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The complete analytical expressions of mode coupling dynamics for homogeneous 7-core multi-core
fibers (MCFs) are obtained by using orthogonal coupled-mode theory (CMT). All the coupling coefficients
between the adjacent cores, nonadjacent cores and self-coupling coefficients are taken into account,
and proposed to be calculated by using their definition formulas rather than the frequently-used twin
core fiber (TCF) model utilized in most publications before. Simulation results show that the coupling
coefficients calculated by using the TCF model are smaller than that calculated by using definition formu-
las and consequently are not accurate, especially for strong coupling MCFs. Also the coupling coefficients
between nonadjacent cores and self-coupling coefficients can be comparable to the coupling coefficients

between adjacent cores, and consequently cannot be ignored in the analysis of strong coupling MCFs.
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1. Introduction

There has been considerable interest in the study of multi-core
fibers (MCFs) for their wide applications in optical communica-
tions [1-6], fiber lasers [7-10], fiber couplers [11,12], fiber sensors
[13-15] and microwave photonics [16], etc. The mode coupling
characteristic is one of the most basic properties of MCFs, which
determines the characteristics of MCFs to some extent. In terms of
optical communications, MCFs can be used in space-division mul-
tiplexing (SDM) [1-3] or mode-division multiplexing (MDM) [4-6]
systems to overcome the limit of transmission capacity. For MCFs
used in SDM systems usually there should be weak coupling among
cores to avoid crosstalk [17,18], while strong coupling is necessary
for the application in MDM systems to form super-modes [4-6].
The coupling characteristic is also the operational principle of fiber
lasers and couplers based on MCFs. Consequently, a complete and
intensive study of the mode coupling dynamics of MCFs is sig-
nificant and necessary for the analysis, design and applications of
MCFs.

In past years, the mode coupling dynamics for MCFs have been
studied and discussed in numerous publications [5,11,17-19]. The
coupled mode theory (CMT) can be used to analyze the mode
coupling dynamics for MCFs directly and effectively [5,11,17-19],
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in which the coupling coefficients are key parameters. However,
most of them only consider the mode coupling between adjacent
cores [11,17], a reasonable assumption for weak coupling, but it
will lead to error for strong coupling. In Ref. [18], all the coupling
coefficients between adjacent cores, nonadjacent cores and self-
coupling coefficients are taken into account in the analysis, but the
discussion is still based on weak coupling MCFs, and the simulation
results show that the coupling coefficients between nonadjacent
cores and self-coupling coefficients can be ignored compared with
that between adjacent cores. In Ref. [5], the CMT is used to analyze
the mode coupling dynamics for strong coupling MCFs, but the self-
coupling coefficients were not taken into account. What's more, all
the earlier analyses utilized only the coupling coefficients obtained
by using the twin core fiber (TCF) model [5,17,18,20], which is not
accurate and even incorrect for MCFs.

In this paper, we analytically derive the complete mode cou-
pling dynamics for homogeneous 7-core MCFs by using the coupled
mode theory (CMT). All the coupling coefficients between adja-
cent cores, nonadjacent cores and self-coupling coefficients are
taken into account and discussed. The rest of the paper is
organized as follows. In Section 2, the general coupled-mode
formalism for MCFs is obtained by using CMT. Furthermore,
analytical expressions of mode coupling dynamics in homoge-
neous 7-core MCFs are given and discussed in Section 3. In
Section 4, all the coupling coefficients are calculated and discussed
using numerical simulation. Finally, conclusions are presented in
Section 5.

It should be mentioned that in the following analysis, each core
of the MCF is assumed to be single mode.
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Fig. 1. (a) N-core MCF structure. (b) Homogeneous 7-core MCF structure.

2. General coupled-mode formalism for MCFs

Without loss of generality, first we consider an N-core MCF com-
posed of a center core (labeled core 1) and N - 1 surrounding cores
(labeled core 2, ..., N), as in Fig. 1. If the mode field of each core
is Ej = Arexp(—iBkz), where Ay is the amplitude of the field at the
kth core and B, is the propagation constant of the single core in the
absence of other cores, the propagation of the fields in each core
can be described by using the CMT

dE .
5, = ICE (1)
where E = [ E; En ]T and Cis a n x n matrix with elements
given by [17]
Kmn m#n,
Cmn = (2)
Bm + Mn m=n.

Here xmp is the mode coupling coefficient between the core m
and n, and My, is the self-coupling coefficient of the mode field of
core m, which are given by [20]
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where w is the free-space angular frequency of the light, &g is the
vacuum permittivity, Nio, iS the refractive index distribution in
the entire MCF, N, is the refractive index distribution of the nth
fiber, Py, is the optical power carried by the eigen mode in fiber m
before mode coupling, respectively.

The solution to Eq. (1) can be obtained as [17]

N

E(z)= ) cnVnexp(—yn2) (4)
n=1

and

cn = V'E(0), (5)

where y;, is an eigenvalue of C, v, is the corresponding eigen-
vectorandV=[v{ vy, --- vyl

Eq. (4) is a general expression for the N-core MCF, which
describes the mode coupling dynamics among individual cores
as the light propagates. In fact, y, is a propagation constant of a
super-mode supported by the MCF structure, and vy, is the modal
distribution vector of the corresponding super-mode.

For MCFs, normally the cladding index n. is uniform, and core
indices are a little higher than n, and can be different from each
other. Itis worth noting that (N2 — N2)inEq.(3)is nonzero inside

total
all the core regions except the nth core region, so the integration

in Eq. (3) should be carried out in all the core regions except the
nth core region, which is different from the TCF model utilized in
most earlier publications, where the integration is only carried out
in one core region area [5,17,18]. Though A}, - A, is much smaller
in other core regions than that in mth and nth core regions, and
it is reasonable to carry out the integration only in the core m
region for weak coupling MCFs, it is insufficient for rigorous anal-
ysis, especially for strong coupling MCFs. Also the integration has
straightforward physical meaning, i.e. the existence of other cores
will affect the mode coupling between the two cores m and n. In
this paper, we will calculate the coupling coefficients by using the
rigorous definition formulas as in Eq. (3) and compare the results
with TCF model.

3. Mode coupling dynamics in homogeneous 7-core MCFs

To further investigate the mode coupling behaviors for MCFs,
here we consider acommon homogeneous 7-core MCF with hexag-
onal core distribution, as in Fig. 1(b). The core radius, core index,
cladding index and propagation constant of every single fiber are a,
neo, N and B, respectively, so the coupling matrix C in Eq. (1) will
be

rB+M K12 K12 K12 K12 K12 Ki2 ]
K12 B+ M, K23 K24 K25 K24 K23
K12 K23 B+ M, K23 K24 K25 K24
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(6)

The eigenvalues and corresponding eigenvectors of the matrix
C can be shown to be [20]
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where AM=M2 — M, =26, K =Kkp3 + K4 + K25/2, C=

A/ (K+ 5)2 + GK%Z. The parameter K denotes the total coupling
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