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Abstract—Multiband Elastic Optical Networks (EONs) face
significant operational challenges due to the complex physical
layer effects that impact transmission. Calculating the general-
ized signal-to-noise ratio (GSNR) of the channels is crucial for
the design of these networks and the definition of operational
margins. However, the variability of connections together with the
existence of guard bands in EONs make imprecise the definition
of a Fully-Loaded condition. This paper analysis this problem and
suggests two possible simple procedures for defining a sufficient
Fully-Loaded condition in EONs.

Index Terms—Fully-Loaded, Worst-Case in EON (L, C, S).

I. INTRODUCTION

A variety of studies have been conducted to improve
the efficiency of optical networks, aiming to reduce energy
consumption and enhance resource utilization. One way to
evaluate the efficiency of an optical network is by comparing
it with the Fully-Loaded condition, which is when the network
is under severe physical-impairment condition, which occurs
when the network operates at its maximum occupancy [1], [2].
Internet companies use the Fully-Loaded condition to operate
their networks so that, once connections are established in
the network, they can meet traffic demand under any load
condition and allocation enrollment, which facilitates resource
management [2]. Some networks also operate with dummy
channels in the available spectrum, so that a Fully-Loaded
condition is constantly present during operation.

The main premise of the Fully-Loaded approach in Wave-
length Division Multiplexing (WDM) networks is that, once
the GSNR of a channel is determined under a fully loaded
configuration, the quality of transmission (QoT) of that chan-
nel will be guaranteed under these conditions, taking into
account the specific spectral interactions at that position in
the spectrum. Achieving the Fully-Loaded condition in a
WDM network is relatively straightforward, as each channel is
allocated a fixed wavelength, allowing for clear and predictable
segmentation of the available network resources [1]. In EONSs,
however, this task becomes significantly more complex due to
the flexible spectrum allocation, where channels have variable
spectral widths, and guard bands are dynamically assigned
between channels. This flexibility results in different physical
impairments depending on the spectral arrangement of active
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channels and the class of connections present under the Fully-
Loaded condition [3].

The GSNR is a crucial parameter for determining signal
quality across the network. GSNR considers the ratio between
signal power and total noise, which are affected by Nonlinear
Interference (NLI), Amplified Spontaneous Emission (ASE)
and Raman Scattering Effects (ISRS) [1], [4]. NLI refers to
distortions that arise from nonlinear interactions within the
optical medium, becoming increasingly significant in systems
with high channel density. NLI is composed of two primary
components: SCI (Self-Channel Interference), which pertains
to nonlinear interference generated within the optical channel
itself; and XCI (Cross-Channel Interference), which involves
nonlinear interference between different optical channels, es-
pecially those that are adjacent [4]. ASE noise is generated
by optical amplifiers along the transmission path, directly
affecting signal quality. The Raman effect is a scattering phe-
nomenon that can redistribute optical power among channels,
altering the GSNR [5].

To calculate the GSNR of active channels, the GNPy open-
source library [6], a thoroughly tested and widely utilized tool,
is employed. This library provides an accurate implementation
of noise models, enabling detailed simulations of optical
network performance considering factors such as dispersion,
nonlinearities, amplification, and Raman Scattering Effects [4].
In this paper, the GSNR obtained through GNPy was used
to assess signal quality in the Channel Under Test (CUT),
accounting for the presence of a Fully-Loaded composition
across the three spectral bands. While some studies in the
literature assume a Fully-Loaded configuration with a uniform
GSNR value regardless of the channel’s position within the
spectrum [7], [8], it is well established that the GSNR of
a channel significantly depends on its spectral position and,
in EONs, on the characteristics and arrangement of active
channels [9]. In this work, we seek a more realistic and com-
prehensive situation, similar to that found in WDM networks
[2], to enable proper evaluation of EON’s behavior under the
Fully-Loaded condition.

In the face of the increasing complexity of EONs and the
aspects of considering Fully-Loaded assumptions, which sim-
plifies management operations by ensuring system robustness
under impairment-extreme conditions, this work raises the
discussion about the fact that different Fully-Loaded disposals
may occur in EONs, with different impact on channel physical
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impairment, and presents two alternative solutions to set it with
relative guarantee of not infringing the minimum accepted
GSNR of a channel under any Fully-Loaded configuration.
By adapting GNPy to operate in EONs and incorporating
support for multiple spectral bands (L, C and S), we aim to
perform detailed simulations that take into account key signal
degradation factors such as NLI, ASE and Raman effect. We
believe the study present in this paper may contribute to a
better understanding of the problem as well as to the devel-
opment of satisfactory Fully-Loaded operation configurations
to be adopted in EONS.

II. METHODOLOGY

In principle, for determining a guaranteed Fully-Loaded
configuration in EONS, it is essential to utilize the minimum
GSNR value of a channel under any Fully-Loaded condition,
defined in this paper as the most severe physical-impairment
Fully-Loaded scenario. This assessment must be performed for
any combination of traffic classes and their spectral disposal.
However, the high combinatorial complexity makes this task
impractical for real-world EONs due to the time required to
evaluate all possible combinations. Therefore, it is crucial to
develop a generic and efficient approach that, through a limited
number of Fully-Loaded simulated scenario, a robust GSNR
value to the different spectral positions and traffic classes may
be established.

In this section, we define our studied scenario and present
two possible approaches that may be used for obtaining
a sufficiently robust Fully-Loaded configuration in EONs,
considering a single span encompassing the L, C and S bands.
The term class is used in this paper as the possible forms
how a connection can be set in the network. Basically, a
class represents a specific requested bit rate and assigned
modulation format that creates a different form how the
spectrum is occupied. For this study, we fix the class and
spectrum position of a CUT, and calculate the impairments
this CUT receives from those channels present in the evaluated
Fully-Loaded configurations.

As explained before, it is not viable to generate all possible
fully-loaded configurations in EONs. Therefore, a reasonable
approach to determine robust GSNR values shall be specified.
The first analysis conducted in this paper is called ‘Totally
Homogeneous’, where all channels, except for the CUT, are
assigned a single class across all bands. Given n distinct
classes, identifying the worst-case scenario in this context
requires n simulations, with the worst case being the one that
presents the lowest GSNR value. However, this approach is
limited by not considering the different impacts caused by the
different classes of channels present in multiband environment.

To account for different class configurations in the L, C and
S bands, we developed the ‘per-band homogeneous’ approach.
In this scenario, while still using the same channel type within
each band, we allow channels to differ between bands. Let
B be the number of bands, this configuration results in nB
possible combinations, which may be significantly larger than
the totally homogeneous scenario. In case B or n increases

so that n® combinations become sufficiently high to be

tested in the per-band homogeneous strategy, it is possible
to create some meta-heuristic strategy in order to approach to
the solution with the lowest GSNR. For instance, a Genetic
Algorithm with very simple individuals formed by B genes,
with each gene assuming values in the range 1,2,...,n may
be implemented. This is left for future investigations.

In order to understand whether and which of the ana-
lyzed scenarios can operate as a Fully-Loaded assumption
for expected practical network operations, where connections
arrive sequentially and randomly to form the Fully-Loaded
condition, we developed a spectrum allocation simulator for
EONs, considering the multiband configuration. The goal
of this simulator is to generate a variety of Fully-Loaded
scenarios, based on incremental traffic with some assumed
requested transmission rates and modulations formats. Since
the study is conducted on a single span, routing is unnecessary;
however, spectrum allocation follows the SAR algorithm order
[10], i.e., for each new request, the band with the lowest
frequency slot unit (FSU) index capable of accommodating
the request is selected. This process is repeated until the
entire spectrum is occupied. By collecting these heterogeneous
incremental scenarios, it may be estimated what is the lowest
possible GSNR for the analyzed CUT when the network
operates in a Fully-Loaded condition formed by an innate
network operation. Therefore, the two proposed models may
be compared to the worst incremental configuration, in order
to infer if they provide enough GSNR margin to be adopted
in an EON Fully-Loaded configuration.

III. SIMULATION AND RESULTS

Each band has 4.8 THz of spectrum, divided into 384 FSUs,
with a spacing of 34 FSUs between bands. The power spectral
density (PSD) in each band was defined using the LOGO
strategy, as adopted by [2]. The obtained values, along with
the other parameters, are presented in Table I.

TABLE I: Simulator Parameters.

General Parameters

Description Symbol Value

FSU Spacing Brey 12.5 [GHz]

Polarization P 1

Modulation Formats m BPSK,{4,8,16,32,64}-QAM

Transmission Rates Tx {50, 100, 200, 400}[Gbps]
Multiband Parameters

Name Init Frequency Noise Figure PSD

L 186.050 [THz] 5.5 [dB] 17.39 [W/THz]
C 191.275 [THz] 5.0 [dB] 15.27 [W/THz]
S 196.500 [THz] 6.5 [dB] 17.01 [W/THz]

By combining the assumed modulation formats and trans-
mission rates, 24 bandwidth classes are formed, of which
15 are distinct in bandwidth, which is the parameter that
differ them in the GNPy GSNR calculation. To avoid re-
dundancy, only these 15 classes were considered for the
existing channels. In the simulations present in this paper,
the CUT configuration was set to at 32-QAM and 200 Gbps,
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utilizing a total of 40 GHz across 4 FSUs. Therefore, the
hypotheses raised pertain to this CUT configuration and should
be considered as solutions when configuring the Fully-Loaded
scenario. 15 possible CUT positions (5 per band, equally
spaced) were analyzed. Therefore, it was required a total of
15 and 3375 simulations for the totally homogeneous and per-
band homogeneous approaches, respectively.

Figure 1 presents the GSNR obtained results. A total of
103 heterogeneous incremental scenarios (Het. Incr) were
generated for each CUT position. The minimum and maximum
values of these scenarios were compared to those of the totally
homogeneous (Hom. Total) and the per-band homogeneous
scenario (Hom. Band). The corresponding GSNR margins
between Hom. Band and Het. Incr. are highlighted.
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Fig. 1: Comparison between multiband (L, C and S) spectral
positions and their respective margins.

The results indicate that the homogeneous total scenario
generally exhibits lower GSNR values compared to the het-
erogeneous incremental scenario, except for a tiny difference
at the frequency of 187.25 THz, in the L band. This suggests
that the GSNR from this approach may be employed as an
estimative of that in practical innate network operations, with
the advantage of providing more efficient allocations due to its
inherent tight margins. However, under requirements of a more
safety GSNR margin, the per-band homogeneous scenario has
been presented as a more consistent approach. Therefore, the
smallest margin was 0.17 dB, observed at the central frequency
of the C band, while the largest margin, 0.65 dB, was found
at the beginning of the L band, considering a single 80 km
span. In scenarios with multiple spans, such margins tend to
increase, indicating a greater difference between the Fully-
Loaded incremental scenario and the worst case of the per-
band homogeneous scenario, which will be the subject of
future investigations.

By analyzing the behavior observed for the best per-band
homogeneous scenario, it is possible to develop a spectrum
allocation heuristic that organizes the demanded classes per
band in a way to enhance the channel GSNR during practical
network operations, which would incur higher margins, and
therefore safer employment of the less stringent homogeneous
scheme as Fully-Loaded representative situation.

IV. CONCLUSION

The analyses in this study demonstrate that, despite the
complexity in determining the worst-case scenario in elastic
optical networks, the proposed methodologies are effective
for conducting this investigation in multiband L, C and S
bands. The comparison between incremental simulations and
the totally homogeneous approach revealed the possibility of
making the network operate in the Fully-Loaded assumption
with tight operational margins, which can reach up to 0.65 dB
in an 80 km span in the per-band homogeneous approach.
These results indicate the robustness of the two proposed
approaches in ensuring a safe margin in the Fully-Loaded
incremental approach, considering the adopted parameters.
In subsequent works, revealed channel configurations that
provide higher GSNR values may be employed in the spectrum
allocation of the channels among the multiple bands, so that,
under fully-loaded operation, either tighter margins may be
used or more robust margins may be guaranteed.
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