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Abstract—Wideband optical transmission presents an appeal-
ing solution to network throughput and capacity requirements,
improving existing network architectures with minimally invasive
upgrades. This framework provides new perspectives into quality
of transmission (QoT) management as a result of inter-band
effects; the QoT is commonly given by the generalized signal-
to-noise ratio (GSNR). In this study we address the leading
impairments in multi-band nonlinear transmission in a C+L
scenario from an operational point of view, supported by
mathematical models and simulations. From this approach we
identify that stimulated Raman scattering (SRS) is the main
contributor to inter-band effects and causes the main variation
in the GSNR degradation; correspondingly, we show that the
inter-band nonlinear interference (NLI) can be neglected in a
C+L scenario.

Index Terms—wideband transmission, nonlinear interference,
stimulated Raman scattering, split-step Fourier method

I. INTRODUCTION

Network operators must aim to maximize data transport
capacity in order to tackle the anticipated rapid growth of inter-
net traffic within the next few years [1]. Developing existing
optical network infrastructures has high capital expenditure
(CAPEX) requirements, which has led to operators requesting
that capacity is maximally exploited within existing infrastruc-
tures; in particular, operators wish to postpone the installation
of new fibers, which is a capitally intensive undertaking. On
a worldwide scale, standard single mode fiber (SSMF) is
the most commonly deployed fiber, with the ITU-T G.652D
variety presenting low losses for bandwidths exceeding 50 THz
and usually with transmission restricted to the C band. One
solution that vendors and operators are considering to satisfy
these capacity demands is multi-band transmission, activating
wavelength division multiplexing (WDM) optical line systems
in spectral regions beyond the C-band [2], which is a mini-
mally invasive step that only involves the amplification sites,
the reconfigurable add-drop multiplexer nodes and requires
that adequate transceiver technologies are used. The first
spectral region to be exploited is the L-band, for which erbium-
doped fiber amplifiers (EDFAs) and transceivers are commer-
cially available. Implementations of C+L-band transmission
have been proven to be capable of more than doubling net-
work capacity when compared to currently-established C-band
WDM transmission techniques [3], [4]. This implementation
represents a highly desirable first step towards the realization
of effective multi-band transmission, provided that the inter-
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band inter-channel (IB-IC) effects are able to be properly
characterized.

Within this study, we investigate the main features of
the C+L implementation from an operational point of view,
considering the generalized signal-to-noise-ratio (GSNR) as
the system metric. In particular, we focus our analysis on
the leading contributors to the GSNR degradation in a C+L
scenario, highlighting the main mutual inter-band interactions
that have to be considered in order to set the system work-
ing point to a level that provides the best possible system
performance. Without any loss of generality, we assume that
the two most significant interaction effects between the two
bands are the stimulated Raman scattering (SRS) and the Kerr
effect that induces the nonlinear interference (NLI). We present
the results of a split-step Fourier method (SSFM) simulation
campaign in the C+L scenario, describing the IB-IC SRS
and IB-IC NLI contributions, along with a comparison to an
NLI model implemented in the open-source GNPy library [5],
demonstrating that a fast yet accurate evaluation of the GSNR
is possible, including for wideband scenarios.

II. SPLIT-STEP FOURIER METHOD SIMULATIONS

To investigate the performance of the C+L implementation
and, correspondingly, the IB-IC SRS and NLI contributions to
the final GSNR degradation we perform four distinct SSFM
simulations, encompassing three distinct scenarios:

e Scenario 1: the C and L bands are transmitted inde-
pendently, with separate SSFM simulation performed for
each band. In these two simulations both the intra-band
SRS and the intra-band NLI have been considered.

e Scenario 2: the C and L bands are transmitted simulta-
neously, however, the IB-IC NLI is practically neglected,
with the only observable inter-band interaction being the
IB-IC SRS.

e Scenario 3: the C and L bands are transmitted simulta-
neously, considering both the IB-IC SRS and NLI. This
simulation contains no artifacts and is the reference for
the real-case C+L transmission scenario.

These simulations were performed using an accurate imple-
mentation in the MATLAB ® simulation environment [6]. For
every scenario, we consider the same periodic OLS (depicted
in Fig. 1(a)), consisting of 10x75km identical spans of
standard single mode fiber (SSMF) and EDFAs. Each fiber is
considered to be ITU-T G.652D SSMF with a dispersion value
of 16.7 ps/(nm-km), nonlinear coefficient of 1.27 (W-km)~!
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Fig. 1. (a) Schematic of the OLS under investigation. (b) A scattering diagram showing the DSP-equalized constellation of a selected CUT signal received

at the OLS termination.

(Aeyr = 80 um?) and a fiber loss coefficient that varies
along frequency, with a mean value of 0.18 dB/km. All EDFAs
operate at the same working point, completely recovering the
overall fiber loss, with an output power profile that is identical
to the input of each fiber span. We consider a frequency-
dependent noise figure profile with an average value of 4.5 dB
for evaluation of the amplified spontaneous emission (ASE)
noise that is generated by the EDFAs. The transmitted signal
is implemented according to the 400G standard: each channel
carries a polarization multiplexed (PM) 16-QAM (quadrature
amplitude modulated) signal with a symbol rate of 64 GBaud
and a roll-off value of 0.15. Each band contains 64 channels
equally spaced at 75 GHz frequency intervals, with a guard
band of 0.5 THz in place between the bands. In total, the full
C+L spectral load occupies a 10 THz bandwidth. For each
band, 7 channel under tests (CUTs) have been considered
and their GSNRs estimated from the error vector magnitude
(EVM) on the digital signal processing (DSP)-equalized signal
constellations that are received at the OLS termination. An
example scattering diagram for a single CUT is shown in
Fig. 1(b).

For every simulation, the launch power profile has been
obtained by jointly optimizing the expected GSNR mean value
and tilt, by separately varying the tilt and mean input power
values for each band. This optimization is performed in order
to maximize the mean GSNR value and maintain a flat profile
over the entire band under investigation. The GNPy library is
used to perform this optimization procedure for all scenarios.
In particular, two different input power profiles have been
evaluated in Scenario 1, separately optimizing the average
GSNR values and tilts on each band. In Scenarios 2 and 3, the
same launch power profile has been obtained by optimizing
the total GSNR mean value and tilt over the full C+L scenario.

ITI. RESULTS AND ANALYSIS
To properly analyze the individual inter-band effects in a
C+L system, we separate the GSNR of each CUT as:
1 1 \!
+ , ey
OSNR = SNRxp
where OSNR quantifies the linear contribution to the GSNR

degradation, given by the total power of the ASE noise that
is generated in the amplification process, whereas SNRyr,

GSNR = (

quantifies the nonlinear degradation given by the total power
of the NLI noise that is generated by propagation through each
fiber span.

In Fig. 2, we report the GSNR, OSNR and SNRyy, values
obtained from the SSFM simulation campaign at the OLS
termination for every CUT, in all investigated scenarios. As a
first observation, in Fig. 2(c) it is evident that an adequate level
of flatness is achieved for all scenarios under investigation,
with the final GSNR profile lying within a 0.2dB interval.
Nevertheless, comparison of Fig. 2(a) and Fig. 2(b) shows that
the final SNRyt, value is significantly higher with respect to
the ideal value naively estimated as twice (3 dB higher than)
the OSNR, [7]. This SNRyj, discrepancy may be partially
explained by the optimization procedure requiring a certain
level of GSNR flatness over the entire spectrum, but also arises
due to an overestimation of the NLI impairment obtained using
the GNPy engine. In fact, the GNPy evaluation of the NLI
contribution is based on an implementation of the generalized
Gaussian noise (GN) model [8]; in this framework, an average
underestimation of approximately 2 dB is found in the SNRyr,
prediction. A more precise description of the NLI effects
can be provided considering two main corrections. First, as
shown in [9], the coherent behaviour of the single-channel
(SC)-NLI accumulation is taken into account by introducing
an asymptotic coefficient that depends upon the chromatic
dispersion, symbol rate and WDM grid. Second, the weight of
cross-channel (XC)-NLI components is properly adjusted [10]
to reduce the overestimation given by a similar approach in the
GN model. This disaggregated methodology has been verified
through an extensive simulation campaign performed in [11],
leading to the following expression for the NLI noise power
for a given CUT:

5 5 2
Pyt = ECOOPSC+6'§PXC
5 5 2 5 2
= = ooP - =P ntra, - =P nter 2
GC sc+6 5 DX e +6 3 Pxc.me (2)

where C, is the asymptotic accumulation coefficient, Pgc and
Pxc are the NLI contributions given by the SC and XC inter-
ferences, respectively. As the effect of the four-wave mixing
can be neglected in the scenario under investigation, the XC-
NLI component is further decomposed in the right hand side of
Eq. 2; Pxc,Intra 1s the intra-band contribution from interfering
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Fig. 2. (a) OSNR, (b) SNRyt, and (c) GSNR evaluated for every CUT. For all plots, the red circle, blue diamond and green triangle markers and dashed
lines represent the simulation results in Scenario 1, 2 and 3, respectively. In (b) and (c) the predictions obtained using the GNPy-based model described in

Section IIT are reported as a continuous green line.

channels within the same band of the CUT, whereas Pxc inter
is the inter-band contribution from interfering channels within
the other band, corresponding to the IB-IC NLI. In Fig. 2(b)
and Fig. 2(c), we also show the results of the NLI modelling,
taking these corrections into account and demonstrating an
accuracy enhancement in the SNRy1, and GSNR predictions,
respectively. From the simulation results for the scenarios
presented in Fig. 2(c), we gain insight into the leading inter-
band interactions: firstly, we observe that introducing the IB-1C
SRS (passing from Scenario 1 to Scenario 2) causes the main
GSNR variation for every CUT, similar to the OSNR variation
that is introduced by the IB-IC SRS, visible in Fig 2(a). On
the contrary, when the IB-IC NLI is introduced (passing from
Scenario 2 to Scenario 3) the impact upon the GSNR variation
is significantly reduced. This variation is essentially negligible
for every CUT except those that are in proximity to the other
band, which is still minimal. These observations allow us to
conclude that the IB-IC SRS is the greatest contributor to the
GSNR variation in a C+L band scenario, with the effects of
the IB-IC NLI able to be neglected.

IV. CONCLUSION

In this work, we analyze a C+L transmission scenario in or-
der to study the most significant aspects for Q0T management.
In particular, through SSFM simulations and mathematical
modelling we observe that the inter-band NLI effects may be
neglected, with the SRS being dominant by inducing C-to-L
power transfer, within the scenario under investigation. From
an operational point of view, this implies that power control
in a C+L scenario must mainly consider the SRS effects as
inter-band interactions that enhance the L-band and deplete the
C-band. Therefore, in a power optimization scenario we stress
that it is sufficient to focus upon the generation of the ASE
noise and the NLI impairment that is generated by intra-band
self- and cross-channel contributions.
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