber has also been proposed [4]. The cladding is formed by alter-
nate high and low-index regions specially designed to strip-off high-
order modes. Poli et al. proposed the suppression of first higher-order
mode in rod-type photonic crystal fibers by the selected doping in the
core of the fiber [6]. Absolutely single-mode operation is possible in
large-mode areamicrostructured-core optical fibers [11–14]. In particu-
lar, the porous fibers, a kind of optical fiber containing an array of sub-
wavelength holes separated by sub-wavelength material veins, has

been proposed for low-loss guiding of terahertz radiation. Total fiber
loss of less than 10 dB/m, bending radii as tight as 3 cm, and fiber band-
width of ~1 THz is predicted for the porous fibers with sub-wavelength
holes [14].

In this article, we will propose a novel kind of large-mode-area op-
tical fibers, the core of which is composed of alternate high and low-
index regions. The multi-ring configuration in the core forms an effec-
tively low-index core. The preform of the proposed multi-ring optical
fiber (MROF) can be formed by using the conventional manufacturing
processes. Numerical investigations single-mode operation in the fi-
bers can be realized as long as they are worked below the cutoff fre-
quency of higher-order modes.

2. Numerical simulation

The MROF we proposed is illustrated in Fig. 1. The fiber is charac-
terized by the radius of the inner core ri, the total number of low and
high-index layers N, the width of the low-index layer dl, the width of
the high-index layer dh, the refractive index of the low-index layer nl,
and the refractive index of the high-index layer nh. The refractive
index of the inner core is set as ni=nh and the refractive index of
the cladding is set as nb=nl. We also define the period of the layers
as Λ=dl+dh. The operating wavelength is fixed at λ=1.55 μm. The
index contrast between the high-index layer and the low-index layer
is defined as Δ=(nh−nl) /nl. We also define structural ratio η as
η=dl/dh. The index contrast is set to beΔ=0.001, which corresponding
to an NA of 0.065 for a SIF.

We solve the modes of the proposed fibers by a full vectorial
finite-element method with anisotropic perfect matched layer
boundary conditions [15–17]. The confinement losses are analyzed
through the calculation of the complex effective indices of the fibers.
The relationship of loss L and the imaginary part of effective index,
I neff
� �

, is given by the equation L ¼ 20
ln 10ð Þ

2π
λ I neff

� �
.
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Fig. 2 show the mode-field profile of the proposed fiber with
ri=0.25Λ , Λ=2.37, Δ=0.001, N=6, and η=1. The field shows a
profile quite similar to that of the conventional optical fiber. The
fiber is single-mode guided with the effective mode area as large as
622 μm2.

We can analyse the MROF by relating the fiber with a step-index
optical fiber. The effective core index can be approximated by averag-
ing the square of the refractive index in the core. The concept has
been applied to calculate the effective cladding index for photonic
crystal cladding in the long-wavelength limit [18]. In this case, the
effective core index ncore can be determined approximately by

ncore ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Scn

2
c þ Shn

2
h þ Sln

2
l

Sc þ Sh þ Sl

s
ð1Þ

where Sc,Sh, and Sl, are the areas of the inner core, high-index layers,
and low-index layers, respectively. Once the effective index of
the core is obtained, the single-mode criterion can be determined

by calculating the normalized frequency V which is defined as
V ¼ 2πa

λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

core −nb
2

q
. Where a is the core radius of the fiber. Therefore,

single-mode guidance in the fiber requires that the normalized fre-
quency should be less than 2.40483.

We will firstly investigate the influence of the number of layers on
the performance of the proposed fiber. The basic structural parame-
ters of the fibers are ri=0.25Λ , Δ=0.001, and η=1. The value of
the period Λ is determined by the demand that the cutoff wavelength
of the LP11 mode in the designed fiber should be just below 1.55 μm,
which is achieved by solving modes of the fibers using finite-element
method. As shown in Table 1, the cutoff frequency criterion become
more accurate for the fiber with more layers in the core, which is
owing to the fact the reduction of the period of the layers lead to
the more accurate approximation of the effective core index by
Eq. (1). It's interesting that we can see the effective fundamental
mode index is almost a constant. That is, the effective fundamental
index is mainly determined by the index contrast between the high-
index layer and the low-index layer. In addition, we can see the effec-
tive mode areas of the MROFs with different layer numbers also have
little difference even though the core radiuses of the fibers are differ-
ent. Since the effective index step between the fundamental mode
and the cladding determines the sensitivity of a fiber to distortions,
this mean that similar characteristics on the bending losses are
expected for the MROFs shown in Table 1. Therefore, we can use
just a few layers to form an MROF with the desired mode area, so
that the manufacturing processes can be simpler.

Increased large-mode area can be realized by keeping the index
contrast and using a large η for the layers. Fig. 3 shows the configura-
tion of an MROF with N=4, and η=2. Fig. 3(B) shows the mode-field
distribution along the radial direction. The mode field shows a dip at
the low-index layer region adjacent to the inner core, but still, the
overall field has similar mode-field distribution with that of a Gaussian
field. The effective mode area of the fiber is 923 μm2.

Finally, we will discuss the bending characteristics of the proposed
fiber. The bending loss curves of a various kinds of SIFs are also plot-
ted as comparison. Bending losses of the fibers are calculated by
applying the finite-element method. The bending losses (BL) are
calculated by solving the leaky mode of a modified configuration
through

n x; yð Þ ¼ n0 x; yð Þ 1þ 1þ χð Þ x
Rb

� �
ð2Þ

where x is the position across the fiber in the direction pointing the
bend, χ=−0.22 is a correction due to the elasto-optic effect in pure
silica [19] and Rb is the bend radius.

Bending loss curves of two types of MROFs are plotted in Fig. 4.
The parameters of MROF A are ri=0.25Λ , Λ/λ=2.37, Δ=0.001,
N=6, and η=1. The parameters of MROF B are ri=0.25Λ,
Λ/λ=3.86, Δ=0.001, N=4, and η=2. The bending loss is lower
than 0.02 dB/m for a bending radius great than 20 cm for MROF A.
Owing to the reduced index difference between the effective core
and the cladding, the bending radius should be larger than 30 cm if
the bending loss should be lower than 0.2 dB/m for MROF B. We
also plotted the bending losses of three types of SIFs for comparison.
The core radius of the core SIF A is set as equal to the core radius of
the corresponding MROF, and the refractive index is set as ncore, the
effective core index of MROF.

As shown in Fig. 4, SIF A generally has a slightly low bending loss
than that of the corresponding MROF. Since the two fibers have the
same index difference between the effective core and the cladding,
it seems that the MROF should have worse bending characteristics
than that of SIF. However, it's found that SIF A's have smaller mode
areas than those of the MROFs. For example, the mode area of the
MROF A and MROF B are 622 μm2 and 923 μm2, respectively, whereas

Fig. 1. (A) The cross section of the MROF, (B) refractive index distribution of the MROF
along the radial direction.

Fig.2. Normalized field distribution of the proposed fiber with ri=0.25Λ , Λ/λ=2.37,
Δ=0.001, N=6, and η=1.
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