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Abstract— Random core dependent loss (CDL) in long-haul
uncoupled multicore fiber links is shown by simulation to lead to
gaussian-distributed average crosstalk power. Due to CDL
randomness, the excess of average crosstalk power relative to its
mean is below 0.2 dB in 2000 km-long links.
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I. INTRODUCTION

Multicore fibers (MCFs) are seen as a future solution to cope
with current capacity constraints imposed by single-core
singlemode fiber transmission [1]. However, the crosstalk (XT)
between cores, i.e., intercore XT, may degrade signal
transmission quality in MCFs, even with uncoupled (weakly-
coupled) cores. The XT in uncoupled MCFs is typically
investigated considering equal core losses [2], [3]. However, due
to imperfect manufacturing, uncoupled MCFs usually exhibit
core dependent loss (CDL) [4]. The impact of CDL on XT in
two-core one-segment uncoupled MCFs has been studied
theoretically for unidirectional transmission [2], [3] and
bidirectional transmission [3]. For both unidirectional and
bidirectional transmissions, the XT power variations with
constant CDL can reach 2 dB (for CDL between +0.04 dB/km)
in comparison with MCFs with equal core losses [3]. For
unidirectional transmission, we have shown that, in links with
concatenated MCF segments (as in long-haul terrestrial links),
where each segment can have a random low magnitude CDL,
for specific arrangements of the MCF segments, the average XT
powers at the MCF output can vary about 1 dB due to the
enhanced total CDL at the link output [5].

This work extends the analysis presented in [5] by studying
the statistical dependence of average XT power on random CDL
in long-haul optical links with concatenated MCF segments.

II. NUMERICAL MODEL

We consider a long-haul uncoupled two-core MCF link with
total length L., which is divided in N, spans with equal length.
Each span consists of N concatenated MCF segments, where
each segment can exhibit random CDL, which is independent
from the CDL in other segments.

The equivalent model of each MCF span with length Lgpan
follows closely the model presented in [S]. Each fiber segment
has length L; (with i = 1,...,N). To assess the coupled power,
power is launched in one core with average denoted as Pj,. The
power at the output of N concatenated MCF segments is
obtained from the power at the MCF input using the matrices Ti
proposed in eq. (10) of [2], with i corresponding to each i-th
MCF segment [5]. Those matrices describe the power coupling
between the two fiber cores within each i-th MCF segment. For
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each segment, the power coupling coefficient between the cores
m and 1 1S hpm,i= hmni=hi, which is verified in the practical range
of CDL [2], [3]. The CDL in segment i is characterized as ar.v.,
since concatenated MCFs can come from different lots and have
arbitrary CDL. CDL ranges of [-0.04, 0.04] dB/km have been
reported [4], and very unlikely this range width exceeds 0.1 dB
[2]. Hence, the loss coefficients «.; (with ¢ = m or n) in the i-th
MCF segment are randomly generated using a uniform
distribution in the range [ & min, % max]- In the i-th segment, the
average of the loss coefficients is &, =(,;+,:)/2 and the loss
coefficient imbalance (equivalent to CDL) is 20¢ = O,i —Ohi.
Notice that the CDL random generation performed in this work
differs from the one used in [5], as it allows for variations of the
average loss coefficient @, of each segment, while in [5], the
average loss coefficient is kept the same in all MCF segments.
At the output of each fiber span (after N MCF segments), the
optical loss in cores m and # is perfectly compensated by optical
amplifiers with gain equal to the overall loss of each core in that
MCEF span.

The direct average XT power, X7g;, and the indirect average
XT power, XTinq, (as defined in [3]) at the output of the long-
haul MCF link (after N, spans) are obtained as described in [5].

III. NUMERICAL RESULTS AND DISCUSSION

In this section, the statistical dependence of the XT on
random CDL in long-haul links composed of uncoupled two-
core MCF spans is assessed by simulation.

All results presented are obtained for an input power of
Pi,=1 mW, considering link lengths from L,;=100 km (N;=1)
to Liw:=2000 km (N;=20 and Lg.,=100 km). Each span has
N=50 segments with equal length L;=2 km. The power coupling
coefficient is considered equal in all MCF segments, 4; =#.

Fig. 1 shows the PDFs of the direct average XT power for
the link lengths of a) 100 km and b) 2000 km and of the indirect
XT power for ¢) 2000 km. The gaussian PDFs with the same
mean and standard deviation as the ones obtained by simulation
are also shown. The PDFs have been obtained with a XT level
hLi=0.1 (-10 dB) after 2000 km and 10° realizations of MCF
segments arrangements. This very pessimistic XT level is
considered to illustrate a situation where the non-gaussianity of
the PDF is more perceptible. The loss coefficients ¢, are
generated using a uniform distribution between [0.15, 0.23]
dB/km, being the maximum loss core imbalance 2 0¢uqx =0.08
dB/km. As shown in Fig. 1, the gaussianity of the PDFs of X7y;.
is more pronounced for long-haul links (2000 km) than for
shorter links (100 km) due to the higher number of concatenated
MCF segments with random loss (1000 against 50). For other



link lengths, we have observed an enhanced PDFs gaussian
behavior with the increasing link length. After 2000 km, the
excess kurtosis is xz=0.0043 (as a reference, a gaussian PDF has
null excess kurtosis). The PDFs of XTiq also follow this
enhanced gaussianity as the link length becomes longer, as can
be observed in Fig. 1 c). Hence, it is only sufficient to assess the
mean and standard deviation of X7 and X7}, to have a good
description of its statistical dependence on random loss caused
by concatenated MCF segments.
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Figure 1. Direct average XT power PDFs, for a) L,,=100 km, b) L,,=2000
km and indirect average XT power PDF, for ¢) L,,=2000 km, for 4L, = 0.1
after 2000 km. The gaussian PDFs are obtained with the mean u and standard
deviation G estimated by simulation. The excess kurtosis is also shown.

Fig. 2 a) and b) show, respectively, the mean & and standard
deviation o of X7y as a function of AL, and OChua, for
L,=2000 km. To obtain these results, we set the loss coefficient
to the minimum, & m» = 0.15 dB/km, and the maximum to
Ole,max™= O, min+ 2 O0hax, With the range 00q. varying as in Fig. 2.
Then, the loss coefficients ¢,,; and ¢, ; in the i-th MCF segment
are generated uniformly in the range [ min, O max]. For each
pair (A, 6nax), 10° realizations of MCF segments arrangements
have been simulated. 110 pairs (4, 004x) have been considered
in Fig. 2. Fig. 2 a) shows that the mean of X7y is practically
independent of d.x and is approximately given by AL [2].
Fig. 2 b) shows that the standard deviation grows with the
increase of the XT level, 4Ly, and that this growth also depends
on OC.. For constant AL, the standard deviation increases
almost two orders of magnitude with O variation. The
maximum and minimum excess kurtosis obtained for all pairs
(h, Onax) shown in Fig. 2 are, respectively, 0.017 and -0.015.
These results further support the gaussianity assumption.

It can be shown that the excess of the direct average XT
power (with X7 in the range [u—k o, p+ko]) induced by CDL
relative to the case without CDL is maximized by

AXT, [dB] =10log,, (1+k o/ ) (1)

Considering the 3o rule of thumb (k=3 in (1)), nearly all MCF
segment arrangements (99.7%) have direct average XT power
in the range [4—3 0, 1+3 0], and half of them will lead to excess
of direct average XT power due to CDL higher than 0 dB. From
(1), to keep the excess of direct average XT power below 0.1
and 0.5 dB, the relative spread o/ should not exceed 7.8x1073
and 4.1x102, respectively. Fig. 3 shows the relative spread o/u
as a function of /Ly, and 0. and it can be concluded that the
relative spread is practically independent of 4L, and only CDL
dependent. Fig. 3 shows that AXTy;- does not exceed 0.5 dB, for
all pairs (h, OCua) considered. For 00 =0.04 dB/km, the
maximum relative spread shown in Fig. 3 is o/u = 0.0138,

corresponding to AXTu = 0.176 dB. For O below
approximately 0.0225 dB/km, the excess of direct average XT
power does not exceed 0.1 dB.
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Figure 2. a) Mean y and b) standard deviation o of X7y as a function of the

direct XT level AL, and half the maximum loss coefficient imbalance 8¢,
considering L,,,=2000 km.
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Figure 3. Relative spread o7 as a function of the direct XT level 4L, and half
the maximum loss coefficient imbalance ¢4, considering L,,,=2000 km.
The conclusions regarding the mean, standard deviation and
excess kurtosis variation with 2L, and e of the indirect
average XT power are qualitatively similar to the ones taken for
the direct average XT power, noticing that the indirect XT
impact in unidirectional transmission is much lower [2].

IV. CONCLUSION

We have studied the statistical dependence of average XT on
random loss in long-haul links composed by concatenated MCF
segments. For 2000 km-long links, random CDL leads to PDFs
of the direct and indirect average XT powers that are nearly
gaussian-distributed, being the mean almost CDL independent.
For a constant XT level, the standard deviation varies more than
one order of magnitude for practical values of CDL. The excess
of direct average XT power due to random CDL relative to its
mean is below 0.2 dB, for 2000 km-long links.
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