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Design of Three-Spatial-Mode Ring-Core Fiber

Motoki Kasahara, Kunimasa Saitoh, Member, OSA, Taiji Sakamoto, Nobutomo Hanzawa, Takashi Matsui,
Kyozo Tsujikawa, and Fumihiko Yamamoto

Abstract—We investigate the fiber parameters which meet the
design conditions for effectively three-spatial-mode transmission
and low bending loss in a ring-core fiber for mode-division mul-
tiplexing transmission. We also clarify the effective area and the
difference of the effective index while satisfying the design condi-
tions.

Index Terms—Differential mode delay, difference of the effective
index, effective area, few-mode fiber, finite element method, mode-
division multiplexing, ring-core fiber.

1. INTRODUCTION

N order to satisfy the requirements of large transmission
I capacity, mode-division multiplexing transmission has been
attracted as new generation optical fiber communication sys-
tems. Many mode-division multiplexing transmission systems
using few-mode fibers have been proposed [1]-[4]. In regards
to the number of propagation modes, Refs. [1], [2] support two
linearly polarized (LP) modes (LPy;, LP;;), Ref. [3] supports
three LP modes (LPj;, LP;1, LP5), and Ref. [4] supports four
LP modes (LPy;, LP11, LPy;, LPy2). Additionally, Refs. [2]-[4]
support degeneration modes and polarization modes. Crosstalk
by mode coupling becomes large as the number of propagation
modes increases. The crosstalk between propagation modes can
be compensated by multiple input multiple output (MIMO) pro-
cessing, but the computational complexity and power consump-
tion of MIMO processing increase with increasing differential
mode delay (DMD). Therefore, using the graded-index few-
mode fibers with low DMD is the preferred approach [5], [6].
However, detailed design and precise fabrication process are
required to realize desired characteristics. In contrast, by in-
creasing the difference of the effective index (An.g) between
propagation modes, it is possible to suppress mode coupling [7].
In more detail, the mode coupling is associated with micro-
scale fluctuations in fiber diameter typically arising during the
fiber drawing process or in response to random radial pressures.
Therefore, the mode coupling greatly depends on manufacturing
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accuracy of the fiber and environmental conditions for cabling.
However, if we compare several fibers having similar unifor-
mity along the fiber length, the fiber with large An.g is superior
in reduction of mode coupling. Hence, using the uncoupled
few-mode fibers with large Aneg is the second preferred ap-
proach [8].

Enlarging effective area (A.g ) is also beneficial in reducing
the nonlinear effects which degrade transmission characteristics.
Several fibers with large A.g have also been proposed [9], [10].
However, fibers with large A.g are known to be micro-bending
sensitive. For instance, micro-bending loss of the step-index
fiber (SIF) with A.g of 160 um? is larger than 100 dB/km [11].
In this paper, we investigate the structural parameter dependence
of A.g in aring-core fiber (RCF) supporting three spatial modes
in order to control the A.g to a desired value.

Recently, RCFs for mode-division multiplexing transmission
have been proposed. Ref. [12] supports two LP modes (LPy;,
LPy,) and Ref. [13] supports four LP modes (LPy;, LP;;, LPys,
LPy5). Here, the LPyo and LPy, modes only exist in RCF if the
ring width is large enough to radially support multimode. The
number of radial modes and the number of azimuthal modes
are slightly independent. The azimuthal number of propagation
modes depends on radius and thickness of the ring layer, while
the radial number of propagation modes depends on only thick-
ness of the ring layer [14]. In this paper, we consider RCFs with
three spatial modes (LPy;, LP11, LPs1). If we consider degen-
eration modes and polarization modes, the three-spatial-mode
fiber supports ten modes (LPy;: two modes, LP;;: four modes,
LPy; : four modes). Besides, we do not want to use LPyy mode.
Both LPj; and LPj;s modes have a field distribution having a
peak in the center of the core. Therefore, in addition to mode
coupling in a transmission fiber, large mode conversion between
LPy; and LPjs modes will occur at a discontinuous point.

In this paper, we investigate the fiber parameters that support
three-spatial-mode under constraints on the bending loss (BL) of
propagation modes, and the structural parameter dependence of
Aneg and Aeg . In addition, we compare the DMD performance
of RCF to that of SIF. Through detailed numerical simulations
based on the full-vector finite element method [15], we find that
RCF realizes three-spatial-mode transmission which SIF cannot
realize.

II. CORE DESIGN

Schematic cross section and refractive index profile of RCF
are shown in Fig. 1(a) and (b), respectively. The RCF’s parame-
ters are the core diameter 2a, the diameter of the low refractive
index region in the center of the core d, and the relative refractive
index difference between the core and the cladding is defined as
A = (nlye — n2.q)/ (202, ), where the background material
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Fig. 1. (a) Schematic cross section and (b) refractive index profile.
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Fig. 2. Variation of the effective indices (neg ) of LPg1, LP11, LP21, LPg2,
and LP3; modes in RCF with the core radius a = 7.0 pm and the relative
refractive index difference A = 0.80% as a function of the normalized diameter
of the low refractive index region of d/(2a) at the wavelength A = 1550 nm.

is assumed to be silica and its refractive index is calculated with
Sellmeier equation.

III. CHARACTERISTICS OF THE RING-CORE FIBER

Fig. 2 shows variation of the effective indices (n.g) of LPyy,
LP;y;, LPyy, LPyo, and LP3; modes in RCF with the core radius
a =7.0 ym and the relative refractive index difference A =
0.80% as a function of the normalized diameter of the low
refractive index region of d/(2a) at the wavelength A = 1550 nm.
Here, the structure of d/(2a) = 0 corresponds to SIF. We use
full-vector finite element method [15] for modal analysis and
don’t employ linearly polarized approximation. However, we
use “LP mode” as an only name of a propagation mode. As
shown in Fig. 2, neg of all modes decrease as d/(2a) becomes
large. However, in the range that is smaller than d/(2a) = 0.30,
only neg of LPy; and LPyy modes decrease. Therefore, An.g
between LPy; and LPj9 modes is small in the structure of d/(2a)
= 0, that is, SIF, but becomes large in the structure of d/(2a)
= 0.30. From Fig. 3(a)—(e), we consider this characteristic. In
the structure of d/(2a) = 0.30, mode field distribution of LP; 1,
LPs;, and LP3; modes are hardly affected by the low refractive
index region as shown in Fig. 3(b), (c), and (e). Therefore, n.g
of LPy1, LPyy, and LP3; modes are approximately constant in
the range that is smaller than d/(2a) = 0.30. In contrast, mode
fields of LPy; and LPy> modes are distributed over the center of
the core as shown in Fig. 3(a) and (d). Therefore, neg of LPy;
and LPy, modes decrease as d/(2a) becomes large. It should be
noted that n.g depends on both d and a, not just d/(2a). However,
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Fig. 3. Mode field distribution of (a) LPy1, (b) LP11, (c) LP21, (d) LPg2, and
(e) LP31; modes in RCF with the core radius @ = 7.0 pm, the relative refractive
index difference A = 0.80%, and the normalized diameter of the low refractive
index region of d/(2a) = 0.30.

it is necessary to control d/(2a) because characteristics of RCFs
almost depend on d/(2a) as shown in subsequent sections. Fig. 4
shows normalized propagation constant b as a function of the
normalized frequency V in (a) SIF and in RCF with (b) d/
(2a) = 0.20, (¢) 0.25, and (d) 0.30. Here, V' and b are defined as

2 —
V= iancorc 2A (l)
A
2 2
Mot — Melad
b= )
core clad

where A is the wavelength. As shown in Fig. 4(a), we find that
b of LPyps mode in SIF is close to that of LPy; mode even
if V' changes. In other words, An.g between LPy; and LPy,
modes remains small even if the fiber parameters change. In
contrast, dispersion curve of LPyo mode in RCF shifts to the
right with increasing the size of d/(2a) as shown in Fig. 4(b)—
(d). From the viewpoints of these characteristics, we expect that
RCEF realizes three-spatial-mode transmission by appropriately
setting the fiber parameters.

IV. DESIGN CONDITION

We investigate the region satisfying the design conditions for
three-spatial-mode transmission over the C' band from 1530 nm
to 1565 nm. There are two requirements to ensure three-spatial-
mode transmission. The first requirement is the elimination of
the unexpected modes such as LPy, and LP3; modes. In or-
der to guarantee the three-spatial-mode transmission, the BL
of LPys or LP3; mode, which is the high-order mode next to
LPy; mode, is required to be larger than 1 dB/m at 1530 nm
when the bending radius equals 140 mm. Here, the BL includes
leakage losses. The second is the low BL of propagation modes
such as LPy;, LP;1, and LPy; modes. In reference to ITU-T
recommendations G.654, the BL of LPy; mode, which is one of
the propagation modes, is required to be less than 0.5 dB/100
turns at 1565 nm when the bending radius equals 30 mm [16].
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Fig. 4. Normalized propagation constant b as a function of the normalized
frequency V' in (a) SIF and in RCF with the normalized diameter of the low
refractive index region of (b) d/(2a) = 0.20, (c) 0.25, and (d) 0.30.
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In this paper, we refer to not ITU-T recommendations G.652
but G.654 because we assume the cut-off shifted fibers with
1550 nm central wavelength.

Fig. 5 shows structural parameter dependence of the design
conditions in (a) SIF and in RCF with the normalized diameter
of the low refractive index region of (b) d/(2a) = 0.20, (c) 0.25,
and (d) 0.30. The light blue and blue curves indicate that the BL
of LPyo and LP3; modes equal to 1 dB/m, respectively. The red
curve indicates that the BL of LP»; mode equals to 0.5 dB/100
turns. To analyze the BL of fibers, we use full-vector finite ele-
ment method [15]. In our modeling, a bent fiber is transformed
into a straight fiber with equivalent refractive index method [17].
A perfectly matching layer is implemented at the fiber surface
to emulate the effect of an infinite domain in the finite element
model. With the perfectly matching layer, the propagation con-
stant of a mode becomes complex. The BL is calculated as a
product of the imaginary part of the propagation constant and
one neper (Np). The cut-off of LPy, or LP3; condition is sat-
isfied below the light blue or blue curve, respectively, whereas
the low BL of LP5; condition is satisfied above the red curve.
Therefore, the region painted with color satisfies the design con-
ditions. As shown in Fig. 5(a), we find that SIF cannot meet the
design conditions. We also find that the region satisfying the
design conditions in RCFs might exist if the relative refractive
index difference A is more than 1% with small core radius.
However, A more than 1% is undesirable from the view point
of optical fiber manufacturing. RCF can break this problem as
shown in Fig. 5(b), (c) and (d). When we fix d/(2a) = 0.25 —
0.30, we find that the region satisfying the design conditions
exists even if A is approximately 0.4%. Furthermore, the BL
curves of LP3; and LPy; modes don’t almost change as shown
in Fig. 5(a)—(d). In contrast, the BL curve of LPyo mode shifts
to the right with increasing the size of d/(2a). On this account,
the BL of LPy> mode becomes at the same level as that of LP3;
mode when we fix d/(2a) = 0.30. In addition, if we fix the struc-
ture of a = 7.0 yum and A = 0.65%, we find that the region
satisfying the design conditions exists in the range of d/(2a) =
0.20 - 0.30.

V. EFFECTIVE AREA AND EFFECTIVE INDEX DIFFERENCE

Fig. 6(a), (b), and (c) show structural parameter dependence
of Aeg (LPy7) in RCF with the normalized diameter of the low
refractive index region of (a) d/(2a) = 0.20, (b) 0.25, and (c)
0.30. The light blue, blue, and red curves correspond to those of
Fig. 5. The black dashed lines correspond to An,g between LP(;
and LP;; modes. As shown in Fig. 6(a), (b), and (¢), Aeg (LPg1)
slightly enlarges as d/(2a) becomes large. In contrast, An.g
between LPy; and LP;; modes decreases as d/(2a) becomes
large. Values of A.g¢ and Aneg are summarized in Table I.
Here, these values are simulated in the structure of the core
radius a = 7.0 um and the relative refractive index difference
A = 0.65%. Both A.g (LPy1) and A.g (LP2;) remain almost
constant even if d/(2a) changes as shown in Table I. In contrast,
Aegr (LPy1) spreads under the influence of the low refractive
index region in the center of the core as d/(2a) becomes large.
Fig. 6(d) shows normalized intensity of LPy; mode in SIF and
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TABLEI
VALUES OF EFFECTIVE AREA AND EFFECTIVE INDEX DIFFERENCE

di(2a) 0.20 0.25 0.30

Aesr (LPy1) [pm?] 137 144 150

Aer (LPyy) [pm?] 164 164 165

Aetr (LP2) [um?] 193 193 193
Angr(LPo —LPy) | 1.94x10%  1.75x10°  1.59x107
Angr(LP; —LPy) | 3.04x10°  297x10°  2.89x107

in RCF with d/(2a) = 0.20, 0.25, and 0.30. Here, = indicates the
position from the center of the core. The normalized intensity
of LPy; mode in SIF is Gaussian distribution, whereas that in
RCEF has a dip in the center of the core as shown in Fig. 6(d).
Additionally, the dip becomes deeper as d/(2a) becomes large.

Besides A.g, other characteristic to be considered for few-
mode fibers is mode coupling between propagation modes.
Mode coupling depends on a lot of factors, including mode
profiles and fiber fabrication. It is known that the large Aneg
minimizes the mode coupling. With respect to the relationship
between Aneg and the mode coupling, Refs. [18] and [6] indi-
cate that mode coupling of the fibers with An.g of 1.3 x 1073
and 2.8 x 1073 are 18.2 dB for 500 m (3.64 x 10~2 dB/m) and
25 dB for 30 km (8.33 x 10~* dB/m), respectively. As shown
in Fig. 6(a), (b), and (c), An.q larger than 2.5 x 1073 can be
realized on condition that A is less than 1%. Additionally, An.g
between LP;; and LP>; modes is larger than that of between
LPy; and LP;; modes as shown in Table 1. Besides, if we fix
core parameters, An.g between propagation modes in RCF is
smaller than that in SIF as shown in Fig. 2. Also, An.g be-
tween propagation modes becomes large with decreasing core
diameter as shown in Fig. 6(a)—(c). This means that the core
diameter of RCF is always smaller than that of SIF for given
Aneg. Therefore, we expect that the mode coupling is small
in the region that @ is small and A is large. However, we also
find that there is a trade-off between A.g and An.g. On this
account, we should choose the optimum structure to satisfy the
desired values of A.g and Aneg.

VI. DIFFERENTIAL MODE DELAY

DMD is important for reduction of complexity and power
consumption of MIMO processing. We defined the DMD be-
tween LPy; and LP;; modes as a value that subtracted the group
delay 7 of the LPy; mode from that of the LP;; mode, which is
expressed as follows:

n —n Neff — N,
DMD = TLP11 — TLPOL = gll 201 _ eff11 eff01
C &
A (Onegrr Oneion 3)
c oA oA

where ny491 and ng411 are the group indices of LPy; and LPy;
modes, c is the light velocity in a vacuum and A means the free
space wavelength. Fig. 7 shows variation of DMD with the core
radius @ = 7.0 pm and the relative refractive index difference
A = 0.65% as a function of the normalized diameter of the low
refractive index region of d/(2a). The solid and dashed curves
correspond to DMD between LPy; and LP;; modes, between
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Fig. 7. Variation of DMD with the core radius @ = 7.0 pm and the relative
refractive index difference A = 0.65% as a function of the normalized diam-
eter of the low refractive index region of d/(2a). The solid and dashed curves
correspond to DMD between LPy; and LP;; modes, between LPy; and LPy;
modes, respectively. The blue and red curves correspond to the DMD at the
wavelength A = 1530 nm and 1565 nm, respectively.

LPy; and LPy; modes, respectively. The blue and red curves cor-
respond to DMD at the wavelength A = 1530 nm and 1565 nm,
respectively. Here, the structure of d/(2a) = O corresponds to
SIF. As shown in Fig. 7, we find that the DMD in RCF is larger
than in SIF. This is because 77, pg; becomes small by an influ-
ence of the low refractive index region in the center of the core.
We also find that the DMD decreases in the range that d/(2a) is
relatively large. This is because not only 77 pg; but also 77, p1
and 77, po; are affected by the low refractive index region in the
center of the core. It is well-known that graded-index profile re-
alizes reduction of DMD. In contrast, DMD in RCF is quit larger
than that in graded-index fiber, which may result in requiring
higher complexity at MIMO equalizers when we compensate
for the mode crosstalk occurred at a mode multi/demultiplexer
or splice points. However, Ref. [19] proposes a mode-division
multiplexing system with reduced MIMO processing complex-
ity, whose computational complexity is independent of the DMD
value of the fiber. Therefore, we believe that MIMO processing
complexity can be kept low even with the high DMD fiber such
as RCF, when adopting the equalizer described in [19].

VII. CONCLUSION

The region satisfying the design conditions for three-spatial-
mode transmission has been investigated in RCF. We have also
evaluated the relationship between A.¢ and An.g in RCE. In
addition, we have evaluated DMD of RCF compared to SIF.
Through detailed numerical simulations, we found that RCF
suppresses the LPyo mode selectively under the influence of the
low refractive index region in the center of the core. On this
account, we also found that RCF realizes three-spatial-mode
transmission which SIF cannot realize. With respect to A.g
(LPy1), we could choose a desired value from about 80 ym? to
about 360 um? by adjusting the fiber parameters. With respect
to Aneg, by selecting the structure of small Aqg, Aneg larger
than 2.5 x 10~ could be realized on condition that A is less
than 1%. Finally, the influence of mode field distortion of LPg;
mode is a subject for future analysis.
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