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Abstract Non-linearity buildup in dispersion-managed network sections can be severe due to the
small accumulated dispersion causing non-Gaussian signal distribution and correlation between noise
contributions. We propose a machine learning-assisted, spatially disaggregated model able to provide a
real-time and accurate non-linearity estimation in this scenario. ©2025 The Author(s)

Introduction

Nowadays, the method to transport 400 Gbps
per wavelength and beyond in optical networks
consists of dual-polarization (DP) coherent
technologies, whose propagation is optimal over
uncompensated transmission (UT) links!'l.

However, a significant number of legacy
dispersion-managed (DM) optical links, employing
IMDD channels, are still operated in metro, access,
and submarine networks. Notably, the presence
of DM-based links in submarine systems remains
non-negligible. While coherent-suited UT has
become the standard for all newly deployed
cables, enabling the routing of coherent channels
over existing DM optical cables would significantly
increase capacity and maximize operators’ return
on CAPEX investments. Numerous studies have
shown that nonlinear propagation impairments
affecting DP signals can be effectively modeled by
nonlinear interference (NLI)—a perturbation to the
linear propagation of a WDM channel comb!2H-l,
In most cases, NLI is dominated by self-channel
interference (SCI) and cross-channel interference
(XCI), caused by the channel under test (CuT)
interfering with itself (SCI) and with co-propagating
channels (XCN["MEl,  The underlying physical
phenomena enable a disaggregated analysis
of NLI, even in systems comprising mixed fiber
types!® % under UT configurations. This method-
ology allows the isolation of the contribution to
the overall nonlinear impact on the CuT from
each individual WDM channel and fiber span,
achieving both spectral and spatial disaggregation,
while an independent effect is caused by the
Gaussianization of the signal constellation('"]
induced by dispersion accumulation, which
leads the GN model to overestimate the NLI.
However, this effect is small in UT links due to the
large accumulated dispersion. In DM links, the
low level of accumulated dispersion—resulting
from the use of inline dispersion compensation
units (DCUs)—triggers correlation among NLI
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Fig. 1: Example of XCI per-span modeling for a generic
interfering channel: Gaussianization is represented by the gap
between the green curves, while coherency is indicated by the

displacement between each green, pure-XClI curve and its
corresponding coherent-XCl curve.

generated by different fiber spans. This introduces
spatial memory effects that disrupt the assumption
of spatial disaggregation!'? '3l As optical net-
working evolves toward open and disaggregated
architectures'*l'91 achieving a disaggregated
NLI estimation to build the physical layer digital
twinl® has become essential, and the use of the
Gaussian Noise (GN) modell'! is recognized
as accurate and effective. For DM optical links,
accurate yet time-consuming aggregated models
have been proposed and validated, such as the
EGN modell'”l and its evolution toward closed-
form expressions!'8'°l while a disaggregated
approach was first proposed in?%. To address
spatial coherency, we introduced in?'l a spatially
disaggregated method that extends the GN model
to estimate the coherent accumulation of SCI
in DM, mixed-fiber links, and in[??l we validated
this approach also for XCI, using the split-step
Fourier method (SSFM) as a reference. We
demonstrated that the per-span NLI contribution
can be effectively evaluated by the GN model,
while both the coherency and Gaussianization
effects can be evaluated separately, paving the
way for an innovative and potentially ultra-fast
NLI evaluation applicable to any optical link. In
these studies, the effect of Gaussianization was
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Fig. 2: Block diagram abstraction of a generic DM/UT OMS considered in this paper. XCI noise is modeled as a lumped noise field
at the fiber input. ASE noise is not simulated but added in the final GSNR computation.

observed but not explicitly addressed in the
modeling, resulting in a worst-case assessment;
moreover, a heuristic approach was proposed for
the treatment of correlation effects. In this work,
we continue along the direction set in?11[22] and
propose the innovative use of machine learning
methods to accurately capture both the correlation
and Gaussianization phenomena, combined
with the GN model for a per-span, spectrally
separated evaluation of NLI. The training dataset
was generated using SSFM simulations across
scenarios covering a wide region of the feature hy-
perspace, and the results have shown surprisingly
high accuracy on SSFM-simulated testing sets,
enabling NLI evaluation within timeframes on the
order of milliseconds.

Simulation and modeling coherent NLI

In Fig. 2 is shown the abstraction of the system
used for coherent NLI modeling. We will test our
model on an actual subsea cable consisting of
N, = 47 mixed fiber spans, thus presenting mixed
values for all fiber parameters, i.e., attenuation
«a, dispersion D, and non-linear coefficient ~. All
EDFAs, which noise figure is setto ' = 5.5 dB,
operate in transparency (A;G; = 1), recovering
completely fiber loss. The qualitative dispersion
map for the link under analysis is illustrated in
Fig. 3. We considered a WDM spectrum com-
posed of N, = 15, identical DP-QPSK channels
shaped by raised-root cosine filter with roll-off co-
efficient r = 0.0625, R, = 63 GBaud and spacing
between central frequencies A f = 67 GHz, con-
sisting so in CuT (probe) with N, = 7 XCI pumps
situated on each side.

To compare our modeling results, we use
SSFM simulator output as reference, which en-
compasses all non-linear actual aggregated im-
pairments between channels. In order to estimate
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Fig. 3: Dispersion map for the considered link.

the individual contribution of each span for what
concerns SCI/XCI only (from now on, we will refer
to SCI as XCIy, to enhance notational brevity),

we apply

i—1

APxcr,, = prioi 12 Z Ch,ij \/Pr,iOk,i'\/Ph,jOk.j

j=1
(1)

where: aﬁ,i is the pure XCI power for pump &
introduced at span i computed with GN model,
pei € [0,1] is the Gaussianization coefficient,
which accounts for non-Gaussian actual spectrum
distribution, and Cy;; € [-1,1] is the correlation
coefficient quantifying coherency accumulation be-
tween span i and j due to accumulated dispersion
compensation. Both Cj, ;; and p;. ; are evaluated
with ML methods: this essentially translates into
two distinct and independent regression problems
where the predicted functions are:

The

Where D, (i ;) is the accumulated dispersion
between the spans i and j:

i—1
Dacc,(i,j) = ZDk:Ls,k~ (2)
k=j

To predict both Cy;; and py; values, Random
Forest regressor with Negiimators = 100 underwent
extensive training on a wide array of simulation
data where different values, for spectral and fiber
physical parameters have been considered: to ob-
tain ground truth Cy, ;;, we run SSFM simulations
launching a spectrum composed, in XCl case, by
pump k and probe. Here, probe power is kept
low to avoid residual SCI effect, while in SCI case
we launch the CuT alone at its nominal power.
Here, we turn on the Kerr effect on all span pair
1, j combinations (with j < i) per simulation, thus
isolating each coherence contribution. To extract
the ground truth py ; instead, we run the so de-
scribed pump and probe simulations by turning on
the Kerr effect only in the span i to extract the ac-
tual SCI/XCI pure contribution per span o7 ; -
Finally, we obtain the Gaussianization coefficient

172 .
Pk,i @S pii = —=r=>. For both models, ML per-

k,i,GN

formances can be found at Figures 4 and 5:
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Fig. 6: Test cable OSNR, GSNRgsrn and GSNR estimation
by modeling with and w/o Gaussianization correction.

In the actual scenario, each XC1;, power in-
crease presented in Eq. 1 is accumulated accord-
ing to

Pxcr,, = Pxcr,.,.. + APxcr,, (3)

in order to obtain the effective noise power in
the span i. Adopting a spectral disaggregation
methodology, the total NLI value is derived by ag-
gregating all the calculated XCl components via

N,

P
Pyri, = Pscr, +2 ) Pxcr,, (4)
k=1

which holds because of the symmetric spectrum
with an odd number of channels.

In Fig. 6, we observe the GSNR results, consid-
ering contributions from SNRy; and OSNR:

(S B )
GSNR ~ SNRyr; = OSNR

In Fig. 6, the red curve shows the output of
the SSFM simulation, which serves as the ground
truth. The black curve, with square markers, rep-
resents GSNR computed using ML-based estima-
tion for the correlation coefficients, while the Gaus-
sianization correction coefficients were not applied
(i.e., pr,i» pr,; = 1). In this scenario, the resulting
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Fig. 7: GSNR estimation error with (circles) and without
(squares) Gaussianization correction. Error is computed as
GSNRgsrM,aB — GSNRModel,dB

GSNR is conservative compared to the SSFM ref-
erence. Conversely, the black curve with circular
markers illustrates the model output when ML is
used to estimate both the correlation and Gaus-
sianization correction coefficients. In this case,
the resulting GSNR curve aligns more closely with
the SSFM reference than in the previous case. In
Fig. 7, we quantify the error on two GSNR curves
obtained with and w/o correction for GN model
Gaussianization: in the case where such correc-
tion has not been applied, we have roughly 3.5
dB more conservative results in terms of GSNR
at the end of the link, while with Gaussianization
correction, such gap is slightly below 0.5 dB at the
end of the link.

Significant computational power variations ex-
ist among the curves in Fig. 6. The SSFM re-
sult demands extensive simulation time, often
spanning several days and necessitating a high-
performance GPU. Without this equipment, obtain-
ing the result would be infeasible. On the con-
trary, GSNR black curves obtained by the pro-
posed modeling require a computation in the order
of milliseconds, which can be performed by any
device.

Conclusions

We have proposed a semi-analytical approach to
model NLI in DM optical links employing coherent
transmission. This approach distinctly accounts
for both spatial coherency and Gaussianization
effects, which are separately estimated using ded-
icated machine learning models and integrated
in semi-analytical, spatial and spectral disaggre-
gated model extending GN model in DM scenario,
providing a quick QoT estimation tool avoiding to
run time-consuming SSFM simulations.
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