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Abstract—We investigate the impact of mode-dependent loss
(MDL) on the statistics of the signal-to-noise ratio (SNR) in
coupled-core multi-core fiber (CC-MCF) systems. Through nu-
merical simulations, we present an in-depth analysis of the impact
of MDL on received amplified spontaneous emission (ASE)
noise and nonlinear interference (NLI), as well as their joint
contribution to the SNR. We show that MDL induces different
statistics on the two noises and discuss the differences with single-
mode polarization-dependent loss. Moreover, we investigate the
impact of spatial mode dispersion (SMD) on the MDL-induced
impairment, offering insights on their joint effects on ASE and
NLI.

Index Terms—Space-division multiplexing, multi–core fibers,
mode-dependent loss, nonlinear interference.

I. INTRODUCTION

OPTICAL communication systems implementing space-
division multiplexing (SDM) have the benefit of lever-

aging multiple light paths to increase capacity compared
to standard single-mode fiber (SMF). Multi-core and multi-
mode fibers, or combinations of the two, are common SDM
options [1]. However, depending on the fiber design, the spatial
paths may experience significant crosstalk, causing the signals
propagating in each spatial path to become evenly mixed [2],
[3]. This coupling regime occurs in multi-core fibers with
narrow core separation, known as coupled-core multi-core
fibers (CC-MCFs), and within mode groups of multi-mode
fibers.
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In the case of CC-MCFs, a multiple-input multiple-output
(MIMO) equalizer is required to remove linear crosstalk
and untangle the signals. Nevertheless, the strong coupling
among the cores is beneficial in reducing the accumulation
of impairments during propagation, such as spatial mode
dispersion (SMD), mode-dependent loss (MDL), and nonlinear
interference (NLI) [4]. The slower accumulation rate of SMD
[5], ps/

√
km rather than ps/km, is of particular relevance to

reduce the complexity of the MIMO in terms of a reduced
number of taps [6]. As a result, CC-MCFs have consistently
shown the potential of achieving ultra-high data rates [7]–[11],
also in deployed conditions [12], ultimately reaching the order
of petabits per second [13].

The reduction of the accumulated MDL is an important
factor at system level, as MDL is a major source of im-
pairment limiting system capacity [14]–[16]. Mode-dependent
loss refers to the different random losses/gains experienced by
the polarizations and spatial modes propagating in the optical
system [2], and it generalizes the concept of polarization-
dependent loss (PDL) in single mode fibers to the multi-
dimensional scenario of SDM. Sources of MDL span from
optical fibers to multiplexers, amplifiers, and other optical
devices [17]–[20], rendering essential a characterization of
the link MDL for effective system design and operation [21],
[22]. Contrary to mode dispersion, MDL cannot be completely
removed by digital signal processing (DSP) [23]. For instance,
even with zero-forcing equalization with perfect channel state
information, MDL remains on the detected noises. In fact, as
both amplified spontaneous emission (ASE) noise introduced
by the amplifiers and the fiber NLI arise distributed along the
link, they accumulate a different amount of MDL compared
to the signal. As a consequence, MDL degrades the signal-to-
noise ratio (SNR) and makes it a random variable inducing
outage events on the system performance.

For these reasons, evaluating the impact of MDL on the
system performance is crucial, and it has been the focus of
several studies [6], [14], [15], [24]–[30]. However, in these
studies, the NLI has been either neglected or treated as
unaffected by MDL. Nevertheless, similar single-mode studies
highlighted significant differences between the impact of PDL
on the linear and nonlinear noise [31]–[33].

In this work, which extends our preliminary study in [34],
we bridge this gap by investigating the impact of MDL and
SMD on both ASE and NLI, thereby providing a comprehen-
sive comparison of their impact on SNR statistics. Exploiting
numerical split-step Fourier method (SSFM) simulations, we
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study the MDL-induced statistics of the linear and nonlinear
noise individually, to highlight the differences between the two
noises. We first carry out the simulations in the absence of
SMD, to focus solely on the effect of MDL. Then, we consider
a more comprehensive scenario where both MDL and SMD
impair the system, and we estimate the statistics of the SNR
in different conditions.

The numerical approach adopted in this work offers signifi-
cant insights into the impact of MDL on system performance,
which are often hidden in the experiments. Furthermore, it
allows to extend the analysis to the nonlinear regime in SDM
links, which remains largely unexplored experimentally. How-
ever, the SSFM’s numerical effort is significant, as it requires
many runs to adequately sample the SNR statistics. For this
reason, analytical or semi-analytical models are extremely
useful in reducing the computation times in practical scenarios.
In this paper, we also adapt the PDL-GN model, which was
first published in [33] to study the impact of PDL on the NLI in
SMF, to the case of CC-MCFs in a simplified scenario without
SMD. This extension proves itself accurate against numerical
simulations.

The paper is structured as follows. Section II provides an
overview of MDL in optical systems based on CC-MCFs, of-
fering comparisons with single-mode PDL. Section III focuses
on the impact of MDL on the statistics of the SNR, with
and without mode dispersion. Finally, Section IV presents our
conclusions.

II. MDL IN CC-MCF SYSTEMS

The accumulation of MDL in an MCF-based link can be de-
scribed through a waveplate model by generalizing the single-
mode theory [36] to 2N dimensions [2], with N accounting
for the number of cores and the factor 2 for polarization
degeneracy. We divide the link into the concatenation of K
independent sections. A section describes the MDL accumu-
lated in a segment of the optical fiber or within an optical
device, like an amplifier or a switch. Mode-dependent loss
couples the 2N polarizations through a matrix M(k), whose
singular value decomposition (SVD) can be expressed as:

M(k) = e
1
2 g

(k)

V(k)Λ(k)U(k)†, k = 1, . . . ,K (1)

where V(k) and U(k) are 2N × 2N random unitary ma-
trices representing random mode coupling at the beginning
and end of the section, and the dagger denotes Hermi-
tian conjugate. The uncoupled propagation of the field in
each section is described by the diagonal matrix Λ(k) =

diag[e
1
2 g

(k)
1 , . . . , e

1
2 g

(k)
2N ], where the gains satisfy

∑
i g

(k)
i =0,

as we factored out the average MDL g(k) in (1).
The matrix M modeling the system MDL is given by the

concatenation of the K section matrices, namely:

M = M(K) · · ·M(2)M(1) = VΛU† (2)

with Λ = diag[e
1
2 g1 , . . . , e

1
2 g2N ], where we define the system

MDL by the factors gi, i = 1, . . . , 2N, which are the logarithm
of the squared singular values of the total transfer matrix M,
or, equivalently, the logarithm of the eigenvalues of the MDL
operator MM† = V (Λ)

2
V† [14], [24].
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Fig. 1. Probability density function of the system MDL expressed in dB.
Results obtained from 104 random realizations of the MDL transfer matrix,
built by concatenation of K = 256 sections. Top: single core. Bottom: four
strongly coupled cores. Squares: distribution of a randomly-picked singular
value of M. Dots: marginal distribution of the 2N order statistics. Solid lines:
expressions from [14].

Equation (1) can be generalized to include mode dispersion.
In this case, in the Fourier domain, the generic ith element
on the main diagonal of the matrix Λ(k) becomes frequency-
dependent and equal to e

1
2 g

(k)
i −jωτ

(k)
i , with τ

(k)
i the time

delay experienced by the i-the space and polarization mode
in section k, and ω the angular frequency shift. In the case
of lumped MDL, the total matrix in (2) is a concatena-
tion of frequency-independent MDL matrices and MDL-free
frequency-dependent fiber sections introducing mode disper-
sion.

Due to the random nature of each section, the system
MDL impairing the polarizations is a random variable, whose
distribution has been studied and approximated analytically
both in SMF [37] and MCF [14] transmissions.

To better understand the differences between the single-
core and multi-core scenarios, we implemented the previously
described waveplate model to numerically estimate the prob-
ability density function (PDF) of the MDL in the two cases.
Similar to [2], we considered a transmission along K = 256
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sections with the same matrix Λ(k) in each section, with
g
(k)
i = (−1)iσg . The value of σg was set to 0.014 in the four-

core, and adapted to 0.0076 in the single-core case, in order to
investigate both cases at the same MDL-induced reduction in
average spectral efficiency per mode [24]. We verified that the
adopted number of sections was sufficient to correctly capture
the MDL statistics. We collected 104 random realizations
of the MDL transfer matrix, and, for each realization, we
estimated the system MDL from its singular values. Figure
1 shows with square markers the PDF of a randomly selected
singular value of M, i.e., the mixture distribution. The dotted
PDFs refer to the 2N singular-values order statistics, i.e.,
the smallest (leftmost) up to the largest (rightmost) singular
values. The top figure refers to a single core while the bottom
to four strongly-coupled cores.

In the single-core case, the two marginal PDFs in Fig.
1(a) refer to the smallest and largest singular value, which,
depending on the specific realization, can impair either the x
or y polarization. Therefore, as one polarization gains power,
the other is attenuated, resulting in a clear difference between
the best and worst polarization. Figure 1(a) also shows that
the numerical PDF of the MDL agrees with the analytical
two-sided Maxwellian distribution (solid line) [37].

In the multi-core case, due to the strong coupling among
space and polarization modes, the PDF of the MDL exhibits
a different shape compared to the Maxwellian distribution ob-
served in the single-core case. Namely, the mixture distribution
has a multimodal distribution with 2N=8 peaks, in agreement
with the analytical expression reported in [14] (solid line),
and the experimental measurements shown in [38]. It is worth
noting that the dotted PDFs refer to the singular-value order
statistics and not to the individual polarizations in the cores.
As a consequence, the two polarizations of a given core may
not have symmetric PDFs as in the SMF case, and they may
both experience a gain or a loss.

Despite the useful insights provided by the MDL PDF, at a
system level the MDL is often quantified in terms of standard
deviation σMDL of the generic element gi, i = 1, . . . , 2N ,
or mean peak-to-peak MDL [22], [28]. The latter metric is
defined as the mean of the 10log10(·) of the ratio between the
maximum and minimum squared singular values of the system
matrix M [14]:

⟨MDLdB⟩ =
〈
10log10

(
e(gmax−gmin)

)〉
(3)

=4.343 ⟨(gmax − gmin)⟩

with ⟨·⟩ denoting ensemble averaging.

III. IMPACT OF MDL ON THE SIGNAL-TO-NOISE RATIO

Assuming ASE and NLI as independent additive noises, the
SNR of a generic frequency channel in a given core can be
conveniently expressed as:

1

SNR
=

Nx +Ny

Px + Py
=

1

SNRASE
+

1

SNRNLI
(4)

where Nx,y and Px,y represent the noise and signal power in
the x and y polarization. SNRASE and SNRNLI are the linear
and nonlinear SNR accounting only for ASE or NLI as a

Fig. 2. Schematic MDL accumulation in a two-span optical system with
lumped MDL and zero-forcing linear equalization. A: signal. wi and ni:
ASE noise and perturbative NLI, respectively, arising in the ith span.

source of noise, respectively. The presence of MDL changes
the ASE and NLI power as they accumulate MDL differently
compared to the signal. This concept is sketched in Fig. 2, for
the simple case of a two-span system with lumped MDL at
each span end. The figure highlights that, contrary to the ASE
noise wi, the NLI ni arising in the ith span depends on the
signal A and, thus, on the MDL at previous coordinates. Such
dependency is a key factor that distinguishes the two types
of noise. It is represented in the figure through the nonlinear
operator N (A) which, under perturbative assumptions, can be
reasonably approximated by a multilinear (cubic) map of the
individual signal frequencies entering the span [39], [40].

To investigate the different impact of the residual MDL on
ASE and NLI after signal equalization, we focused on three
scenarios: i) only ASE, ii) only NLI, iii) ASE + NLI. We con-
sidered the transmission of independent wavelength-division
multiplexed (WDM) signals in each core of a 10 × 100 km
optical link based on CC-MCFs with N=4 cores and lumped
MDL after each span. Fiber propagation was implemented
using SSFM simulations solving the Manakov equation for
CC-MCFs [4]. The fiber under test had core-independent at-
tenuation 0.2 dB/km, chromatic dispersion 17 ps/(nm·km), and
nonlinear coefficient 1.267/N = 0.3167 1/(W·km). The fiber
SMD coefficient varied depending on the system configuration.
The amplifiers had frequency flat gain of 20 dB and noise
figure equal to 6 dB.

To emulate the MDL introduced by an amplifier, we placed
an MDL element at each span end, as shown in Fig. 3.
The MDL element was modeled by cascading a frequency-
independent matrix, as described in Sec. II, and a noiseless
amplifier equalizing the mode-averaged loss. Each MDL el-
ement had peak-to-peak MDL of 1 dB (σ2

g = 0.015, with
g
(k)
i = (−1)iσg), yielding a link peak-to-peak MDL of 4.8

dB according to (3). Following the observations in [5], we ne-
glected the MDL induced by the optical fiber, focusing instead
on the larger MDL contributions from optical components.

We considered the transmission of a WDM signal composed
of five dual-polarization channels per core, with a symbol rate
of 64 Gbaud and channel spacing of 75 GHz. We transmitted
sequences of 65536 complex Gaussian distributed symbols,
well above the number required by the maximum channel
walk-off, to improve the accuracy of Monte Carlo estimations.
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Fig. 3. Sketch of the transmission under test. Five dual-polarizarion WDM
channels transmitted in each core of 100-km four-core CC-MCFs. The MDL
is applied at span end, with the last amplifier recovering the mode-averaged
loss. After ten identical spans, ideal equalization of the linear effects and
coherent detection are performed, and the SNR of the channel under test is
estimated for each MDL realization.

The dual-polarization power Px + Py of each WDM channel
power was set to 5 dBm, corresponding to the nonlinear
threshold value maximizing the SNR in the absence of MDL
and SMD.

At the receiver, we optically compensated all linear effects
accumulated during propagation by inverting the channel
transfer matrix. After the detection of the dual-polarization
channel under test (CUT) and compensation of the average
phase rotation accumulated during fiber propagation, we es-
timated the CUT SNR from the received constellation. As
depicted in Fig. 3, the CUT was the central WDM channel
of core 1. We analyzed a single core to facilitate comparison
with SMF. The statistical equivalency of the remaining cores,
and the core-averaged SNR behavior, is discussed in the next
section.

Mode dispersion, when present, was implemented with the
waveplate model of the optical fiber described in Sec. II
with 100-m long waveplates. For each configuration of link
parameters, the step was updated with the constant local error
criterion [41]. The initial step was halved until ten seeds of
the detected SNR reached saturation within 0.05 dB after the
first 100-km span, ranging from 500 m to 125 m depending
on the scenario under test.

In the absence of SMD, we also adopted the semi-analytical
Gaussian noise (GN) model in [33] to estimate the PDF of
the SNR. Although this model was originally proposed and
validated for single-mode transmissions in the presence of
PDL, thanks to the strong coupling among the cores, it can
be applied as well in our scenario by adapting it to a higher
dimension of 2N space and polarization modes.

A. SNR statistics without mode dispersion

As a preliminary investigation, we studied the SNR statistics
in the absence of SMD, which is more representative of SMF
transmission rather than CC-MCF. Figure 4(a) shows, for the
CC-MCF, the PDF of the SNR in the three cases under test,
i.e., linear, nonlinear, and total SNR. We normalized the SNR
to its mean value to ease the comparison among the three
distributions, namely:

∆SNR [dB] ≜ SNR [dB]− ⟨SNR [dB]⟩ . (5)

Markers indicate results from SSFM simulations, while solid
lines represent semi-analytical estimations provided by the
PDL-GN model [33]. The model and the SSFM results are
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Fig. 4. PDF of ∆SNR, i.e., SNR deviation from its mean, for the three cases
under test in the absence of SMD. Top (a): core 1 of a four-core CC-MCF,
peak-to-peak MDL of each amplifier equal to 1 dB. Bottom (b): SMF, peak-
to-peak PDL of each amplifier equal to 0.5 dB. Markers: PDF estimated from
SSFM results. Solid lines: PDL-GN model [33] results. Channel power set to
maximize the SNR, in the absence of MDL, in both setups.

remarkably in agreement with each other. However, it is worth
noting that we simulated 500 realizations with SSFM owing to
the computational complexity, while the semi-analytical model
performed substantially faster, allowing us to test 106 seeds.

The different distributions of the linear and nonlinear SNR
reported in the figure indicate different interactions of MDL
with the NLI and ASE noise. In particular, the figure shows
that the MDL causes greater random variations in the linear
SNR compared to the nonlinear one. This observation is in
contrast with the results reported in the literature for SMF
transmissions [32], [33]. To explore this discrepancy, we
performed simulations with SMF fibers as well. The lumped
peak-to-peak MDL (here PDL) of each element was set to
0.5 dB. This choice ensures the same MDL-induced reduction
in average spectral efficiency per mode, in the linear regime,
for both the SMF and CC-MCF [24]. The channel power was
decreased to its optimal value equal to 3 dBm. Figure 4(b)
shows, for the SMF, the PDFs of the linear, nonlinear, and
total SNR obtained with numerical simulations and the semi-
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Fig. 5. Markers: deviation from the mean of the per-polarization SNR of
the core under test in different random realizations, in the linear (a) and
nonlinear (b) case. Dashed line: average between polarizations. Estimations
obtained with the semi-analytical PDL-GN model.

analytical model.
Comparing the distributions in Fig. 4, it is evident that the

PDFs of the SNR in the CC-MCF link exhibit less skewness
compared to the SMF case, both in linear and nonlinear
regime. A qualitative explanation of this difference can be
obtained by noting that the PDFs of the ordered singular values
of the MDL matrix M (the dotted curves in Fig. 1) in turn
exhibit less skewness in the MCF case compared to the SMF.

Another important difference emerging from the comparison
between the PDFs in Fig. 4 is the smaller standard deviation in
the SMF case, compared to the multi-core case. To gain insight
into this difference, we start by analyzing the linear SNR, that
is SNRASE. Figure 4 shows that the SMF case has a smaller
standard deviation than the CC-MCF by a factor of 8.6. The
narrower PDF in the SMF case can be explained considering
the differences in the distributions of the MDL singular values
in Fig. 1. While the single-mode PDL increases the ASE power
in one polarization, it depletes the other following a symmetric
bimodal distribution. As a confirmation of this phenomenon,
Fig. 5 (a) shows that the SNRASE deviations from the mean
exhibit antithetic behavior in the two polarizations, leading
to a fairly steady zero polarization-averaged value across
realizations (dashed line). As a consequence, the PDFs of
the linear SNR of the best- and worst-performing polarization
exhibit antithetic tails, as shown in Fig. 6(a). In contrast, in the
CC-MCF case, all the cores are mixed together, resulting in
no compensation between the polarizations within each core,
as anticipated in Sec. II. Consequently, the linear SNR of
the two polarizations in a given core may both decrease or
increase. This lack of mutual compensation gives rise to a
non-zero polarization-average ∆SNR, as shown in the bottom
panel of Fig. 5(a). As a result, the PDFs of the best and worst
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Fig. 6. PDF of linear (a) and nonlinear (b) SNR of the best and worst
polarization of the core under test, for the same scenario of Fig. 4, obtained
with the model in [33]. Solid lines: four-core CC-MCF. Dashed lines: SMF.

polarization in core 1 have comparable shapes.
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Fig. 7. Top: PDF of linear and nonlinear SNR of each core of the CC-MCF
fiber (solid) and core-averaged SNR (dotted). Bottom: PDF of the SNR of
the best and worst polarization among all the cores.

In the nonlinear regime, the SNRNLI deviations of the best
and worst polarization in one core do not average to zero in
each realization, as shown in Fig. 5(b). This can be attributed
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km link of MCF with four coupled cores, and peak-to-peak MDL of each amplifier equal to 1 dB. Fiber SMD coefficient equal to: 0 (dots), 2 (crosses), and
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√
km. Transmitted WDM signal: five channels spaced 75 GHz with symbol rate equal to 64 Gbaud and power 5 dBm.

to the different characteristics of the NLI compared to the ASE
noise. In particular, it is worth noting that the self- and cross-
phase modulation contributions (SPM and XPM, respectively)
to the NLI represent a scalar impairment which, despite the
MDL-induced unbalances, is common to all polarizations [32]
and depends on the total power across the cores. As a result,
the nonlinear SNR of the best and worst polarization exhibit
comparable, although shifted, distributions, as shown in Fig.
6(b). In the SMF case, this leads to a wider PDF of the non-
linear SNR compared to the linear case, where the symmetry
between the two polarizations allows for mutual compensation
thus mitigating the SNR fluctuations. Conversely, in the MCF
case, where such a symmetry is absent at a core level even
in the linear regime, the total power dependence of the NLI
effectively renders the nonlinear SNR PDF narrower than the
linear one. It is worth noting that, as explored in [34], this
behavior persists even when comparing the two scenarios at
the same value of MDL and PDL. Additional simulations
further confirmed that these findings extend beyond the four-
core scenario.

For completeness, Fig. 7 shows the PDF of the linear and
nonlinear SNR of each core of the CC-MCF, as well as the
PDF of the core-averaged SNR. It can be seen that, thanks
to the strong linear mixing, all the cores are statistically
equivalent, although not independent. The bottom panel of
the figure shows that, when evaluated across all the coupled
cores, the PDFs of the worst- and best-performing polarization
exhibit antithetic tails in the linear regime. This behavior is
consistent with theSMF case, resulting in vanishing deviations
of thecore-averaged SNR reported in the top panel. On the
contrary, the PDF of the core-averaged nonlinear SNR is
similar to that of the per-core case due to the absence of
compensation among the MDL-induced deviations.

For the sake of comparison, we tested the GN model
under quasi-distributed scenario where the per-span MDL
was distributed across the fiber length through an increasing
number of MDL elements, while keeping the total system
MDL constant. We observed negligible variations in the SNR

statistics with respect to the lumped case, suggesting that a
lumped MDL per span is sufficient to replicate a distributed
scenario after ten spans, thereby ensuring the generality of the
results.

The results reported in this section were obtained neglecting
mode dispersion, whose effect is to make the system MDL
frequency-dependent. Such phenomenon, often referred to as
frequency diversity [28], [42], tends to average out MDL
due to its random fluctuations across the channel bandwidth.
Nevertheless, the extent of this effect on the power of the
NLI remains unclear. Therefore, the next section will focus
on estimating the SNR statistics using SSFM simulations that
include both SMD and MDL.

B. SNR statistics with mode dispersion

To investigate the combined effect of MDL and SMD on the
SNR statistics, we repeated the SSFM simulations including
the SMD in the optical fiber and full linear impairment
compensation before detection, for the same 10×100 km link.

The PDFs of the linear, nonlinear, and total SNR of core
1 are reported in Fig. 8. The results obtained with an SMD
coefficient of 2 ps/

√
km are represented with crosses, while

squares indicate the case of 8 ps/
√

km. For comparison, we
reported in the same figure the PDFs obtained in the absence of
SMD (dots). The figure shows that, in all the cases, the SNR
distributions remain Gaussian-like in the presence of mode
dispersion. Nevertheless, the differences among the displayed
PDFs indicate that the SMD affects differently the mean and
standard deviation of the SNR in the linear and nonlinear
regime. This marks a significant difference compared to the
single-mode case, where the small value of the PMD coeffi-
cient in typical SMF fibers has negligible impact on the SNR
distribution [33].

It is important to note that our results were based on a zero-
forcing optical MIMO equalization rather than a least squares
or minimum mean square error equalizers [21], [29], [30].
To assess the impact of this technique for the setup under
test, we performed additional simulations with a least-squares
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Fig. 9. Standard deviation and mean value of the SNR as a function of the
SMD coefficient, estimated from SSFM results. Peak-to-peak MDL of each
amplifier equal to 1 dB.

digital MIMO approach finding no substantial difference in
the SNR statistics with respect to the results shown in Fig.
8. However, in low-SNR scenarios combined with high MDL,
the zero-forcing approach can lead to significant performance
degradation due to noise enhancement [21], [29].

To better highlight the role of mode dispersion in setting
the SNR statistics, in Fig. 9 we report the standard deviation
and mean value of the linear, nonlinear, and total SNR as a
function of the SMD coefficient, extending the range up to
12 ps/

√
km. Figure 9 shows that the mean SNR is affected

by mode dispersion only in the presence of fiber nonlinearity.
Namely, the nonlinear SNR increases thanks to the beneficial
effect of the SMD in mitigating the accumulation of the NLI
along the distance. Such an observation is in agreement with
the findings of [39], [43], where the effect of SMD on the NLI
was investigated neglecting the MDL.

Figure 9 also shows that the SMD is effective in reducing
the standard deviation of the linear SNR. This behavior is
due to the random SMD-induced frequency fluctuations in
the mode-dependent gains/losses, which result in a beneficial
averaging effect [6], [14], [28]. As a result, the random
deviations of the ASE noise in core 1 are reduced, leading
to the shrinkage of the linear SNR PDF shown in Fig. 8.
Such a frequency diversity phenomenon is still present in
the nonlinear noise, yet less evident. The results indicate that
the standard deviation of nonlinear SNR quickly saturates for
moderate values of the SMD coefficient.

We observed that such behavior persists for different WDM
bandwidths, by comparing simulation results obtained with
1, 5, and 21 channels. Figure 10 shows the PDF of the
nonlinear SNR, normalized to its average value, obtained with
an SMD coefficient equal to 0 ps/

√
km (left) and 8 ps/

√
km

(right). For a given SMD coefficient, the PDFs are comparable,
indicating that the inter-channel NLI (such as XPM and four-
wave mixing) has little effect on the PDF width.

To verify the generality of these findings, we extended our
analysis to a seven-core CC-MCF. We repeated the simulations
of Fig. 8, adapting the MDL value per amplifier to 1.2 dB to
match the average per-mode capacity reduction, and increased
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Fig. 10. PDF of the nonlinear SNR deviation from its mean with SMD
coefficient 0 ps/

√
km (left) and 8 ps/

√
km (right). Variable number of WDM

channels: 1 (triangles), 5 (dots), 21 (circles), with channel power 5.5 dBm, 5
dBm, and 4.6 dBm, respectively. Fixed symbol rate of 64 Gbaud and channel
spacing 75 GHz. Peak-to-peak MDL of each amplifier equal to 1 dB.

the channel power to 5.5 dBm to maximize the SNR. Figure
11 confirms that the behaviors observed for the four-core CC-
MCF persists at a higher core count, with SMD reducing the
random fluctuations in the core SNRs while increasing the
average nonlinear SNR.
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Fig. 11. PDF of linear (center), nonlinear (right), and total (left) SNR
estimated from SSFM results collecting 500 channel realizations. 10 × 100
km link of MCFs. Fiber SMD coefficient equal to: 0 (dots), 2 (crosses), and 8
(squares) ps/

√
km. Transmitted WDM signal: five channels spaced 75 GHz

with symbol rate equal to 64 Gbaud and power 5.5 dBm. Seven-core CC-
MCFs with peak-to-peak MDL of each amplifier adapted to 1.2 dB.

We next investigated the impact of the per-amplifier MDL
value on the SNR statistics at a fixed SMD coefficient of 2
ps/

√
km. Figure 12 shows the standard deviation and the mean

value of the SNR in the three cases under investigation as a
function of the amplifiers’ MDL. In particular, we note that
the standard deviation without MDL, i.e., caused by mode
dispersion alone, is negligible both in the linear and nonlinear
regimes. Therefore, despite the random nature of the SMD, the
primary cause of SNR fluctuations can be attributed to MDL.
The results also show different growth rates of the standard
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TABLE I
SUMMARY OF KEY FINDINGS ON THE PER-CORE SNR ACROSS ANALYZED SYSTEMS.

PDF of SNR MDL-induced random fluctuations SNR behavior with mode dispersion

SMF skewed std(NLI) > std(ASE) unaffected by practical values

CC-MCF symmetric std(NLI) < std(ASE)
SNRNLI:
· decreased std
· increased mean

SNRASE:
· decreased std
· unaffected mean

deviation of the two noises with the MDL magnitude. It is
worth noting that the range of MDL values tested here is in
line with measured peak-to-peak MDL values in the context
of strongly coupled systems. As an example, [18] reported an
MDL below 3 dB at 1550 nm for a seven-core CC-EDFA, [19]
showed an MDL below 2 dB for a single span of a deployed
four-core CC-MCF, and the measurements in [7] for a four-
core CC-MCF system are consistent with a per-span MDL
below 1 dB.

Figure 12 also highlights the detrimental impact of MDL
on the mean SNR, showing a decrease of nearly 2.5 dB in
the total mean SNR when each amplifier introduces 3 dB of
peak-to-peak MDL. These results show that, while MDL is
random, it eventually manifests in the detected signal as a
nearly deterministic degradation of the SNR, particularly in
the presence of SMD. These results, which include NLI, are
in line with the observations made in the linear regime [6],
[14], [27].
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Fig. 12. Standard deviation and mean value of the SNR as a function of the
peak-to-peak MDL of each link amplifier, estimated from SSFM results, with
fixed SMD coefficient of 2 ps/

√
km.

IV. COMMENTS AND CONCLUSIONS

Mode-dependent loss is one of the most relevant propaga-
tion effects that limit the capacity of SDM systems. Several
experiments have shown that different optical devices in the
link may contribute significantly to the accumulation of MDL.
Understanding this phenomenon is therefore essential for en-
hancing the capacity of SDM links. In this work, we explored

this problem from different perspectives, from an analysis of
the different implications of MDL on ASE and Kerr effect, to
an investigation on the role of SMD on the SNR statistics. We
leveraged the flexibility of a numerical analysis to isolate the
Kerr contribution, namely the NLI, and analyzed the physics
of its interplay with MDL.

The main findings of this work are summarized in Tab. I.
Our results show that the fluctuations in the per-core SNR
induced by MDL are primarily due to the interaction between
MDL and ASE rather than MDL and NLI when the system is
operated at the nonlinear threshold, contrary to what has been
observed in the literature for polarization-dependent loss in
SMFs. In addition, they revealed that the SNR predictability
is enhanced in the presence of SMD, thanks to its frequency-
averaging effect on MDL. Finally, we confirmed that SMD,
when equalized at the MIMO receiver, improves the SNR by
mitigating the Kerr effect even in the presence of MDL.

Such behaviors were observed both in a four- and seven-
core CC-MCF, suggesting a minor dependence on the core
count in the strong-coupling regime.
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