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Localized Eigenmodes in a Triangular Multicore Hollow Optical Fiber
for Space-division Multiplexing in C+L Band
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We propose a triangular-multicore hollow optical fiber (TMC-HOF) design for uncoupled mode-division
and space-division multiplexing. The TMC-HOF has three triangular cores, and each core has three modes:
LPy; and two split LP;; modes. The asymmetric structure of the triangular core can split the LP;; modes.
Using the proposed structures, nine independent modes can propagate in a fiber. We use a fully vectorial
finite-element method to estimate effective index, chromatic dispersion, differential group delay (DGD),
and confinement loss by controlling the parameters of the TMC-HOF structure. We confirm that the
proposed TMC-HOF shows flattened chromatic dispersion, low DGD, low confinement loss, low core-to-
core crosstalk, and low crosstalk between adjacent modes. The proposed TMC-HOF can provide a common

platform for MDM and SDM applications.
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I. INTRODUCTION

The amount of data is exploding, in the era of Big
Data and its applications [1-4]. It is reported that the
transmission system of optical networking along a
conventional single-mode fiber (SMF) is approaching its
physical limits [5, 6]. To solve this problem, various
methods are being investigated to increase the optical
transmission capacity [7-9]. First, space-division multiplexing
(SDM) with multicore fiber (MCF) is recognized as a
straightforward way to address data traffic; it offers a
certain solution, to increase data transmission density with
high core count [10, 11]. The key challenges for MCF are
low loss, and low core-to-core crosstalk [12]. By controlling
structural parameters such as index profile and core
geometry, a MCF can have low loss, and low core-to-core
crosstalk [12]. Second, mode-division multiplexing (MDM)
based on few-mode fiber (FMF) also can be a practical
solution to increasing data [13, 14]. MDM utilizes individual

orthogonal modes in a FMF as separate carriers. The main
feature of MDM is the low mode coupling in the FMF [15].
It has been reported that to suppress crosstalk between two
adjacent modes, the effective-index difference An.; should
be greater than ~10™ [16], which can be realized by
controlling the structural parameters and index profile [17].

Recently the authors have introduced an optical fiber with
a circular hole at the center surrounded by three triangular
cores [18, 19], which is composed of an air-germanosilica
core with silica cladding. It shows a significant advantage
in the fabrication process compared to previous MCFs,
because only one Ge-doped silica tube is needed to make
three cores in a fiber. It can be used for both SMD and
MDM, because it has orthogonal modes in a core as well
as three multicores.

In this study we focus on its asymmetric structure for
split LP;; modes, such that applying its unique, asymmetric
triangular structure can break the circular symmetry of LP
modes in a fiber and split the degenerate LP;; mode into
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two. We further investigate the guiding properties of a
TMC-HOF in the C+L bands by controlling its structural
parameters. Numerical modal analyses are performed using
a fully vectorial finite-element method (FEM) with the
perfectly matched layer (PML) boundary condition [20].
This waveguide structure provides three orthogonal modes,
LPy and two split LP;; modes, in each of the cores, and
has low core-to-core crosstalk and low crosstalk between
adjacent modes in the C and L bands. The three spatially
uncoupled modes can propagate in each core of the fiber,
which enables MDM optical transmission, and the three cores
in our fiber also can realize SDM optical communication
with low core-to-core crosswalk. Our proposed waveguide
structure supports a total of nine independent, uncoupled
optical transmission routes in a single fiber. Therefore, the
proposed TMC-HOF can provide a unique platform to
enable MDM and SDM simultaneously, allowing multiple-
input-multiple output (MIMO) processing in high capacity
optical-fiber communication. Therefore, the proposed TMC-
HOF can provide a common platform for MDM and SDM
optical-fiber communication.

II. PROPOSED WAVEGUIDE AND
STRUCTURAL PARAMETERS

The cross section of the proposed TMC-HOF structure
is shown in Fig. 1(a). The cladding material is pure silica,
the optical dispersion of which was calculated using the
Sellmeier equation for vitreous silica glass. In reference to
silica, the triangular core has an index difference 4n=0.5%,
the optical properties being calculated using the Sellmeier
equation for GeOs-doped silica glass [21]. The circular air
hole is surrounded by three triangular cores. The structure
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of the cores is shown in Fig. 1(b). R, the distance from the
center to a vertex of the large triangle, is adjusted to find
the optimized structure size for low core-to-core crosstalk,
low confinement loss, and An. between adjacent modes
for low crosstalk. In the optimized TMC-HOF design, we
obtained 3 eigenmodes: LPy;, LP;j,, and LP;,, as shown in
Fig. 1(d). Figure 1(c) shows a real image of a fabricated
TMC-HOF at A=632.8 nm.

Using vectorial FEM with the PML condition, modal
analysis is carried out for our TMF. The magnetic field
propagating along the z direction in the fiber can be
expressed as:

H(x, p,2,1) = H(x, y)expli(t — 2)] )

where S is the propagation constant and w is the angular
frequency. Eq. (2) shows an eigenvalue equation for the
magnetic field in the steady state with a refractive index
distribution #.

Vx (2 (@)x H)—k> H=0 ®)

where ky is given by w/c and c is the speed of light. The
Sellmeier equation is used to evaluate the wavelength-
dependent refractive index for the silica cladding and
GeOsx-doped silica core regions, to account for correct
material dispersion. By using FEM, Eq. (2) is solved with
triangular meshes to find S. Subsequently the effective
mode index ny of the guided mode is obtained by taking
the real part of f/ky, while confinement loss is obtained
from its imaginary part [22]. In the analysis, boundary
conditions for the inner elements were set to satisfy the
continuity conditions, and the outer boundary was set to
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FIG. 1. Schematic diagram of the proposed fiber structure with three triangular core regions: (a) structure of the TMC-HOF, (b)
structure of the entire core, (¢) cross section of the drawn TMC-HOF with 633-nm visible light propagating, and (d) intensity
distributions at A = 1550 nm in a TMC-HOF core, for each of the degenerate eigenmodes LPy;, LP1,, and LP;1p,.
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be continuous with the PML [22].
To confirm that our designed TMC-HOF structure has
low crosstalk between cores, we numerically calculate the

butt-coupling coefficient between two cores, c,, which
depends on R [23]:

[(E, xH,+E,xH))dA
C =
" [(E,xH,+E,xH,)dA

(€)

where p and ¢ are the indices of two cores among the
three. Figure 2 shows that the electric fields of confined
modes in the cores depend on R. The core-to-core
crosstalk for LPy is low, but for LPy,,, and LPj is

LPy LPy,
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obviously higher, as shown in Fig. 2. The core-to-core
crosstalk for LP;; decreases when R increases, because
of the increase in distance between cores. For the LPy;
modes we confirm the low core-to-core crosstalk ¢ <<1 by
calculating ¢,, =0.0019 for LPij, and c,, =0.0011 for LP;y,
at A=1550 nm, and ¢,, =0.0052 for LP;;, and c,, =0.0025
for LPy;, at A=1625 nm, when R=33 pm. [24, 25]

It is well known that to suppress the crosstalk between
adjacent modes, An.y should be greater than ~10* [16].
We numerically calculate An.; between LPyj, and LPyy,
to confirm that it is higher than ~10™". The effective
refractive index of each mode is plotted as a function of R
in Fig. 3(a), from which we can confirm that the proposed
waveguide structure allows three-mode guidance in a core
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FIG. 2. The intensity distributions in the TMC-HOF for each degenerate mode, depends on R. It is seen that core-to-core crosstalk

disappears when R is 33 um or greater.
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FIG. 3. (a) Variation of effective index of LPy;, LPy1,, and LPy, with R. (b) Effective-index difference between LP,;, and LPy,

depending on R.
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for MDM. Figure 3(b) shows An. between LPjj, and
LPi1b, and we can confirm that the LP,; mode is split into
two modes with An,; greater than 10™, suitable for use in
MDM. It is possible to fabricate the TMC-HOF of previous
reports, and we optimize the structural size as R=33 pm
at An=0.5% for C and L -band communication [26].

III. MODAL CHARACTERISTICS
OF THE TMC-HOF

To confirm that our proposed waveguide structure allows
three-mode guidance when R=33 um at An=0.5%, we
carry out a numerical calculation of the effective indices
of modes LPy, LPyj,, and LP,;,. Figure 4(a) shows the
effective mode index of each as a function of wavelength,
in the C and L bands. We also investigate the splitting of
the LP;; mode into LP;;, and LP,;, as shown in Fig. 4(b).
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The LP;; mode is split into the two modes LP;;,, and LPyyp,
because of the unique, asymmetric triangular structure. Ay
between LP;j;, and LP;;, is calculated to be greater than
10™* for suppression of mode coupling, and monotonically
increases from 1.78 x 10™ to 2.02 x 10™, depending on the
wavelength in the C and L bands. This ensures that the
three modes are guided well along a core of the proposed
TMC-HOF.

The chromatic dispersion of the LPy;, LP;j,, and LPjp
modes in our TMC-HOF is calculated as a function of
wavelength using the real part of n, and Eq. (4) [27]:

82
Dispersion = —%(—a};ﬂ J “)

The results are summarized in Fig. 5(a). The dispersion
of LPy; is found to be between 23 and 29 ps/(km nm),
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FIG. 4. (a) Variation of effective index of LPy;, LP;1,, and LP;;,modes in the C and L bands. (b) Effective-index difference between

LP;1, and LP;;, modes in the C and L bands.
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FIG. 5. (a) Chromatic dispersion of LPy;, LP;;,, and LP;;, modes in the C+L-band spectral range. (b) Differential group delay between
pairs among the LPy;, LPy;,, and LP;;, modes in the C+L-band spectral range.
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while the dispersions of LP;;, and LP;;, are between 22
and 26 ps/(km nm) over the entire C and L bands. These
chromatic dispersion values are flattened, compared to that
for a commercial single-mode fiber in the C and L bands
[28].

Next, DGD is calculated for each pair of modes. We
calculate DGD using Eq. (5) between LP; and LPy,,
between LPy; and LP;yp, and between LP;;, and LP;y, [29].

DGD = Mpa " Mo | A Ny, _ Oy 5)
c c\ 04 oA

where n.;, and ne, are the effective indices of each mode
respectively, and c¢ is the speed of light. The results are
summarized in Fig. 5(b). DGD for each pair of modes is
plotted as a function of wavelength over the entire C and
L bands, and the values are seen to be quite comparable
to those for prior step-index few-mode fibers [30]. This
low DGD is important for simplifying MIMO processing
at the receiver [31].

Furthermore, the confinement loss a (in dB/km)is calculated
using fully vectorial FEM analysis with the PML condition
from the imaginary part of the propagation constant f [32].

a=20log (e)-Im(B) (6)

To properly guide a mode along a fiber, the confinement
loss should be less than 10* dB/km in the spectral range
of interest. Figure 6(a) shows that the confinement losses
of the LPy;, LPj;, and LP;;, modes are all less than
10*dB/km in our wavelength range. We confirm that our
proposed TMC-HOF would provide sufficient guidance for
all of the modes LPy, LP;;,, and LP;jp. In contrast, the
confinement loss of mode LP, is as large as a few
dB/km, as shown in Fig. 6(b), which confirms that our
TMC-HOF indeed guides only the three modes LPy;, LPj,,
and LP11b.
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Since splicing to conventional SMF is essential to utilize
FMF in practical applications, the loss through a SMF-
FMF splice must be considered in FMF design. The splice
loss is calculated using Eq. (7) [33]:

a

couplingloss ( 2

2
SMF a)TMC —HOF

dB) =-20 10g|: 2051 Drysc_ior :| )

where osvr and otvmcnor are the mode-field diameters
of the proposed SMF and TMC-HOF respectively. We use
osvr = 10.2 pm [34], while ormcnor is calculated using
Eq. (8) [35]:

/ A
eff
Oryie-nor = u ¥

In the proposed TMC-HOF, the calculated value of
splice loss into SMF is 1.456 dB, and could be decreased
using an adiabatic mode-conversion process [36].

IV. CONCLUSION

We have designed a TMC-HOF for uncoupled MDM
and SDM applications. Our proposed TMC-HOF waveguide,
based on its unique, asymmetric triangular structure, can
split the LP;; mode into two modes, LP;;, and LP;;,. We
have successfully reduced the core-to-core crosstalk, and
the crosstalk between the LP;;, and LP;;, modes. Using a
fully vectorial finite-element method, we optimized the
structural size of the designed TMC-HOF so that it can
guide the three LP modes with An,; greater than 10™ in
the C and L bands. Our proposed waveguide structure
supports a total of nine independent, uncoupled optical
transmission routes in a single fiber. Additionally, the
proposed TMC-HOF shows flattened chromatic dispersion,
low DGD, and low confinement loss, which confirms that
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FIG. 6. Confinement loss of (a) the LPy;, LPy1,, and LPy;, modes, and (b) the LP,; mode, in the C+L-band spectral range.
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the waveguide can provide a common platform for MDM
and SDM applications simultaneously, allowing MIMO
processing in high-capacity optical-fiber communication.
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