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Abstract: Random core dependent loss (CDL) has been shown to increase the direct average inter-
core crosstalk (ICXT) power in long-haul uncoupled multicore fiber (MCF) links. Longer links are
composed of multiple MCF segments, and random CDL may arise on these links from manufactur-
ing imperfections. During link implementation, other random effects may arise and enhance the
ICXT power. In this work, the effect of concatenating MCF segments with random characteristics
on the direct average ICXT power in long-haul links is assessed numerically by studying the influ-
ence of the randomness of segment length, coupling coefficient, and random CDL on the mean,
standard deviation, relative spread, and excess kurtosis of the ICXT power. The numerical results
show that the segment length randomness marginally affects the ICXT power. For 2000 km long
links and a 6 dB maximum random variation of the coupling coefficients, the mean almost doubles
and the standard deviation almost triples, relative to considering only random CDL. However, the
effect of the coupling coefficients randomness on the relative spread and excess kurtosis is reduced,
not affecting significantly the nearly Gaussian distribution of the direct average ICXT power and
the excess of direct average ICXT power (less than a 0.26 dB increase relative to considering only
random CDL).

Keywords: intercore crosstalk; long-haul transmission; multicore fibers; random core dependent
loss; statistical distribution

1. Introduction

Although coupled core fibers are currently receiving research attention [1], uncou-
pled multicore fibers (MCFs) are seen as a promising solution to support space-division
multiplexing in long-haul MCF links where the available physical space is limited, such
as submarine cables [2-4] or even in shorter optical datacenter network links [5,6]. Long-
haul terrestrial transmission links are typically composed of multiple spliced fiber seg-
ments (typically ~2 km in length) [7], which are taken from different lots [8]. As such, core
dependent loss (CDL) due to manufacturing imperfections [9-11] may vary from MCF
segment to MCF segment [8]. Moreover, in uncoupled MCF links with unidirectional
transmission, intercore crosstalk (ICXT) may significantly impair the transmission perfor-
mance [12,13]. The impact of CDL on the direct average ICXT power in two-core unseg-
mented uncoupled MCFs was studied theoretically [8,14]. It was concluded that the vari-
ation of the direct average ICXT power with constant CDL can reach up to 2 dB (for CDL
in the range of +0.04 dB/km) in comparison with MCFs with equal core losses [14]. In two-
core uncoupled segmented MCF links, the impact of random CDL from different concat-
enated MCF segments on the direct average ICXT power was studied numerically and
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analytically [15]. We have shown [15] that (i) random CDL leads to probability density
functions (PDFs) of the direct average ICXT power that are nearly Gaussian, as long as the
number of concatenated MCF segments is sufficiently high and (ii) the arbitrariness of the
MCF segments concatenation may reduce the CDL impact on the direct average ICXT
power relative to unsegmented MCF links with constant CDL. Using an analytical worst-
case approximation, it has been shown that random CDL leads only to a 0.25 dB excess of
direct average ICXT power relative to its mean for 2000 km long links [15]. Shorter links
will experience a higher excess of direct average ICXT power due to random CDL since
less Gaussian PDF behavior observed for a lower number of concatenated segments en-
hances the relative spread of the direct average ICXT power [15].

When deploying the transmission link, variable splice loss can also enhance the direct
average ICXT power [16,17]. The combined effect of CDL and splice loss on the direct
average ICXT power has been studied in [16] for fixed loss values, and it was shown that
its impact on the direct average ICXT power only depends on the total loss difference. The
impact of the combined effect of random CDL and random splice loss on the direct aver-
age ICXT power in long-haul MCF links has been assessed in [17]. For splice loss practical
values, it was shown that the effect of random splice loss dominates the excess of ICXT
power, leading to 2 dB and 0.6 dB of excess power, respectively, for 100 km and 2000 km
long links [17].

Other random effects resulting from imperfect fiber manufacturing, such as coupling
coefficient variation along the MCF link [18], or resulting from link implementation issues,
such as segment length variation, may, after segment concatenation, intensify and en-
hance the direct average ICXT power. The impact of such effects remains to be assessed
and quantified. Hence, this work numerically assesses the combined effect of the random-
ness of the segment length, power coupling coefficient, and CDL on the statistical behav-
ior of the direct average ICXT power, namely, on its PDF, mean, standard deviation, rela-
tive spread, and excess kurtosis and on the induced excess of direct average ICXT power.

The remainder of this paper is organized as follows. Section 2 describes the numerical
model of the MCF link, the theory, and the corresponding equations used to calculate the
direct average ICXT power at the link output. In Section 3, the numerical results regarding
the direct average ICXT power are obtained, statistically studied, and discussed. The main
conclusions are presented in Section 4.

2. Numerical Model

This section describes the numerical model used to study the effect of concatenating
arbitrary MCF segments with different characteristics on the statistical behavior of the
direct average ICXT power in long-haul communication links. The equivalent model of
the k-th span is depicted in Figure 1 and closely follows the model proposed in [15]. Each
uncoupled MCF link comprises Ns spans, with the span length denoted as Lst (with k=1,
..., Ns). At the end of each MCF span, a multicore-optical amplifier (MC-OA) compensates
for the span loss. Each span is composed of Nk concatenated MCF segments intercon-
nected by splice points (totaling Nk — 1 in the k-th span), with the segment length denoted

as Lix (withi=1, ..., Nx). The total length of the k-th spanis L , = sz L

i=1 ik "
The power at the output of the k-th span, Poutck (with c=1 for core 1 and c=2 for core
2), is obtained using [15] the following:

Fowra -1, T, C. T, C T, C. T B 1
~ TOAk "Ny k TN -1,k "N -1k 2k 72k 71k Lk | p ey

out,2,k in,2,k
where Pinck (with c=1 or 2) denotes the power at the input of the k-th span. Each matrix
Tix (withi=1, ..., Nrand k=1, ..., Ns), as given by (2), represents the coupled power equa-
tions with CDL between cores 1 and 2 in the i-th MCF segment of the k-th span [8].
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Figure 1. Equivalent model of the k-th span, with Nkt MCF segments interconnected by Nk — 1 splice
points in the span, considering an uncoupled fiber with two cores and MC-OA at the span output.
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where hix is the power coupling coefficient between the two cores in the i-th segment of
the k-th span (we assume that hi2k= h21ik=hit, which is valid in the practical range of CDL

[8,14]); «;, is the average of the loss coefficients of the two cores in the i-th segment of
the k-th span and is given by &, = (a1ik + a2ix)/2, where acix (with ¢ = 1 or 2) corresponds
to the loss coefficient of core ¢ in the i-th segment of the k-th span; and &, =(avik— a2i)/2,

with the loss coefficient imbalance defined by 2, and corresponding to CDL [8].

As MCF segments can come from different lots, due to manufacturing imperfections,
the MCF segments may exhibit different characteristics, such as different lengths, cou-
pling coefficients, and CDL. CDL ranges of [-0.04, 0.04] dB/km have been reported [11]. It
is also very unlikely that CDL will be more than 0.1 dB [8]. As CDL between segments can
be (arbitrarily) different, the CDL in the i-th each segment may be characterized as a ran-
dom variable (RV) by assuming that the loss coefficients in the i-th MCF segment are also
RVs. A statistical distribution is assumed to characterize random CDL, where the loss co-
efficients acik can only assume two values with a probability of ¥2. The PDF of this distri-
bution is given by [15] the following equation:

1 1
p(x)zE5(x—ac’mm)+55(x—acvmax) 4)

where 0(x) stands for the Dirac delta function. It should not be confused with the variable
Oaik that characterizes the loss coefficient imbalance. The two values acmin and acmax corre-
spond to, respectively, the minimum and maximum loss coefficients that can be set in each
MCF segment. It has been shown that the distribution given by (4) is a worst-case distri-
bution that enhances the impact of random CDL on the direct average ICXT power at the
output of the MCF link relative to other statistical distributions [15]. The work reported in
[15] assumed that the power coupling coefficient is equal for all segments and that all
segments have the same length.

The coupling coefficients between cores in each MCF segment and the segment
lengths are also modeled as RVs. The power coupling coefficient in the i-th segment of the
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k-th span is generated uniformly in the interval h, = [1O_V”[G'BW0 ch 107 h ] , Where

ref 7
Vi sets the maximum variation, in dB, of the power coupling coefficient relative to the
reference case hirr. The length of the i-th segment of the k-th span is generated uniformly

in the interval Li/k = [(1—AL)-me,(1+AL)~me:| , where A sets the maximum frac-

tional variation of the segment length relative to the reference case Lrs. This approach to
study the effect of the segment length randomness on the direct average ICXT power fol-
lows the idea presented in [19] for studying randomly variable map lengths in dispersion-
managed links. We also assume that the random effects in each segment are considered
independent of the random effects of other segments.

The MCF segments are interconnected by splices created during the construction of
the MCF link. At each splice point, the matrices Cix (withi=1, ..., Nv— 1 and k=1, ..., Ns)
in Equation (1) are given by [16] the following equation:

77 i i
CI’k — { 11,0k 7712, K } (5)

nZl‘i‘k 7722.i,k
where 7k (With c=1 or 2) defines the loss of the splice point for core ¢ in the i-th segment
of the k-th span and ik (with ¢’ # ¢) defines the mode coupling between the two cores at
the i-th splice point of the k-th span. The splice loss difference definition considered in [16]
can be used to set the loss of each splice point. Additionally, the matrices Cix in Equation
(5) are typically diagonal matrices, since the ICXT caused by mode coupling at the splice
point is usually low when compared to the MCF-induced ICXT [16].

An investigation regarding how random splice loss affects the direct average ICXT
power in long-distance transmission was performed in [16,17]. Due to its high magnitude,
splice losses may dominate the ICXT power enhancement and may conceal the impact of
the coupling coefficient randomness and segment length randomness on such enhance-
ment. To avoid this situation, in the remainder of this work, we consider that the splices
have equal losses in the two cores and along the long-haul MCF link.

After Nkt MCF segments, an ideal MC-OA perfectly compensates the optical loss in
each core. As the main goal of this work is to study the effect of concatenating arbitrary
MCEF segments on the direct average ICXT power, the noise of the amplifiers is neglected.
The gain of each core is equal to the overall loss of the k-th span, with the diagonal matrix
Toax in Equation (1) defined by

Nk
exp(Z:i:1 al,z’,kLi,k) 0

T, = N, , withk=1, ..., Ns (6)
0 exp (Zizl az,i/kLi,k )

where the mode coupling in the MC-OAs is assumed to be negligible in comparison with
the ICXT induced by the MCF.

At the output of the long-haul MCF link with total length Lt the optical power in
each core is calculated using

out,1,N¢

in,1,1
- T0A,Ns TNNS ,NSCNNS -1N, < Cin T ”'TOA,lTNl ,1CN1 1,1 = CaTa |: } )

s s
out,2,N_ in,2,1

The direct average ICXT power, XTui, in core ¢ (with c=1 or 2), after Ns spans, at the
output of the long-haul MCF link is obtained by [14] the following equation:

xt, -p, (L,)/P,.(L,) (8)

where the coupled power Peouc(Lwot) at the long-haul link output for core c is obtained from
PoutcNs, as given by (7), by injecting power Pine,1 at the link input in the other core (with ¢’
# ), and the signal power Psig(Ltt) is obtained from Poucns, by setting the power coupling
coefficients in each segment to zero [14].
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3. Numerical Results and Discussion

In this section, the statistical dependence of the direct average ICXT power at the
output of the long-haul uncoupled MCF link on concatenating arbitrary MCF segments
with random CDL, segment length, and power coupling coefficient is assessed. Monte
Carlo (MC) simulation is used to characterize these statistical dependences. In each itera-
tion of the MC simulation, one realization of the long-haul MCF link is composed of MCF
segments with different characteristics that depend on the statistical distributions consid-
ered for the RVs, ac,ik, hix, and Lix.

All results presented in this work are obtained for the simulation parameters shown
in Table 1. The same power is considered at the input of the two cores. The total link length
is 2000 km. The link has 20 MCF spans, each 100 km long. An equal number of segments
in each span is considered. The reference segment length is 2 km. The attenuation coeffi-
cients a.ik are generated in the interval [acmin, atemar] dB/km to obtain a maximum loss core
imbalance of 0.08 dB/km. The reference coupling coefficient is set to reach the average
ICXT level of hreLit=-30 dB at the output of the 2000 km long link. This average ICXT
level maximizes the spectral efficiency in uncoupled MCF repeated coherent systems with
span lengths of around 100 km [3].

Table 1. Simulation parameters considered to obtain the numerical results.

Simulation Parameter Variable Value
Power at the link input for core 1 Pin1a 1 mW
Power at the link input for core 2 Pin21 1 mW
Total link length Lot 2000 km
Number of spans N 20
Span length Lsk 100 km
Reference number of segments in each span Nk 50
Reference segment length Lies 2km
Maximum fractional variation of the segment length AL 0.25
Minimum loss coefficient for core ¢ Qe,min 0.15 dB/km
Maximum loss coefficient for core ¢ Qte,max 0.23 dB/km
Reference coupling coefficient ref 5x1019m™!

Figure 2 shows the PDFs of the direct average ICXT power obtained with random
CDL, considering a) random segment lengths Lix (and constant power coupling coeffi-
cient, hrf, along the MCF link); b) random power coupling coefficients, hix, with Vi =3 dB
(and constant segment length, Lrs=2 km); and c) random power coupling coefficients, hix,
with Vi =6 dB (and constant segment length, Lf = 2 km). Gaussian PDFs with the same
mean and standard deviation as the ones obtained by simulation are also shown in Figure
2. As a Gaussian PDF has null excess kurtosis, the excess kurtosis «t is also shown in Fig-
ure 2 to quantify how much an estimated PDF is close to the Gaussian shape [20]. As a
reference, with random CDL only, i.e., with Vi = 0 and Ar = 0, the PDF mean, standard
deviation, and excess kurtosis are, respectively, 4 =1.01 x 103, 0 =2.41 x 105, and x&=1.27
x 102 [15]. Each PDF shown in Figure 2 is obtained with 10¢ iterations of MC simulation
of the long-haul MCF link. In each iteration, one MCF link realization is created with seg-
ments that have random characteristics. For that link realization, the direct average ICXT
power is obtained at the MCF link output from Equation (8). Considering all MC realiza-
tions, a histogram of the direct average ICXT power is built, from which the PDF is calcu-
lated, and the corresponding mean, standard deviation, and excess kurtosis are obtained.

Figure 2a shows that the randomness of the segment length does not significantly
affect the direct average ICXT power, leading to a similar PDF (mean, standard deviation,
and excess kurtosis) as the PDF obtained considering only the CDL randomness. Figure
2b,c show that the power coupling coefficients randomness increases the mean and stand-
ard deviation of the direct average ICXT power in comparison with the PDF shown in
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Figure 2a obtained for a constant coupling coefficient. For V4=6 dB, the mean increases by
2.9 dB, and the standard deviation increases by 3.9 dB relative to the mean and standard
deviation obtained with constant ier=5 x 100 m! (V=0 dB) in Figure 2a. The Gaussianity
of the PDFs is not particularly affected by the randomness of the power coupling coeffi-
cients, as the excess kurtoses shown in Figure 2 are very similar.
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Figure 2. PDFs of the direct average ICXT power (in linear units) obtained with random CDL: (a)
random Lix, (b) random hix with Vi=3 dB, and (c) random hix with V=6 dB. The Gaussian PDFs are
obtained with the mean p and standard deviation ¢ estimated by simulation. The excess kurtosis
is also shown.

Figure 3a—d show, respectively, the mean p, standard deviation o, relative spread
o/u, and excess kurtosis «t of the direct average ICXT power as a function of the link length
for different scenarios concerning the randomness of the segment length and the power
coupling coefficient. Three scenarios are considered: i) random Lix (with constant hix equal
to hry); i) random hix (with constant Lix equal to Lry) with V=3 dB, 6 dB, and 10 dB; and
iii) random Likx and hix with V=10 dB. Random CDL is considered in all scenarios. For
each scenario, 107 iterations of MC simulation of the long-haul MCF link are required to
obtain stabilized values of the excess kurtosis.

Figure 3a shows that the mean of the direct average ICXT power is practically inde-
pendent of the randomness of the segment length for the variation between [1.5, 2.5] km
considered for Lik. This is concluded from the overlapping of the curves corresponding to
the mean obtained with random Lix (‘o’symbols) and the mean obtained with random
CDL only (‘+ symbols). Hence, it can be concluded from Figure 3a that the mean practi-
cally depends only on the power coupling coefficient randomness, growing for higher Vi,
since the power coupling between the two cores is enhanced for higher hix. For Vi=6 dB (
‘¥ symbols), the mean of the direct average ICXT power practically doubles after 2000
km, relative to the case of random CDL only. For V=10 dB, the mean reaches 5 x 103 (-23
dB) after 2000 km. In Figure 3a, considering the coupling coefficient randomness, and
since Ns spans of equal length have been assumed, we have concluded that the mean is

approximated well by =N u, where u stands for the mean of the direct average
ICXT power at the output of the first span [15]. At the output of the first span, the mean
v, [dB]/10 +10 ] . hn,fL

-V, [dB]/10

can be estimated well by x =[10 / 2. The solid lines shown in

5,1
Figure 3a show the results obtained with this analytical approximation for V=0, 3, 6, and
10 dB (violet, red, blue, and green lines, respectively) and are very close to the correspond-
ing numerical results (represented by the symbols with the same corresponding colors).
It is important to also notice that in Figure 3a, for Vi=10 dB, the curves obtained with
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random Lix and hix (symbols “*") and obtained with random hix (symbols ‘x") are superim-
posed.

Figure 3b shows that the standard deviation of the direct average ICXT power grows
with the power coupling coefficient randomness since the coupled power increases for
higher hir. For Vi=6 dB, the standard deviation of the direct average ICXT power almost

triples after 2000 km, relative to the case of random CDL only. Further inspection of the

results revealed that the standard deviation varies with the number of spans o =N 2/201 ,

where o, stands for the standard deviation of the direct average ICXT power at the out-

put of the first span. This behavior has also been observed in [15], with only random CDL
generation. As for the mean, the impact of the randomness of the segment length is prac-
tically negligible on the standard deviation in comparison with the scenario of random
CDL only.
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Figure 3. (a) Mean y, (b) standard deviation o, (c) relative spread o/, and (d) excess kurtosis ke of
the direct average ICXT power (in linear units) as a function of the link length while considering
random segment length, Lit, random power coupling coefficient, hix, with Vi=3 dB, 6 dB, and 10 dB;
and random Lik; and random ik, with V=10 dB. Random CDL is considered in all scenarios.

Although the power coupling coefficient randomness increases the mean and stand-
ard deviation of the direct average ICXT level, Figure 3c,d show that the relative spread
and the excess kurtosis are marginally affected by the randomness of hix (and also Lix),
particularly for long link lengths. The relative spread determines the excess of direct av-
erage ICXT power induced by the random effects between segments relative to the case
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without randomness. The definition of the excess of direct average ICXT power is given
by [15] the following equation:

AXT, [dB]=10log, (1+ko/u) )

where k sets the range of variation of AXTuir. Considering k =3 in Equation (9) (correspond-
ing to the 30 rule of thumb), 99.7% realizations of the long-haul MCF link have direct
average ICXT power in the range [u — 30, u + 30], and half of them lead to AXTur > 0 dB.
In Figure 3c, as for shorter link lengths the relative spread is higher, the excess of direct
average ICXT power is also higher. For a 100 km link length, AXTur = 1.496 dB (01/p1 =
0.1371), for random hix and Vi =10 dB, and AXTuir = 1.21 dB (01/u1 = 0.1070), for random
CDL only. Considering only random #ix, for a 100 km link length, there is an increase of
only 0.26 dB of excess ICXT power, relative to the case of random CDL only. As the relative
spread approaches zero for longer link lengths, the excess of the direct average ICXT
power is also reduced with the increase in the link length. For a 2000 km long link, AX Tair
=0.38 dB (0/u = 0.0306), for random hix and Vi =10 dB, and AXTuir=0.33 dB (0/u = 0.0263)
for random CDL only. In the results shown in Figure 3c, it can be concluded that the excess
of direct average ICXT power, for links with Ns equal length spans, can be estimated well

by knowing the relative spread at end of the first span, o, / 4, even in the presence of

coupling coefficient randomness and segment length randomness.

In Figure 3d, with the increase in the link length (a higher number of concatenated
segments), the excess kurtosis decreases and approaches zero, meaning that, for longer
link lengths, the PDFs of the direct average ICXT power become more Gaussian-distrib-
uted [15]. In these cases, the number of MCF segments is sufficiently high to meet the
central limit theorem. For shorter link lengths (a lower number of concatenated MCF seg-
ments), as the excess kurtosis is farther away from zero, the PDFs are less Gaussian [15].
The Gaussian behavior variation with the link length seems to be tied to the behavior of
the relative spread of the direct average ICXT power with the link length. For longer link
lengths, lower relative spreads are observed for more Gaussian PDFs. For shorter link
lengths, the lower Gaussianity of the PDFs leads to higher relative spread.

Figure 4a,b show, respectively, the mean and standard deviation of the direct average
ICXT power as a function of the link length, considering the randomness of CDL and of
the power coupling coefficient with V=3 dB and 6 dB. The shaded areas represent the
variation of the mean and standard deviation, considering random CDL, but with con-
stant (deterministic) hix along all MCF segments. The boundaries of the shaded area cor-
respond to the minimum and maximum coupling coefficients of, respectively, hix=2.5 x
10 m™ and hik=1 x 10 m™, for V=3 dB (red area), and to the minimum and maximum
coupling coefficients of, respectively, hix=1.25 x 1010 m and hixr=2 x 10 m™" for V»=6 dB
(blue area).

Figure 4 shows that the randomness of the coupling coefficient along the MCF seg-
ments leads to a reduction in the mean and standard deviation of the direct average ICXT
power (lines with symbols) relative to considering a constant hix with the maximum value
(upper bound of the shaded areas). Hence, in Figure 4, it can be concluded that the arbi-
trariness of the MCF segments concatenation may reduce the power coupling coefficient
impact on the direct average ICXT power relative to MCF links with a constant coupling
coefficient. This advantage provided by the random concatenation of MCF segments with
different characteristics has been also observed in numerical studies when only consider-
ing the impact of random CDL on the direct average ICXT power in MCF links [15] and
in field experiments with concatenated MCF segments with common characteristics but
fabricated by different manufacturers [18].
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Figure 4. (a) Mean p and (b) standard deviation o of the direct average ICXT power (in linear units)
as a function of the link length for hr=5 x 1071 m™!, considering random power coupling coefficients,
hix, with Vi=3 dB and 6 dB. The shaded areas represent the variation of the mean and standard
deviation, considering random CDL but constant hix along all MCF segments, with boundaries de-
fined by hix=[2.5 x 107%, 1 x 10°] m™! (red area) and hix=[1.25 x 107%, 2 x 10°] m™! (blue area).

4. Conclusions

This work assessed the effect of concatenating arbitrary MCF segments with different
characteristics on the statistical behavior of the direct average ICXT power in long-haul
uncoupled MCF links. The impact of the randomness of segment length, coupling coeffi-
cient, and CDL on the PDF, mean, standard deviation, relative spread, and excess kurtosis
of the direct average ICXT power was studied.

We concluded that the randomness of the segment length does not significantly affect
the direct average ICXT power, leading to a similar PDF (mean, standard deviation, rela-
tive spread, and excess kurtosis) as the one obtained while considering only the CDL ran-
domness. The randomness of the power coupling coefficient of the MCF segments can
lead to a significant increase in the mean and standard deviation of the direct average
ICXT power since more optical power is coupled between cores. For Vi=6 dB, the mean
almost doubles, and the standard deviation almost triples, relative to the case of random
CDL only, for 2000 km long links. However, the effect of the coupling coefficient random-
ness on the relative spread is reduced relative to the case of the constant coupling coeffi-
cient (and random CDL). For 100 km long links, it leads to an excess of direct average ICXT
power increase of only 0.26 dB. For longer links, this increase is even less significant. The
coupling coefficient randomness does not significantly affect the nearly Gaussian distri-
bution PDF observed for a sufficiently high number of concatenated MCF segments.
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