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Abstract Existing models for inter-core crosstalk in uncoupled multi-core fibers neglect intra-core ran-
dom polarization-mode coupling, and conjecture other mechanisms to justify experimental findings. In
this work we show that random polarization-mode coupling can explain observed crosstalk values. Good
agreement between theory and experiments is obtained.

Introduction

Since multi-core fibers (MCFs) have proven to be
a promising candidate to scale the capacity of fu-
ture fiber-optic systems, the characterization of
inter-core crosstalk became the subject of numer-
ous studies!'2l,  However, somehow surpris-
ingly, none of those studies investigated the role
of intra-core polarization-mode coupling in the ac-
cumulation of the crosstalk along the fiber, but
rather ascribed it to fluctuations of the cores’ ef-
fective refractive index, in combination with fiber
bending and twist. In a recent work!®l we
showed how to include intra-core birefringence
in the modelling of inter-core crosstalk. In this
work we make a key step forward by connecting
the crosstalk to another easily measurable fiber
property, that is the polarization-mode dispersion
(PMD) of the individual cores. We show that
the two are fundamentally related to each other
and the crosstalk between two cores can be re-
duced by either increasing or reducing their PMD,
depending on the magnitude of the correspond-
ing propagation-constant mismatch. We use our
model to fit experimental data taken on spooled
MCFs and show that polarization-mode coupling
can explain by itself the measured crosstalk val-
ues. By doing so we do not claim that other,
previously studied effects are necessarily negli-
gible, but rather that this problem calls for further
research efforts, focusing most preferably on de-
ployed MCFsl'4.

Model for inter-core crosstalk

In this section we present a model for the linear
crosstalk between the cores of a nominally un-
coupled multi-core fiber. Keeping in mind that
the goal of this work is to clarify the role of ran-
dom polarization-mode coupling, we do not in-
clude polarization-dependent loss and nonlinear

effects in the model, as it would be necessary
for a comprehensive simulation of data transmis-
sion. Also, in order to keep the illustration simple,
we concentrate on the interference between two
cores, and we describe the electric fields prop-
agating therein by means of their z-dependent
Jones vectors E,(z) and E,,(z). The evolution
of E,,(z) obeys the following equationt™,
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Here, the z-dependent propagation constant
Bo.n(z) accounts for the effect of fiber bending and
twist, and is given by the familiar expressiont!)
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where ., is the nominal (z-independent) prop-
agation constant of the n-th core, Ry(z) is the
bending radius, D, (z) is its distance from the
center of the fiber cross-section, and ¢,(z) is
the corresponding angle. The term if,(z) - &/2
is the matrix describing local polarization-mode
coupling in the same core, where 3, (z) is the
birefringence vector,'> and 7 is a vector whose
elements are the three Pauli matrices, so that
Bn -G = Bnior + Bnoos + Busos. Finally, the
coefficient x,.,, quantifies the coupling between
E, and E,,, as prescribed by coupled-mode the-
oryl™ . We note that in general the propagation
constant 3, ,,(z) accounts also for the fluctuations
of the core effective index, as investigated in pre-
vious work2H7 These fluctuations can be read-
ily integrated in the model, however, in order to fo-
cus on the effect of the random polarization-mode
coupling, in this work we do not account for them.

Within a perturbation approach, the solution to



Eq. is obtained by replacing E,,(z) with its
expression in the absence of crosstalk, E,,(z) =
U, (2, 20) exp{ifm (2) } E (0), where U, (2, z) is
the matrix describing polarization-mode coupling
between z, and z and 6,,(z) = [; Bo.m(z)d2’.
Then the average crosstalk power is obtained by
averaging the optical intensity |E,|? over the ef-
fect of the sources of randomness. To this end we
first perform an average over the random cores’
birefringence and denote the result by P,,,(z) =
(|E,|2), whereas the randomness of bending and
twist is accounted for at a later stage. Assum-
ing that each core’s birefringence is an indepen-
dent random process, the result, whose detailed
derivation can be found inl™3l, is

Pum(z) = Pm(O)nim/ dz’/ d2"R, (2 = 2")
0 0
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where the functions R, and R,, describe po-
larization decorrelation in the two cores, namely
(U, (2, 2") = Ru(2 — 21, with T denoting the
two-dimensional identity matrix. Note that the
process of polarization decorrelation is stationary,
which results in the dependence of the average
(Un,m(2',2")) on the difference 2’ — 2" only. In
general this is not the case for the phase term,
which prevents to further simplify the crosstalk
power expression. This limitation can be circum-
vented by noting that polarization effects are char-
acterized by a much shorter length-scale than
macro-bending and twist. This can be done by
looking at the increment of the crosstalk power,
APy (2) = Pom (2 + Az) — Py (2). In this case,
if Az is sufficiently smaller than the length-scale
over which bending and twist are constant, in
the relevant integration area around the peak of
R, and R, at 2/ ~ 2’ ~ 2, the phase term
can be approximated as Af,,,,(2') — Abpm (2") ~
ABpm(2)(z' = 2"), with ABpn(2) = Pon(z) —
Bo,m (). With this simplification, provided that at
the same time Az is sufficiently larger than the
polarization coherency length-scale, the following
expression for the normalized crosstalk power in-
crement is obtained,

APy (2) 2

=K

Prn (O) e

+oo
Rom (ABnm) :/ dceiAﬂnmcRn(C)Rm(g)(s)

— 00

R [ABrm (2)]Az (4)

The avarage normalized crosstalk is finally ob-
tained by further averaging Eq. (4) over the distri-

bution of bending and twist, namely
Ax = K2, (Rum (ABnm)) Az. (6)

We note that this result, yet formally identical to
the one obtained in the framework of the phase-
matching model®, underpins a totally different
propagation effect — random polarization-mode
coupling — whose characterization is well estab-
lished in the context of single-mode transmission
systems but has been only partially explored in
the case of multi-core fibers.

Fiber birefringence and PMD

The most realistic model for the random birefrin-
gence of single-mode fibers is the one known
as the Random-Modulus Modell’®l. According to
this model the birefringence vector accumulates
along the fiber as a two-dimensional Ornstein-
Uhlenbeck process, and is characterized by two
key parameters. These are the birefringence beat
length L, which characterizes the strength of the
local birefringence trough (|3]) = 2r/L g, and the
correlation length L, defined through the bire-
fringence correlation function (3(z') - 5(2")) =
(167/L%) exp(—|2’ — 2"|/ L) Up to values of
L¢ of the order of L /10 the birefringence vector
statistics is accurately described in terms of white
noisel’, in which case the polarization correla-
tion function is
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We refer to ¢ as the polarization coherency length,
and this is related to the fiber mean differen-
tial group delay (DGD) through the simple rela-
tionl8H1l

8
w3l

where by w we denote the carrier frequency and
kpmp is the familiar PMD coefficient characteriz-
ing the square-root growth of the mean DGD. Use

of (7) into (&) yieldst™®

(DGD) = kpmpVz = Vz, (8)

20,
an(Aﬁnm) == M’ (9)

with eq = (6,1 +¢,,})~!, which establishes a sim-

ple relation between crosstalk and PMD. In partic-
ular, assuming for illustration simplicity the same
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Fig. 1: Table showing the values of the core-specific
parameters used to fit the data in Fig. [2f the change in
effective refractive index relative to the center core (where the
effective index of the center core was set to 1.46), and the
PMD coefficient. For the center core kpymp = 0.28 ps/km!/2,

PMD for both cores, this would be
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which shows the existence of a critical PMD value
for which R, (AB,m) reaches a maximum
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For a relative effective-index difference of the or-
der of 0.001% at n.g = 1.46, the critical PMD
value is of about 0.37 ps/km'/2 in the C-band. It
is interesting to notice that for this value of xpnp,
the polarization coherency length ¢ is of the order
of 1 cm. Values of kpyp in this range (and be-
yond) — much larger than in typical single-mode
fibers that are used today — have been reported
in the most recent work on the characterization of
PMD in multi-core fibersi2%, which indicates that
polarization decorrelation in these fibers can oc-
cur over a much shorter length-scale than one
would expect from the single-mode experience.
This point is extremely important in consideration
of the fact that scalar (phase-matching-based)
models for the crosstalk in multi-core fibers re-
quired correlation lengths of the order of 1 cm
to justify experimental data¥y. The PMD val-
ues measured inl2% suggest that the length-scale
of polarization-mode coupling is compatible with
this requirement and therefore may play a key-
role to explain the spatial dynamics of inter-core
crosstalk.

Comparison between theory and data

In this section we use the proposed model to fit
experimental crosstalk data reported in2!). These
were taken on a 100-m 7-core fiber, where the
center core was excited with CW light and the
power at the output of each of the outer cores was
measured. This procedure was repeated several
times by spooling the fiber about bobbins of in-
creasing radius, so as to test the dependence of
the crosstalk on the bending radius. For the pur-
pose of fitting the data, we assumed the same
distance D,, = 39.2u from the fiber axis for the six
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Fig. 2: Average crosstalk versus the bending radius R;, for
each of the outer cores of a 7-core fiber. The dots are data
points from(&) and solid lines are a plot of Eq. @

interfered cores and the same coupling coefficient
Knm = 0.018 m~!. We only let the PMD coeffi-
cient kpyp and the change in effective refractive
index relative to the center core Aneg/nes vaty
from core to core. The numerical values used for
the fit are shown in the table of Fig. [{] The com-
parison between theory and experimental data is
shown in Fig. [2 where the crosstalk measured in
each of the outer cores is plotted versus the deter-
ministic bending radius R,. The dots reproduce
the data points of2!), whereas the solid lines are
a plot of Eq. (6), with Az = 100 m. The averaging
of Ryum (ABnm) over the effect of the random fiber
twist was performed by assuming a uniform dis-
tribution between 0 and 2= for the cores’ angular
position ¢,,(z) in Eq. (2), consistent with previous
studies!'. The good agreement between theory
and data is self evident.

Conclusions

We have shown that random polarization-mode
coupling provides a self-consistent explanation of
experimental crosstalk data measured in nomi-
nally uncoupled multi-core fibers. Our results indi-
cate that the inter-core crosstalk is fundamentally
entangled with the individual cores’ PMD.
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