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EXECUTIVE SUMMARY

This report is the first of two deliverables that will present the CAPEX and OPEX benefits of the
technologies developed in the SEASON project compared to current technologies. It includes the
results of techneeconomic evaluations from the first two yeav§the project. The remaining
results will be presented ithe next Deliverable 2.3Both deliverables D2.2 and D2.3 are built
upon the overall architecture and reference network scenarios defined in Tasks 2.1 amti2.2
presented in deliverable D2.1 [&82.1]

All techneeconomierelated key performance indicatorKPI3 have at least one ongoing or
planned activity described in this report. Some activities are still in the ideation stage, with
planned activities in the first semester of 2025. Others have initial results, mostly related to the
complexity, number of deviee and energy consumption benefits of the developed
technologies. The extension of these initial studies to CAPEX and OPEX ailblhesisased on

a detailedand unifiedcost model that is being defined in WP2 and balpresented in th@ext
deliverabk D2.3

The insights and results from this report can significantly impact future projects in several ways:

1. Informed DecisioAMaking: The techneeconomic evaluations provide a clear
understanding of the cost and operational benefits of the new technologies. This helps
stakeholders make informed decisions about adopting these technologies in future
developments(e.g., HW or SW products for vendors, netwangrades and new
deployment for operators)

2. Improved Efficiency The initial results related toomplexity, number of devices, and
energy consumption benefits can guide the design and implementation of more
efficient systems.

3. Strategic PlanningThe planned activities and ongoing evaluations offer a roadmap for
future research and development efforts. This ensures that future projects can build on
the progress made in the SEASON project.

4. CostModel: The development adn up-to-date cost model will provide a framework for
analyzing CAPEX and OPEX, enabling more accurate budgeting and financial planning.

5. Scalability and InnovationThe detailed objectives and activities outlined in the report
highlight innovative solutions and scalable network infrastructures that can be applied
to future projects, enhancing their overall effectiveness and sustainability.

In the next deliverablewe will explain how, in light of the final results of the technical and
economic analyses, the technological and architectural innovations proposed by the SEASON
project will impact each of the 5 points listed above.

By leveraging the findings and methodologies from this report, future projects can achieve
greater success and contribute to the advancement of technology in the field.
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1 INTRODUCTION

The deliverable D2.2 is the secateliverableof WP2 and the first of a series of two (the second
and final will be D2.3 scheduled for month M32) that reports the results of the technical and
economic studies carried out in the SEASON proJétinputsthat supportthe works reported

in this deliverable are th@nes developedin WP2 and reported ideliverable D2.XNetwork
architecture and service use cas§gSeaD2.1Jand the activities carried out in WP3 and WR4
which the solutions for the data plane (MBoSDMacketoptical and P2MPsystems and
subsystems) and for the control plamaonitoring and telemetry aspectre developed.

The organization in chapters of the deliverable is as follows. Chapter 2 reports a sumkeyry of
performance indicatorsiP13covered by techneeconomic studies carried an WP2 with their
degree of achievement. Its motivation is explained later in this Introduction.

Chapters 3 to 8 are those that report @erformedstudies and each of them is dedicated to

one of the project objectives that potentially has implications on technonomic aspects. In

fact, all the project objectives excluding objectives Obj. 1, which is comprehensive project
objective based on the achievement of the othepecific objectivesObj. 7, which concerns
exclusively technical aspects, and Obj. 9, which addresses the impact on standardization,
disseminatiorand promotion of good practices, havmpact on techneeconomic aspect.

As e approachn conceiving and presentirgjudieson techno-economics is made hyroject
Objectives andmore precisely on the relad KPIsChapter 2 was introducedvith the aim to
summarize the KPlIstaken into consideration KPIs are reported witltheir degree of
achievementhaving as a referencand sourcehe studies reportedn detailin chaptersfrom 3

to 8. It is noted that the selected KPIs are a paralbthe project KPls, those that are relevant
to technical and economic aspects. Furthermore, among the selected KPIs, a distiastlmeen
made between those that arémandatoryg, i.e, those that directlyexpressan economic
requirement(such asfor instance, a CAPE#ving) and thosewhich express some technical
requirement or targetthat could have an implication on economic aspeeigen if not direct.
This second type of KPIs are definedadditional€.

In chapters from 3 to 8 the deliverable studies are presented at different levels of advancement.
Many studies have already produced preliminary results and in a few cases even advanced ones.
Some other studieare still in progresand for themthe reference scenario is presented and
indicationsabout the assumptios and expected results areutlined, while the publication of

the resultsare postponedto the next deliverable D2.3 mentioned aboveésach study is
developed in four stagegl) the ideation (2) the development of the mode(3) the first results

and the(4) final results. In this Deliverable, studies that may have reached one of the four stages
mentioned above will be documented, while in the final deliverable D2.3 they must all be at
stage(4)., that of the final results.

From a methodological point of view, the approach to the studies in chapters 3 to 8 is as follows.
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2 AGKAY SIFOK &adddzRe FyR |aa20Al G§SR Ytoithealt Gol &St
technologies or theirsimple upgradesand is used as a reference for technieabnomic

compariso®® !y AAYY2@0F GA@S¢e az2fdziazy gKAOK AyOf dzRSa
those proposed by the SEASON project is then identified as well. For example, a network solution
thatusesony @ yR &aeaidsSvyas GKS 2yS {KI riparéawaal A G dzi S &
solution that uses mukband systems and $D(based on the prototypes developed in WP3),

which constitutes the innovative solutionhd& two solutions, baseline and innovative, are then

compared from the point of view of cost under the assumption that they must provide the same
performance and the sameapacityor load The comparison can also take place between one

or more baselindype solutions and one or more innovative solutions, depending on the

approach given to thepecificstudy.

Chapter 9 includes the conclusions and summarizes the results obtained by taking stock of the
level of satisfaction of the KPlIs. It is also reported what is left to the next deliverable D2.3 to
complete the work on the technicalconomic evaluations withitWP2.
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2 KPNALIDATION

In this chapter the KPIs considered in WP2 are presented. For each KPI the statement (as defined

in the project proposal), the classificatigivenin relation to the technicaéconomic aspects
(mandatoryor additional), the degreeof achievementat the end of the second year of the
project and a brief description of the activities carried out or in progress in relatidineté<PI
are provided.

2.1 KPR.2

KPI2.2:660% CAPEX reduction by (1) designing an architecture that jointly leverages on fiaeadiel
(wherefiber resources are abundant), multiple bands (whi#ber resources are scares), and nuaitire

fibers (wherefibersare not present, e.g., for cell densification); (2) limiting intermediate aggregation in
routers thanks to the ultrdigh capacity of MBoSDM and by exploiting smart coherent pluggable to
NEBY2@S +33aNB3IlGA2y fIF@SNAR yR dzyySOS&aal NE hk9kh

This KPis classified asiandatory.

Status: Partially &hieved, additional studieand costmodel are in progress to finalize the
validation

Chapter3 presents some techneconomic evaluations ofeseral technologies developed to
reduce the CAPEXf future MBoSDM transmission systenisome arepresented in this
document and others are described in more detaildeliverableD32 [SeaD3.2]gnd are
therefore related to KPI 2.2

Several preliminary results are presented regarding the complexity and number of components

o2y

of optical transmission systems and serve as basis for a more complete CAPEX and OPEX analysis

in the future (to be presented in deliverable 2.3), after the deifimtof a cost model. These
preliminary results include a mulbbjective optimization algorithm capable of controlling the
number of Raman amplifiers while maximizing the performance of optical systems and results
showing the benefits of fiber core switely by analyzing the complexity and number of
components of three node architectures presented in deliverabldSeaD3.2]depending on
number of cores that are directly switched, the number of WSSs may be reduced by more than
50%). Other preliminary results focus on strategies to improve the robustness of existing optical
networks such as optimizing filterless horseshoewmrks considering the robustness against
uncertainties and variations in the link parameters; or usngartRAN operationfocusing on

how such operation will impact the autonomous operatioradiiked network

Other CAPEMeduction techneeconomic studies are planned to be performed in the next
months and be presented in deliverable 2.3. These include a study on the benefits of open
coherent pluggables in MBoSDM architectures and of operating filterless hosesgtworks

with reduced margin.

© SEASON (HorizatySNS2022Project:101092766) page9 of 122
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2.2 KPB.1

KPI3.1 dDesign and implement flexible and modular MBoSDM node prototypes able to switch/add/drop

channels in at least 3 different bands (e.g., S, C, L) in an SDMBddRfrastructure featuring up to 10

fiberdcores, able to cope with switching capacities scalable up to betweed.@.Bb/s (considering a 4

degree node with 50% local add/drop and depending on the number of used bands and SDM cores/fibers)

[SRIA, miderm evo ~2028], by approaching (fractionslaces || @St Sy 3 i K Tt SEA6E S | NDKA

This KPI is classified additional.

Status:Partially achieved

Section 4.1 offers a preliminary techneconomic investigation into ultrhigh-capacity
MBoSDM optical networks, focusing on a fundamental comparison of-ourkifiber (MCF) and
bundled multifiber pair (BUMFP) architectures. A detailed physical layer analysissisrped,
evaluating the performance of various MCF types (with differing cladding diameters, core
pitches, and loss coefficients) under varying conditions. This physical layer incorporates a
comprehensive model for intezore crosstalk (ICXT) and nonlingapairments (NLIs), including

the Kerr effect and intechannel stimulated Raman scattering (ISRS), which are crucial
considerations for accurate techreconomic analysis of MBoSDM systems. Simulation results
indicate that, under specific conditions dfra-low loss and ICXT, the throughput of M&sed
systems can be up to 14% higher than that of Buld&sed systems. However, increasing core
counts beyond a certain point (e.g., with netandard cladding diameters below 230 um) leads
to degraded MCF p@armance. In scenarios with 19 muliber pairs, BuMRBased BSDM
outperforms 19core MCHoased systems, increasing throughput by 55% to 73% depending on
network size. This fundamental study highlights the traffs between MCF and BuMFP
approaches for arious network scales and topologies; however, a full teebo@anomic
assessment, including CAPEX and OPEX, is regonidenll be presented in deliverable 2.3

2.3 KPB.2

KPI3.2: 8MBoSDM transceivers able to increase the capacity of SoA transceivers ugolB»exploiting
enhanced wavelength/space dimensions while enabling appropriate slice/bandibereselection
according to the network path ¢

This KPI is classified additional.

Status:Patrtially achieved

Section 4.2 investigates resource allocation strategies for mblind over spaceélivision
multiplexing (SDM) optical networks, focusing on the impact of intee crosstalk and
nonlinear impairments. A novel algorithm (KLIA-RSA) is developed, using & culatel
physical layer parameters (GSNR, modulation formats, bandwidth) to meet coflity
transmission (QoT) requirements. This algorithm uses astage approach: a singt#unk
allocation attempt followed by sliced allocation if the first fails. Simulatioisglg a Python
based SEEON controller and the US Backbone network topology, compare-cautifiber and
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bundled multifiber pair architectures across core counts (4, 7, 13, 19) and band configurations
(C, L, S bands). Key performance indicators include blocking probability and modulation format
usage. Results reveal that MCF configurations, on average,adiiocking probability by over

67% compared to BUMFPs across various traffic loads -€amedVICFs, the-8and consistently
supports higher modulation formats (e.g., up to-@#AM) compared to the-land Sbands. The

band priority, i.e.,BSC approach, owvarage, reduces blocking probability by approximately 10%
compared to thecore priority, i.e.,CSB approach across different traffic loads. However, as the
core count increases (especially above 13), the performance advantage of MCFs diminishes due
to increased ICXT. The stuthcksa detailed cost analysis (CAPEX and QREa) will be
presented in deliverable 2.3

2.4 KPK4.2

KPI4.2: &>50% contribution in energy saving via dynamic spatial channels aggregation and deactivation
of unused transceivers at the OLT side basing on traffic conditions over total 70% energy saving targeted

by [SRIAP ¢
This KPI is classified mandatory.

Status:Partially Achievedadditional studiesre in progress to finalize the validation

The dynamic spatial aggregation architecture developed in SEASON achieves significant energy
efficiencyimprovements by dynamically activating and deactivating spatial lanes in response to
reaktime traffic demands. As presented in Section 5.1, this approach minimizes power
consumption by consolidating lelead traffic onto fewer active OLT ports during-pé&ak hours

while maintaining full operational capacity during peak periods to ensure throughput.
Simulation results indicate energy savings between 2% and 38%, depending on the ratio of fixed
to variable power consumption and the configuration of spatakls. Traffic patterns such as
those from Small Office/Home Office (SOHO) scenarios achieve the highest deactivation rates,
up to 40%, showcasing the architecture's adaptability to varying demands. Further optimization
opportunities include the integrationf reakttime traffic monitoring and advanced algorithms

for ONU handovers. These enhancements aim to maximize the system's-sagigy potential

while maintaining high performance, ensuring scalability for fgerieration energiefficient

optical netwoks.

2.5 KPK.3

KPI4.3: 6400Gb/s RAN fronthaul ports capacity.
This KPI is classified additional.

Status: Partially achievedadditional studiesand costmodel are in progress to finalize the
validation
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Section5.3 outlines the internal structure of the Optical Line System (OLS), highlighting its use
of direct, nonselective splitting and the flexibility offered by pluggable EDFAs. This design allows
for the dynamic addition or removal of channels, enhancing adalitabnd scalability to meet
various network demands, with a focus on increasing the capacity of the fronthaul network
through 400 Gb/s ports. The system supports oversubscription by managing wavelengths
through transceiver laser tuning, enabling morersanitters to connect to a single receiver than
with static capacity assignments. The scheme's effectiveness is evaluated in terms of its ability
to handle highspeed data transfer, maintain signal strength, and offer flexible wavelength
allocation. The opering topology with logical full mesh interconnection is analyzed to optimize
these highcapacity requirements. Future efforts will focus on quantifying the capacity
enhancements and performance benefits achieved with the implementation of 400 Gb/s ports.

2.6 KPb.1

KPI6.1: 40% CAPEX reduction by collapsing computing, IP networking, and usagesgfdgditoherent
optical transmission in single element (i.e., DPU) not designed for the Telecom market but for much wider
computing markets and verticals (e.g., automotie)

This KPI is classified mandatory.

Status:Not achieveda study andthe relatedcost model are in progress @lowthe validation

Chapter6 includes the description of a study setting regarding a railways 6G coverage use case
as additional geotype to thenesdefined in D2.1with the aim toevaluate architecturefor the

RAN. Such novel architectunedy on DPUY for network layers integration and on P2MP DSCM
pluggabldgransceiver modulefor X-haul networking The purpose of the use case is to compare

a baseline scenariemploying equipment typical of the legacy (traditional RAN and specialized
equipment for optical, packet and compute functions) with innovative solutions as the one
enabled by OpefiRAN in combination with DPU cards and P2MP DSCM tramscé&lve aim of

the ongoing analysis the results of which are expected to be published onidD@.3analyze
under which conditions a 40% reductionGBPEXan be achieved due to the collapse of optical
transport, packet switching and computation capabilities, as required by KPI1 6.1.

2.7 KPB.2

KPI6.2: 40% reduction of O/E/O conversions in eddge and edgeloud communications by
developing smart edges with higipeed coherent intelligent pluggables and by moving 5G functions closer
to the cell sites. [SRIA, short/rtigkm evo]é

This KPI is classified mandatory.

Status:Not achievedastudy andthe relatedcost model are in progress tdlowthe validation

The studyproposedto validate this KPI is the same of the one set for KPargdlis described in
Chapter 6For the specific purpose the analysis will be carried out in terms of benefit achievable
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with an optical bypass from Far Edgete Cloudfor those traffic flows that do not need to be
processed at intermediate sitgghis can implyto movethe 5/6G functions towards the fare
edge, at least for a subset of slice3his bypass and the consequent reduction of O/E/O
conversions is possible for example with coherent optics of the P2ZMP DSCM type given their
long reach (200 km and beyorat)d networking capabilitiesSThe comparison will be carried out

with a baseline solution that uses the typitadacy paradigrbased on traditional RAN and with
processing of traffiat packet layer performedt the borderof each network segment (between

far edge and edge, between edge and cloud).

The aim of the ongoing analysis is to analyze under which conditions a 40% redu@i&iGn
can be achieved due to tharchitecture and technology innovations introduces required by
KPI &.

2.8 KPI’.1

KPI7.1 dintelligent data aggregation to provide data compression ratio >90% without significant
information los<s

This KPI is classified additional.
Status:Achieved

In Sectior/.1, telemetry data compression results that are achieved by the different intelligent
data aggregation techniques developed within SEASON project are summarized. Those
techniques have been included as part of the distributed telemetry system developed and
assessed within WP4/WP5 activities. The techniques are specifically designed for the
measurements of larger size, i.e., optical spectrum and IQ constellations, and consist in
supervised feature extraction, data compression, and data summarization. Resndfopsnly
available datasets show that Intelligent data aggregation provide data compression ratio >90%
without significant information loss. In fact, by combining compression and summarization, up
to 3 orders of magnitude of data reduction can be achitgempared with baseline telemetry.

2.9 KPB.1

KPI8.1: GAutonomous operation based on medijent systems to reduce >28PEXv.r.t. manual/static
operationé

This KPI is classified mandatory.

Status: Partially achievedadditional studiesand costmodel are in progress to finalize the
validation

Section8.1 presents several methods based on nmwalgjent systems to control poifb-
multipoint DSChMbased connections, i.e., to activate/deactivate SCs in order to dynamically
adapt the capacity to traffic needs. Moreover, this dynamicity allows deploying systéms w
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oversubscription, which allows supporting more Txs on a same Rx than a simple static capacity
assignment. The different methods are evaluated in terms of effective oversubscription and
number of active subcarriers for different traffic scenarios. The laté® be reduced up to 50%,
which is a promising value towards the target KPI (Autonomous operation based oagauiti
systems to reduce >25@PEXv.r.t. manual/static operation). Indeed, we plan to translate these
results into OPEX reduction evaluationD2.3, to quantify the energy consumption savings of
both dynamic DSCM allocation and oversubscription, compared to fixed and statically planned
operation.

Besides dynamically configuring DSB#&4ed optical connections, optimizing EDFAs power has
been identified as a promising way to minimize energy consumption. In Sé&c#pan optical

line system (OLS) automatic setup approach for Access/Aggregation/Metro networks is
presented. This method is based on dynamically configuring EDFASs in constant power mode,
which is often preferred because it allows direct control over thevgo levels of each
wavelength. The main drawback of this operation mode is that it necessitates precistiyeal
knowledge of the number of channels entering the amplifier. A way to efficiently and practically
implement automation based on monitoring schieve constant power mode setup is to use
OLCs. The solution relies on the traffic matrix and the network’s topology. It begins with an
approximate estimate of the span loss, which serves as the initial basis for determining the
optimal gain. Additiona}{, it requires measurements of the received power for all channels at
every point where they are added or dropped, using the power monitors available on
transceivers. This approach estimates the optimal gain for each amplifier in the network to
minimize tre difference between the actual and target receiver power for all channels at any
drop node. It also ensures that all channels remain within the receiver's acceptable range, with
a specified margin. With this method, network operators can achieve a maraerate and
automated calibration of amplifier gains, enhancing overall network performance and reliability.
This approach reduces the need for manual intervention and allows the network to dynamically
adapt to changing conditions, ensuring optimal perfono@ across various network segments.

2.10KPB.3

KPI8.3: éOptical layer digital twin fogradual softfailure detection and localization with at least 1min
before major impact on the service. >90% accuracy iAfailifire identifications

This KPI is classified additional.
Status:Achieved

In Sectior8.3, several methods for sofailure management are introduced and its performance
presented. The methods are deployed within the OCATA optical digital twin, mainly designed
and assessed in WP4/WP5 activities. The results presented in this document @luskeat
performance of models and algorithms that exploit IQ constellation features analysis for soft
failure detection, identification, and severity estimation. Considering challenging scenarios
where an incipient soffailure becomes hard failure in the @t period of 1 day, different
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failures affecting Tx, EDFAs, and WSS are promptly detected (>40 min before hard failure) and
localized/identified (>18 min before hard failure). With these results, the target objectives of the
KPI1 QOptical layer digital twin for gradual seféilure detection and localization with at least 1min

before major impact on the service. >90% accuracy infaiifte identificatior) are clearly
achieved.
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3 MBOSDMNETWORKIFRASTRUCTURE FRORIESS TQ.OUD

3.1 RAMANAMPLIFICATIOMNNDLAUNCHPOWEFROPTIMIZATION IMB
OPTICASYSTEMS

Multi-band transmission systems enhance the dediarying capacity of optical networks. While
spatiatdivision multiplexing (SDM) is often considered the most fuqun@of solution for
increasing optical network capacity [Win23], there are valuable alteres. We can broaden

the available transmission spectrum by incorporating the longe)y @nd shorter (§
transmission bands alongside the traditionab&hd. It is important to note that muHband
transmission (MBT) and SDM are not mutually exclugdpecaches [Napl18]. In future optical
networks, MBT will likely optimize transmission capacity per fiber, core, or mode, seamlessly
complementing SDM to meet the evgrowing demand for capacity.

Commercial systems already incorporate thédnd, potentially doubling the total system
capacity. Researchers actively explore systems with even wider bandwidth, focusing on devices
compatible with transmission bands beyond thea@d l-bands. Leveragintpe Sband, which
shares similar fiber characteristics with theadbd L-bands, holds promise. Numerous studies
have already shown the additional capacity made available by integratinglibadsinto a C+L

band system [Sem20, Cor21, Ham19].

Optimizing the launch power is crucial for maximizing the capacity of MBT systems. For instance,
fine-tuning the averaggower and power tilt of transmitted channels in a-I%z S+C+L MBT
system enabled improving the generalized signahoise ratio (GSNRetween 0.6 dB to 1.6

dB [Sou22]. However, this optimization task is far from trivial due to several factors. It depends
on the stimulated Raman scattering (SRS) effect, which cannot be neglected in MBT systems,
the frequencydependent characteristic dfber parameters, and the unique features of band
specific devices such as optical amplifiers. Moreover, optimizing the launch power is a nonlinear
problem. Recent publications have explored launch power optimization in MBT systems using
methods such as @kicit enumeration [Vir21, Sad21], iterative algorithms [Ham19, Sou22], or
genetic algorithms (GA) [Cor21, Bug21].

Even after proper launch power optimization, performance in tHgafd is still worse than in

the other two bands. This performance disparity primarily results from power transfer to-the C
and Lbands, driven by the SRS effect. Additionally, higher fibeses and potentially higher
noise figures (NF) int&nd amplifiers contribute to the optical performance imbalance across
transmission bands. Recent research indicates that selective Raman amplification can enhance
Sband performance, bringing it closéo the levels observed in the-@nd lbands. This
improvement simplifies service provisioning in optical networks that utilize MBT [Ham19].
However, optimizing Raman pumps remains challenging due to the nonlinear nature of the SRS
effect. Various approdmes have been proposed to tackle this issue. For instance, Yankov et al.
[Yan23] trained separate neural networks (NNs) to predict the Raman gain for ferarzad
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backwardspropagating pumps, respectively. Then, they optimized the system using a gradient
descent algorithm. It is worth noting that this approach relies on the accuracy of the NNs, and
their training process may not be straightforward. Furthermore, detid NN models are
necessary for each specific scenario [Mou21].

Various singl®bjective evolutionary algorithms have been employed in this context. Among
them, the Genetic Algorithm (GA) is one of the most popular choices for ensurinflajaess
performance and bandwidth optimization in muiump Raman amplifier§Per02, Liu04].
Researchers have also proposed enhancements to the traditional GA, such as theG#brid
(HGA) optimization procedure [Liv24 Ferll]. Additionally, Jiang et al. introduced the Ant
Colony optimization [Jiall] and the Artificial Fish Scidgbrithm [Jiald?] to find optimal
pump parameters, offering alternatives for designing ¢attened Raman Fiber Amplifiers
(RFASs). Another search method used in RFA design is Particle Swarm optimization, known for its
fast convergence and improved contational efficiency [Jial2]. While previous studies often
tackled the Raman amplifier design and launch power optimization separately, this work
proposes a framework that simultaneously optimizes the launch power and the Raman pumps
in MBT systems usirggmultiobjective GA approach.

We propose an innovative optimization framework using a rabifective genetic algorithm to
simultaneously optimize the launch power profile and design the Raman amplifiers. Its flexibility
allows us to find better solutions and reduce the number of Ramanps(therefore controlling

the overall system costMoreover, we utilize the framework to compare the potentiélfour
multi-band transmission systems leveraging hybrid fiber amplificafibe.work is organized as
follows. The multbbjective optimiation algorithm is described in Secti8rl.1 Section3.1.2
details the optimization setup and the networks used to obtain the results presented in this
work. Afterward, Sectio3.1.3presents and discusses the results and practical considerations
when applying the algorithm to commercial networks.

3.1.1 Optimization Framework Description

This work uses the pahannel GSNR as the quality of transmission (QoT) estimator (considering
the signal bandwidth as a reference). This QoT metric is givElywherel is the power of
channel’andd and0 are the power of the Gaussian noise corresponding to the
amplified spontaneous emission (ASE) noise and the nonlinear interference due to ttadelf
crosschannel nonlinear crosstalk at chanfi@tespectively.

L
oYy A Eq.1

The optimization algorithm aims to maximize the sum of the channels GONRY( ) and
minimize the sum of the pdpand GSNR variatiog'( 3 . Pof a MBT system considering hybrid
amplification.3* 3 . 2s given by the difference between the best and the worst GSNR
considering all channels in transmission bamdrigure3.1-1 depicts a representation of the
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optimization variables for a transmission system with three amplification bands and three
Raman pumps. The proposed framework optimizes the average channel poyédBm] and

power tilt ('Y) [dBm/THz] of each band, as well as the pump powerdhe algorithm considers

that the candidate pumps have fixed frequenc{&3).

Channel Power
\i
S
s
i
v

fr fs e fs F2
Frequency

Figure3.1-1 Representation of optimization variables

There are two general approaches to multiglejective optimization. One is toombine the
individual objective functions into a single composite function or move all but one objective to
the constraint set. The second general approach is to determine an entire Pareto optimal
solution set or a representative subset. The concept Baeeto set of optimal solutions stands

for a set of solutions that are nediominated by each other but are superior to the rest of the
solutions in the search space. A solution is called-caminated if none of the objective
functions can be improved inalue without degrading some other objective values. Pareto
optimal solution sets are often preferred to single solutions because, when consideridieeal
deployments, the final solution can involve a traol [Kon06]. Therefore, we select the Non
dominated Sorting Genetic Algorithm (NSGAmultiobjective GA to solve the optimization
problem due to its good level of convergence to the true Pareto Front and diversity [Deb02] (the
Python library Pymoo [Bla20] was used).

Mr\jﬂ?agtiz:d Sorting Survival
,_POPt :: : PoptH
PR kere)
—————— I[P
T-.F«E - ..1-.,,—\\ k P FZ

Rejected

PFy

Figure3.1-2 Multi objectivegenetic algorithm framework.
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Figure3.1-2 presents the algorithm workflow. The algorithm starts from an initial population of
0 individuals randomly generated from a uniform distribution. Each individual's chromosomes
representd ,"Y and 0 (float values). Before evaluating each individual's fitness, a repair
function [Bla20] guarantees that the sum of the pump powers is smaller than a galea

(0 ) for all generated individuals by normalizing the pumps powers if the total pump power
is greater tharh . Afterwards, the fitness of the individuals is evaluated accordingd®

and Eq. 3, where' 3 2¢is the GSNR of chanriéhnd 6 t is the ideal Shannon capacity of
channel'Qgiven byEq.4 [Pogl4, where'Y is the channel baud raté, andi are the sets of
amplification bands and channels, is the maximum number of Raman pumps allowgd,

is the penalty for every Raman pump exceeding

O 6 D{w nti EMU 0O

. Eq.2

O 3OYY nti Em G
N Eq3
§D{w ciYta®p D{wW Eq.4

The algorithm aims to maximiZz@ and minimis€O. Notice that these objectives are concurrent
since the highest capacity ofgiven transmission system is achiefeda given value of GSNR
variation [Jia24, Guo24], and some system capacity must be sacrificed to equalize the GSNR
further. When evaluating the GSNR, the algorithm only considers pumps with powers higher
than a certain threshold) ).

Next, the offspring of the current population is generated via mating and mutation (
individuals). The same repair function used in the initial population corrects the offspring's
chromosomes, and the algorithm calculates their fithess. Afterward, all individuals are sorted in
Pareto fronts §"0) and according to the crowding distance. Thieest individuals survive and

are used for the next generation while all others are eliminated.

The value of the penalty)] may change during the algorithm operation. For example, it may be
set to zero for the initial generations. Hence, with an unbiased evaluation, the algorithm
searches the entire solution space in the initial phase. It may be set to a different value
afterward, so the algorithm evolves towards solutions requiring fewer pumps. We chose to
implement the penalization of the number of pumps exceeding as a GSNR penalty for
simplicity of the analysis. This way, having the samealue for both fithess functions
independently of the transmission system is possible. For example, if we apply a fixed penalty
value outside the summation iiQ instead of insided t , it will have different effects in
transmission systems with different numbers of channels (higher penalization in systems with
lower channel count/total capacity and lower penalization in systems with higher channel
count/total capacity). The same effdtappens forO, but the difference applies to systems with
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different numbers of transmission bands. Additionally,and "O would require differentr
values because of the magnitude difference between the total capacity and the i@ 0y .

Different fitness functions'Q may be defined if other optimization objectives are considered
more important. For example, if a flat GSNR profile is desired across the entire transmission
window instead of a peband flatnessa"O"Y¥ may be switched t@"O"Y0 il the fitness
function™O, where3'O"Y U i¥ given by the difference of the best and the worst GSNR of all
transmitted channels (similarly to what we did 8ou24). Another possible development of the
optimization framework is to include the number of Raman pumps as an objective to be
minimized. For example, a third objective may be included W@th 0 andr set to zero ifO
and™O. This way, the algorithm finds the Pareto front representing the trafidetween the
highest capacity, lowest pdrand GSNR variation and lowest number of pumps. However, this
solution involves including an additional objective. It could lead to highevergence times and
poorer optimization performance (other evolutionary algorithms, such as the NB[R&b:14,

may perform better than the NSGAin this case). Therefore, one should keep in mind the
convergence and practicality of the fitness fuoats;"O and™O are good examples of fithess
functions in the sense that they allow for a good convergence performance while also allowing
for the limitation of the number of Raman pumps used. This enables the analysis of the trade
off between the number of pumps, systerapacity and peband GSNR flatness.

3.1.2 Simulation Setup

To give a glimpse of the optimization algorithm's utilization and give examples of its usefulness,
we evaluate the performance of an MBT system in the Spanish national reference network, as
defined by Telefénica in the IDEALIST project [S@lUAEigure 3.1-3(a)), considering, for
simplicity, a fully loaded spectrum and that all spans&ixé&m long. The number of 8n spans

in each link is given W3 &Iy ® whered is the link length in kilometres ar@Qs the ceiling
operator. The Spanish national network has 30 nodes and 435 shortest paths between nodes,
with an average length of 834 km and an average link length of 261 km.

6 THz 6 THz 6 THz

(T 5 )

i

€Y (b)

Figure3.1-3 (a) Telefénica national reference network diagram andr@muency spectrum of the S+Chand MBT
system.
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The optical fiber is modelled by a nonlinear coefficient of Z.27 /km, a dispersion parameter

of 16.8 ps/nm/km, and a dispersion slope of 0.0581psf/km at 1550nm. The frequency
dependent loss and nonlinearity coefficients and the normalized Raman gain profile of the
optical fiber are shown ifigure3.1-4. Additionally, input and output connector losses of 0.25

dB and splice losses of 0.01 dB/km are assumed. After each fiber span, a band demultiplexer
(with a 2-dB insertion loss) separates the transmitted bands and delivers them to the respective
optical anplifier. We consider a band demultiplexer based on a band filter and assume its
insertion loss will be slightly higher than current commercial-karid filters [OFLink]. The
lumped optical amplifiers are modelled by a constant noise figure of [6, 6, i{rdBe L, G,

and Sbands for gain values larger than 20 dB. For gain values smaller than 14 dB, the amplifiers'
NF is 2 dB higher. The NF is linearly interpolated for gain values ranging between 14 and 20 dB.
Their gain compensates for the loss of eablannel, considering the impact of the SRS effect
and the gain already provided by the Raman amplifiers. The power evolution of the signals and
pumps across the fiber is calculated by numerically solving the Raman differential equations
(using the solvervailable in GNPy [OOIPBE]). Subsequently, the transmitted bands are
recombined by an optical coupler (with a 0.5 dB insertion loss).
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Figure3.1-4 (a) Frequencydependent fiber loss antbnlinear coefficient(b)Normalized Raman gain profile.

We consider the transmission of 1:ZEBd Y ) signals in a 15GHz spectral grid (40 channels

per band) Figure3.1-3(b) shows the S+C-bHand MBT system considered in this work. It employs

up to 10 countetpropagating Raman pumps with 1 THz spacing and a minimum guard band of
500 GHz between adjacent bands. We have channels from 184.5 THz to 203.5 THz and pumps
from 205THz to 214 THz. The Raman amplifier is assumed to add an equal amount of noise on
both polarizations.

The multiobjective genetic algorithm optimizes the power of the channels and the pumps. The
initial population size of the GA is 120, and 60 offspring are generated at each genaration,

v TMW andd p W. The algorithm ran until convergence of the hypervolume performance
metric[Bla20] The number and frequencies of the Raman pumps and the maximum total pump
power values are selected here just to illustrate the algorithm's utilization. These values
correspond to a good tradeff between execution time and capacity of GSNR flatteninge No
that an arbitrary number of pumps and pump frequencies can be defined, and the algorithm will
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converge to the optimal maximum total pump power and distribution of the available power
among the pumps.

After optimization, we evaluate the number of feasible lightpaths and the netwode average
system capacity [Clo16] in the Spanish national network. The five different bit rates considered
in this work and their required OSNR and SNR are preseniEabie3.1-1. These values were
taken from the OpenRoadmagreement PpenROADM] for 200 Gb/s, 300 Gb/s and 400 Gb/s
formats and scaled up from 64 GBd to 120 GBd to represent a near future optical MBT system
(500 Gb/s and 700 Gb/s values were linearly interpolat@the"YOY values are directly
calculated from thel "YY values using the relation given ifEss1? i.e.,"YOY

0 "YY p 1 CYT6 ,withé equalto12.5 GHz.

Table3.1-1 Required OSNR (defined in 0.1 nm) and SNR for each considered bit rate.

Bit rate [Gb/s] 400 500 600 700 800
"EN B -n{dB] 18.7 21 23.5 25 26.5
f B {dB] 8.9 11.2 13.7 15.2 16.7

For each channel, the GSNR at the end of a lightpath dvifpans is given by 32

OYOZ¥ I Q0 0, where GSNR is the optimized frannel and pespan GSNR arid

is the system margin defined @ ¢ 181 L0 0 . This margin comprises a

fixed 2 dB margin and a variable contribution that depends on the number of traversed optical
amplifiers 0 ) and ROADMs)( ). Additionally, we consider a transceiver OSNR of 38

dB and add/express OSNR of 38 dB/37 dB. A lightpath is feasible for a given signal configuration
if the required SNR is smaller thar3 2 .

The networkwide average system capacity metric is used to estimate the impact of the
performance of the different transmission systems at the network level. The average system
capacity is the sum of the netwoskide average channel capacity [Clo16] fdrtednsmitted
channels. The average channel capacity is the value of the highest feasible bit rate of a channel,
averaged for all the shortest routing paths of the network.

3.1.3 Results and Discussion

3.1.3.1 Fixed Raman Pump Penalty and Variable Pump Limit

In this section, we show how may be used to influence the Raman pump count on the
solutions and compare the performance of the proposed framework with an iterative approach
based on the weighted sum meth¢8ou22. The latter uses a fixed number of pumps (2 pumps)

to compute results in a reasonable time frame. Following the same approach@mup3, the
iterative algorithm considers pump frequency separations from 1 to 8 THz in steps of 1 THz, and
pump power profiles where the optical power of the highest frequency pump is 1a8d3!
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times higher than the lowest one. It also imposes a maximum total pump power of 1 W. In the
GA simulations) issetto 1, 2,4 or 10 ang ¢ (to calculateO© and™0).

Figure3.1-5 shows the Pareto fronts after convergence and the solution found by the iterative
algorithm in terms of the total ideal system capacity, which is obtained by the sdm o8 2,

and the average 3 2Afor an 80km span. By comparing the Pareto fronts, we conclude that
using highei leads to flatter GSNR profiles for a given system capacity. However, the
highest achievable total capacity remains mostly unchanged, i.e., it is only slightly dependent on
0 , ranging from 137.3 Th/s far pto 138.8 Th/s fol) p 1 Note that this
result is also a consequence of setting a maximum total pump power of 1 W, independently of
the number of used pumps. The Pareto fronts are similatfor equal to 4 or 10. The front

for 0 ¢ is close to the previous two for averagke 3 2Avalues higher than 2.3 dB, but

the difference becomes significant for lower ggand GSNR variation values. By reduding

to one, the solutions have higher averagje 3 2Afor the same capacity. For example, the GA
with 0 p achieved a minimum & 3 2A X dB at a total ideal capacity of 124 Th/s.

In contrast, the same average 3 2Ais achieved with total ideal capacities of 131, 134 and
135 Th/s forh equal to 2, 4 and 10, respectively.

3.0 T
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Q
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) 'y
o 1.07 & lterative PRY
©
6 0.5 L “AM x
2: ' R oo
0'?15 120 125 130 135 140

Total Ideal Capacity [Tb/s]
Figure3.1-5 Nondominated solutions after convergence and best solution using the iterative afgorith

The behavior of the Pareto fronts results from the number of Raman pumps used. To further
clarify this pointFigure3.1-6(a) and Figure3.1-6(b) show the pump power distribution for the

GA solutions for an average 3 2A0f 2.7 and 0.7 dB, respectively, for each valué of . For

an average” 3 2Aof 2.7 or 0.7 dB, the solutions use 1, 2, 4 and 10 pumpg for equal to

1, 2, 4 and 10, respectively. Moreover, all solutions of the Pareto fronts have a Raman pump
count equal to or smaller thai . Therefore, using lowds effectively reduces the
number of Raman pumps and may lead to a more-effgictive solution.

© SEASON (HorizatySNS2022Project:101092766) page23of 122
Dissemination Leve\ SEN (Sensitivdimited under the conditions of the Grant Agreement)



o

[
»
1=
z

205 206 207 208 209 210 211 212
Pump Frequency [THz]

@

205 206 207 208 209 210 211 212 213 214
Pump Frequency [THz]

(b)

Figure3.1-6 Raman pump power (in mW) distribution for GA solutions with an averd@W0 of (a) 2.7dB, and
(b) 0.7dB.

For a high value of average 3 27 the GA converges to solutions that use almost all the
allowed power for the Raman pumps. The sum of the pump powers shokigune3.1-6(a)are

967, 997, 999 and 1000 mW for  equal to 1, 2, 4 and 10. On the other hand, the sum of

the pump powers to achieve a lower GSNR variasbown inFigure3.1-6(b),are 213, 953, 991

and 996 mW fob equal to 1, 2, 4 and 1(olutions with a single pump tend to have a
smaller total pumppower when minimizing the average 3 2Apecause it is harder to geta

flat profile with only a small number of pumps, i.e., a single {piglver Raman pump would
cause a high GSNR variation within a band. On the other hand, using more pumps allows for a
better distribution of the available powesind a flatter GSNR profile while using a high total
pump power.

Moreover, to gain more insight into the impact of using different numbers of Raman pumps,
Figure3.1-7(a) andFigure3.1-7(b) show the optimum launch power and the corresponding
GSNR profile, respectively, for the solution leading'to3 2A ¢& dB. As expected, since the

total ideal system capacity is very similar for the 4 considered cases, the launch power and,
consequently, théO"YY values are very similar regardless of the number of Raman pumps
used. On the other hand, if we aim at a low average3 2A X dB, whose corresponding
results are depicted ifrigure3.1-8, the curves foo equal to 4 and 10 are very similar
whereas reducing causes a reduction in the average GSNR, particularly in-thedSG

bands. This result highlights that using more Raman pumps is an effective approach to improve
the average GSNR while keeping the-pand GSNR variation reduced.
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Figure3.1-7 (a) Launch power and (b) corresponding GSNR profile for GA solutions with an avéPagé of 2.7dB.
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Figure3.1-8 (a) Launch power and (b) corresponding GSNR profile for GA solutions with an av&pa@é of 0.7dB.

Looking back dfigure3.1-5, we see that the iterative algorithm converges to a solution similar

to the Pareto front with ¢. This similarity is expected since the same number of Raman
pumps is used. However, the iterative algorithm only converges to a single solution. On the other
hand, the proposed framework offers a broader set of solutions, e.g., with higher average GSNR
(at the cost of a higher pelband GSNR variation) or smaller averafje3 2A (at the expenseof

a loweraverage GSNR). Moreover, the iterative algorithm also took longer to reach a solution,
even with a limited set of Raman pump counts, profiles, and channels power tested. Both
algorithms were implemented in Python and ran in a single@ core. The iterative algorithm

took an average of 8 hours to run the optimization, whereas the GA only required an average of
5 hours i.e.,an averageomputationtime reduction of 37%

3.1.3.2 Influence of the Raman Pump Penalty Value

Because of the value gfused in the previous section ( ), all solutions of the Pareto fronts
presented have a Raman pump count equal to or smaller than . However, the algorithm
may converge to solutions with more pumps than  for lower Raman pump penalty values,
potentially leading to better performance results.

Figure3.1-9(a)shows the Pareto fronts after convergence for a0 span for different values
of hand0 p. The figure shows that reducifgmproves the Pareto fronts by relaxing the
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requirement of using a single Raman pump. In the limit, fioer, 1 the algorithm behaves

exactly as whe®d p Tyielding the best results.
— 3.0 - 12,
5 25 ° pio /] § 101 R pio
5 p=0.1 / g .| R p=0.1
=201 . p=025 a 8 p=025
0 £
g 1.5 = p=2 / E 61 p=2
(] ¥ [ wd |
o 1.0 .f/ o & 4
g 0.5 _.--.')/ —'M § 24 - meimnnitn 4 bt 20 4 8 b8 An-*_:n;:;‘;:t-
Z
0915 120 125 130 135 140 %o 0.5 1.0 15 2.0 25 3.0

Total Ideal Capacity [Tb/s] Average AGSNR” [dB]

(@) (b)

Figure3.1-9 (a) Optimal nordominated solutions and (b) Raman pump count as a function of the avel‘a@ZAOf
solutions.

Carefully selecting the Raman pump penalty value allows obtaining solutions that perform
better at the cost of having more pumps than . Figure3.1-9(b) shows the Raman pump
count for different values ofj versus the average' 3 2A. The improvement in the system
capacity observed in this case for the same averdge 2Awhen compared with the previous
results is due to using more Raman pumps. The best solutions are foundwheni.e., when
there is no restriction on the number of Raman pumps used in the solutions (up to 10 pumps
may be used). For higher valuespthe solutions tend to use fewer Raman pumps and perform
worse. For example, for an average 3 2A 1} dB, the solution on the Pareto front when

N ¢ achieves 124.5 Tb/s with a single pump. kor & v the total capacity increases to
131.5 Th/s with two pumps; fay 1, the total capacity is 133.6 Th/s with four pumps; and
forn 1, the total capacity is 135.3 Th/s with ten pumps being deployed. In summary, the
Raman pump penalty controls the algorithm's flexibility to search solutions which may not be
limited to U , thus allowing to find betteperforming solutions for each region of the Pareto
front. However, if a strict limitation of the number of Raman pumps is desired, ajhighue
should be used.

3.2 NODEARCHITECTURES HIFHCAPACITMBOSDMOPTICAL
NETWORKS

This research explores the evolution of optical networks, and the increasing challenges
associated with managing optical signal switching, particularly in-ipaftd over spatial division
multiplexing (MBoSDM) systems. We propose three innovative nodeitectires, each
analyzed for complexity and compared with a standard node architecture, providing valuable
insights into potential future obstacles in optical networks.
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Additionally, the study delves into the benefits of fikmre switching, a technique that
leverages the existence of multiple spatial paths between the same nodes. This method can
potentially eliminate the need for individual channel demultiplexing/muétying at every
network node, depending on traffic volume. The findings not only deepen our understanding of
node architectures and fiberore switching but also pave the way for more efficient and robust
optical communication networks.

The architectures proposed in this work include the khighacity node prototypes developed

in SEASON project (MBoSDM node prototype and sgrdtiular optical node prototype
describe in deliverable 3.5gal3.2]) by varying the size of the WSS. The results presented in
this section are preliminary techreconomic results, showing the benefits of the proposed
architectures in terms of system complexity reduction. A moomplete analysis, considering
equipment cost, will be performed as future work.

3.2.1 Description of the Node Architectures

The motivation for using novel MBoSDM nodes, a detailed description of the proposed nodes,
as well as the reference node architecture, and an initial optical performance estimation are
given in Deliverable 3.5pal3.2].

The Reference node configuration usesirgleband matrix-switch to construct an MBoSDM
node [Sahl17], as depicted iigure3.2-1(a). The node structure is presented for a single
amplification band, and identical schemes are used for the other bands. This reference
architecture serves as a benchmark for subsequeamparisons.

Input Output
Fibres/Cores Fibres/Cores

Single-Band
MxM WSS

Add .
Structure

(a)

Figure 3.2-1 (a) Reference architecture: singband matrixswitchbased MBoSDM node. The node structure is
presented for a single amplification band, and identical schemes are used for the other bands. (b) Route and Select
(R&S) implementation of an MxM WSS.

The three proposed architectures rely on fibmre switching using spatial crosgsonnect (S
OXCr direct and fixed core/fiber connections (core/fiber switching) to avoid the scalability
issues of the reference architectucencerning the increasing spectral and spatial dimensions.
Figure3.2-2 depicts the three architecture proposals (#1, #2 and #3).
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Figure3.2-2 (a) Node architecture proposal #1: singlend matrixswitchhbased MBoSDM node with &0XC. (b)
Node architecture proposal #2: mdttand matrixswitch-based MBoSDM node with a3 C. (c) Node architecture
proposal #3: singleand matrixswitch-based MBoSDM node without eOXC.

3.2.2 Ports and Components Count

The proposed architectures offer different balances between complexity, flexibility, and cost.
Table3.2-1 illustrates the component count and port requirements for the considered node
architectures. For simplicity, we assume an equal number of bands perdgaaadfiber cores

per degree ¢). Here,O represents the nodal degre®, denotes the number of core pairs
directly switched, and) y indicates the number of ports of the WSSs connected to the
Add/Drop (A/D)structure. It is worth noting that these figures exclude the A/D structure since
the same one can be employed independently of the node architecture.

Table3.2-1 Number of components and port count for the different node architectures.

Component Reference Architecture #1  Architecture #2 Architecture #3
Architecture

SOXC Count m 0 p s

SOXC Port Count -- 10 @ ¢b --

MxM WSS Count o p 6

MxM WSS Port Count | ¢ 6 O 0 4 600 0 ¢

Optical Amplifier Count c0 60 cO600

Band Filter Count c6 0 . ¢¢bOo v ¢ 0

The analysis ofable3.2-1 shows that each directly switched core pair saves two ports on the
MxM WSS and one optical amplifier. Furthermore, the only distinction between architectures
#1 and #3 lies in the absence of-©®&C in the former. Architecture #2 shares the same number
of SOXC ports, WSS ports and optical amplifiers as the other two proposed architectures but
employs only one wideband@XC and WSS, along with a higher number of band filters. This
design capitalizes on the predicted lower complexity and -effsictivenessof producing
wideband WSSs compared to multiple lovwamdwidth components [Roo024] and the cost
reduction associated with integrated amplifiers and band filters.
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The MxM WSS can be realized through a Route and Select (R&S) switch configuration comprising
multiple 1xM WSSs [Sah17] (semgure3.2-1(b)). This configuration maintains a simple two
stage structure and achieves similar performance metrics in terms of insertion loss (IL), filtering
bandwidth, and crosstalk as conventional R&S WSSs, provided that higtlopattWSSs exhibit
comparable ILfjltering bandwidth, and crosstalk as their traditional counterparts. However, the
increased number of WSS ports necessitates -pgt-count WSSs and intricate control and
adjustment of optical signals. Alternatively, constructing a iggh-count 1xM WSS by
concatenating smaller WSSs reduces the port requirement of a single WSS but significantly
increases the cost, insertion losses, optical filtering effects, admhma crosstalk associated
[Niw17].

When using traditional R&S architectures to implement the MxM WSS, a simple reduction of
two ports decreases the WSS count by two. For instance, consider connectinui/6ubput

(I/O) core pairs with one amplification band. The reference design requires one 16x16 WSSs and
32 optical amplifiers. Assuming a fixed WSS size of 1x20, the implementation necessitates 32
1x20 WSSs. Conversely, if one core pair is directly switéhed @) using one of the proposed
architectures, only 30 1x20 WSSs and 31 amplifiers are required. With highesvaitsking

ratios, the node's complexity is progressively reduced. For instance, directly switching 10 of the
16 core pairs would necessitate 1220xWSSs and 22 optical amplifiers in the same scenario.
Figure 3.2-3 illustrates the evolution of WSS and optical amplifier counts for an increasing
number of directly switched core pairs and various numbers of I/O core pairs.

70
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core pairs
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=}
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o
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core pairs
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]
o
L
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Figure3.2-3 Evolution of WSS and optical amplifier count for an increasing number of directly switched cote pairs (
and different numbers of in/out core pairs.
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3.3 TECHNeECONOMISTUDY ON THE BENEFITS OF OPEN COHERENT
PLUGGABLESMB OVEFSDMARCHITECTURES

3.3.1 Introduction

The continuous growth of traffic led by video streaming, cloud computing and Al applications is
pushing optical network infrastructure to the adoption of new technologies. Maatid and
multi-core fiber (MB/MCF) technologies are promising solutions wtachincrease spectral and
spatial capacity. For neaerm capacity growth, mukband has been adopted over the past few
years. Although in the longer term, the combination of both MB and MCF technologies, referred
to as multiband over spatial division nitiplexing (MBoSDM), will be needed [Arp24]. Within
this context, there is an ongoing debate between the use of IP+WDMov&RVDM (IPoWDM)

in optical metro/core networks [Mar24].

The traditional architecture of IP+WDM in metro/core networks connects IP routers to the
ROADM node via transponders or an OTN switch, decoupling IP traffic from optical wavelengths.
Instead, an IPOWDM architecture uses coherent pluggables to provide dger-to-router
connections, having IP routing over optical wavelengths. Nevertheless, ROADM nodes can be
still needed to perform optical switching and regeneration, if pluggables have not enough optical
reach Figure3.3-1) [Dav24]. Several factors have contributed to making IPOWDM a viable
alternative. For example, the traffic evolution. Traffic has shifted to higher client speeds and
increased the hub and spoke instead of any to any traffic. This change reduces theagdgant

of OTN and supports the adoption of IPOWDM. Additionally, advances in router silicon
technology now enable capacities of hundreds of Th/s per router [Faz23]. Coherent pluggables
have reached capacities of up to 800 Gb/s and extended their maximurnabpéach to
thousands of kilometers [Par24].

IP router IP router

&

. Coherent

Pluggable

: .
X | X

ROADM ROADM

Figure3.3-1 IP+WDM vs IPOWDM architectures
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The deployment of IP+WDM and IPOWDM in MBoSDM environments is still unexplored and
introduces newchallenges for network planning. In addition to spectral efficiency, factors such
as energy efficiency and ceggér-bit optimization must also be considered. This study aims to
perform a techneeconomic comparison to provide guidelines for future netwoesidn. It will
propose a network planning strategy which accounts for uncertainty in the traffic growth over
multiple years.

3.3.2 State of the Art

IP+WDM and IPoWDM both have advantages and disadvantages. In the IP+WDM architecture,
there is a clear demarcation between IP and optical layers, which can facilitate the operation
and maintenance of the network due to fault isolation. As a drawback,dparation of these

layers involves more equipment, increasing capital and operational expenditures. In the
IPOWDM architecture, IP routing and optical transport are integrated into a single device, which
simplifies the network design, reduces latency awoavdrs costs. Nevertheless, IPOWDM
provides less scalability.

Coherent pluggables have evolved with the years, resulting in standardizations like 100ZR,
400ZR/ZR+, 400G Ultra Long Haul, 800ZR/ZR+. They present an increase in capacity and in
maximum optical reach, while maintaining a low power consumption [Now24gmReéechno
economic studies have compared IP+WDM and IPoWDM architectures in optical networks
[Gum23, Dav24, Chr22]. In [Gum23], results indicate lower costs when using IPOWDM in
access/metro networks but higher costs when applied to core networks compari&d\WDM.
[Dav24] concludes that the optimal choice depends on the bandwidth and the topology,
emphasizing that as bandwidth increases, optical express architectures achieve lower costs
compared to hopto-hop architectures. Furthermore, [Chr22] statesthhe lowest costs are
obtained when implementing a hybrid architecture. However, these studies focus mainly on
singleband, singlecore networks.

To the best of our knowledge, only one study has included rbaltid technology, specifically

in [Pat23]. This study concludes that IP+WDM achieves up to 12% lower costs compared to
IPOWDM. However, with the application of the current coherent pluggable portfolio, these
results could vary. Therefore, we consider thagre is a research gap in the evaluation of the
costefficiency of these architectures when combining them with MBoSDM environments.
Addressing this gap can help us understand the traffie and guide the design of future optical

core networks. Based on the research studies and trends, we expect IPOWDM to demonstrate
lower cost per bit and energy consumption due to the absence of transponders. Nevertheless,
this research work aims to providedtbest solution for traffic uncertainty. Therefore, IP+WDM
may prove to be a more cosfficient approach for longerm adaptability, given its higher data
rates over longer distances and better thermal management.
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3.3.3 Proposed Solution

This research proposes an analysis of IP+WDM and IPOWDM architectures for MBoSDM
networks. The study will consider traffic models and topologies focusing on metro/core
networks. The network planning stage will incorporate Flexible Engineering Designresadd

the traffic uncertainty over time.

Current techneeconomic solutions consider a traffic model to act as the ground truth, not
taking into account alternative scenarios where the traffic may behave differently. In contrast,
Flexible Engineering Design is an approach that integrates undgrtagether with economic
performance. It is based on a Flexibility Decision Rules (FDR) formulation that can identify when
it is adequate to apply flexibility or not [Cap21]. For example, in the case of traffic uncertainty,
we can formulate rules that déte whether we allocate more capacity or not, based on the

RSLX 2eYSyioa STFSOGa 2y GKS TFTAylLt 024800 ¢KAA

the costs of network adaptation in the long term.

The FDRs can be applied via stochastic programming or robust optimization. However, recent
studies highlight Reinforcement Learning (RL) as an emerging alternative to expand the
exploration and alternative solutions [Cap21]. Therefore, this researchoniider an Rbased
solution to optimize network upgrades over time for both IP+WDM and IPOWDM architectures.
The solution will employ a Graph Neural Network (GNN) to represent the state of the network.
The RL agent will make sequential decisions regadéingand upgrades for each year, resulting

in a multryear optimization. The approach is generalized to different networks and demand
patterns by considering the componerntsFigure3.3-2.

St Agent R,
Action A; € {0,1,..N}

State :
S; = GNN (node features, A Reward
physical edges, t R, = Y¥€%" » Profit/numDemands

virtual edges)

Environment
d = getPrioritizedDemand(Demands)
Sp41 =upgradeDemand|(d, Ag, S¢)
Demands.remove(d)
If Demands is empty: advanceYear()
If Year == numberYears: done =1
Profit = getProfit(network,, network,; 41 )

Figure3.3-2 Problem formulation

The components of thapproachshownin Figure3.3-2 are explained below

1 Environment: We consider a single environment with an architecture flag to differentiate
between IP+WDM, IPOWDM or hybrid design approaches. The environment runs for a
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period of years and several demands. To be able to apply our solution to different network
sizes with various numbers of demands, we employ an attention mechanism to prioritize
the demands at each step. The environment selects the demand with the highestyp

and according to the action of the agent, does not upgrade or upgrade in a certain capacity.
The upgrade will consider a routing, modulation, spectrum, and core assignment (RMSCA)
algorithm, which incorporates the Gaussian noise model and -tdex crosstalk
calculations. Once all demand upgrade decisions are applied for a given year, the
environment advances to the next year, updating the requested traffic for each demand.

State: A GNNvased state representation is used to adapt to different network topologies.
The state will consider three key components: node features, physical edges and virtual
edges. Node features capture information on the node characteristics, e.quiimder of
slots/ports used and available. Physical edges represent WDM links and store information
regarding link length, capacity and utilization. Virtual edges represent the demands and
contain information regarding the capacity requested, capacity igioned, path selected,

and amount of different coherent pluggables/transponders added at each-ien®d.

Action: The same action space is applied to both architectures. The action space specifies
how to upgrade a demand, whefkindicates no upgrade, and represents an upgrade of
Nx100 Gbps.

Reward: The reward function will consider the discounted profit of the decision divided by
the number of demands. The discount factor ensures the ayelir optimization, while the

profit reflects cost efficiency. The profit is equal to the revenue ofal@cated bandwidth
requested by the client, minus the Total Cost of Ownership (TCO). Furthermore, normalizing
the reward by the number of demands prevents larger networks from dominating the
learning process.

3.3.4 Expected Results

In short, theexpected results of this study are as follows

)l

The techneeconomic analysis will consider a baseline solution for comparison: 4iagte
architecture with parallel fibers, IP+WDM approach and deterministic traffic.

Following KP2.2, a 50% CAPEX reduction can primarily be achieved through the
optimization in fiber resources when employing MBoSDM compared to pafigkes
singleband solutions.

For the IP+WDM approach with MBoSDM and FDRs, further CAPEX and OPEX reduction in
long term is expected mainly due to the employment of FDRs.

For the IPoOWDM approach with MBoSDM and FDRs, further CAPEX and OPEX reduction is
expected to be mainly due to the elimination of aggregation layers and low power
consumption from coherent pluggables.
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3.4 COMPARISON @FFFERENT TRANSPORT SOLUTIGNSIRORERAN
IN DIFFERENT GEOTYPE SCENARIOS AND DIFFERENT TIME HORIZONS

With the evolution towards 6G, the fronthaul segment is expected to become even more
bandwidth demanding. As such, coherent technologies are promising candidates to deliver the
required levels of bandwidth. However, adopting traditional P#¢@Point (P2 and
Wavelength Division Multiplexing (WDM) approaches can prove costly and inflexible when
scaling to meet the increasing demands of 6G networks. The goal oftBdintltipoint (P2MP)

is to provide a flexible, scalable and efficient solution for netwsegments where traffic
aggregation is essential, in contrast to the traditional approach of mapping the networks solely
through P2P networkinfVel21]. Due to its inherent nature, P2MP is wselited for theRAN to
accommodate thefronthaul traffic flows where multiple Radio Units (RUs) need to be
connected to a site hosting the centralized Distributed Unit (DU). In fact, by leveraging Digital
Subcarrier Multiplexing (DSCM), P2MP can dynamically allocate bandwidth across multiple
nodes, providing improwk scalability and resource utilization while reducing the number of
required transceivers and fiber links [Her23]. Recent advancements in coherent technologies
and DSCM have enabled the development of P2MP transceivers and node solutions capable of
supporting highcapacity, coseffective fronthaul solutions [Tor24Chr24] These transceivers
utilize DSCM to subdivide the wavelengthectrum into multiple digital subcarriers, each
independently managed and allocated, which allows for flexible bandwidthilgision and
efficient traffic aggregation. This capability makes P2MP an attractive option fegregration

mobile transport networks, especially in urban and suburban environments where traffic
demands are highly variable and an easygonfigurability ofcircuit data ratescan lead to
significant advantage®SCM transceivers used for P2MP networking iscalssidered in other
studies included in thef this document, such as thene on robust network design reported in
subsectior3.7 and the one on power consumption reported in subsecto? Both the studies
presented in subsection3.7 and 5.2 concern the metro aggregation segment, while the one
presented in this subsection is related to the access and, as said above, more in specific to the
RAN.

As P2MP is still an emerging technology, there is a need to evaluate its technomic
applicability for fronthaul deployment in nexfeneration mobile networks where the cost of
transport can compromise economic sustainability. This study aims to abedesasibility and
benefits of adopting P2MP in comparison with traditional P2P and WDM approaches across
various deployment scenarios, including dense urban, urban, suburban, and rural environments
in line with whathas beerdefined in the project delerableD2.1[SeaD2.1] as geotype reference
scenarios As a preview of thebtained results,we can anticipate that while the migration
towards P2MP requires limited effort in terms of Capital Expenditure (CAPEX), it introduces
significant reductions in energy consumption, demonstrating that P2MP can provide -a cost
effective alternative to conveittnal transport solutions for the fronthaul with the possibility to
maintain a high level of performance.
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3.4.1 Architecture Description

Figure 3.4-1 shows the reference architectural solutions considered in this analy$is.
architecture is related to the scenarfor the medium term, for the long term the architecture

is similar, but the systems and the capacityoilvedare increase@s shown irFigure3.4-2. The
network architecture used for this evaluation consists of four different configurations: Rint
Point (P2P), Wavelength Division Multiplexing (WDM), PouMultipoint (P2MP), and Point
to-Multipoint with PreAggregation (P2M#VP). Each configuriai is applied to the four distinct
geotypes as defineth [SeaD2.1]: dense urban, urban, suburban, and rural. Here, we consider
the transport solutions for realizing theonthaul of the mobile network, i.e., interconnecting

RUs with heterogeneous capacity to DUSs, either physical or virtual (vDUS), located at a Central
Office (CO) site.

Cell site 1. P2P Central
Grey Grey Office
) Transceivers Transceivers
ca o Physical DUs or
325G 0O S vDU on servers
= il 5 o =
c 91067 CSR
G i Cell
S Site
Router/Switch
2.WDM
Grey+WDM WDM + Grey
Transcelvers Transceivers .
o 1moMe u Central
R E 1‘ 1‘ Office
R Router/Switch
C4,20MHz =
e — | =
- B
Ca20MH
BT
3. P2MP
2.10Me Grey+ P2MP Leaf P2MP
301,086 — Transceivers S Hub
o ) T T RS
HE =P o * il
clioME | =
BO5G — g [
Fibres coming down from = l
the RU, one perRU 1
I
-- 4. P2ZMP-WP

Figure3.4-1 Reference Architectural Solutions (Medium term).

In the P2P configuration (upper part &igure 3.4-1), RUs are connected to a Cell Site
Router/Switch (CSR) via Short Reach grey transceivers. The traffic is aggregated by the CSR and
sent to the CO using a dedicated fiber link and Long Reach Grey transceivers. The traffic is then
disaggregated at the CO byCentral Office Router/Switch (COR) equipped with high capacity
Grey transceivers. This architecture provides high reliability and capacity but may result in high
Operational Expense (OPEX) due to the need for paarsuming higiktapacity switches in the

cell sites.

The WDM architecture shown in the middle part Bigure 3.4-1 introduces wavelength
multiplexing to aggregate multiple RUs on a shared fiber using different wavelength4 00G5
grey transceivers (on RUs) are used in combination with WDM transponders (grey at tributary
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RU side, colored at line side toward the Central office) and multiplexing equipmentabibth

base of the trelliswhere RUs are mounted) to achieve wavelength multiplexing, allowing
multiple signals to be transmitted simultaneously over the same fiber. Although this architecture
enables efficient fiber usage, it requires complex and costly hardware, which coufiCaigty
impact CAPEX.
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Figure3.4-2 Reference Architectural Solutions (Long term).

By employing DSCM, the P2MP architecture leverages a shared optical link to connect multiple
RUs to the C@s depicted in the lower part dfigure3.4-1. Each cell site is equipped with
demarcation unitseach of whicthosting grey transceivers with a minimum granularity of 25G,
which are conveyed onto digital subcarriers via P2PM Leaf pluggable modd&s#] Towssent

by the leavedn the cell sitesreaggregated at the Cly P2MP hub modules with up to 16x25G
capacity. While enabling fiber link sharing, this approach, thanks to its ability to aggregate
multiple subcarriers, reduces the need for switches at the cell site, making it a promising cost
effective solution. Sincéhe P2MP has a minimum graankty of 25G, fronthaul segments
requiring low data rate (as the ones with carrier width of 20 MHz or less) may lead to inefficient
utilization of DSCM. The P2MWP configuration extends the P2MP architecture by
incorporating a packet praggregation levelia a lowcapacity CSR responsible for packing
multiple low-capacity fronthaul segments onto a single DSCM channel. The-RR&Ms$dlution
enhances the resource efficiency of P2MP at the cost of introducing an additional switching
level. he advantage in tis casgi.e., P2ZMPWP)is that, unlike the P2P architecture explained
before, the switch can be of much smaller capacity (a few tens of Gb/s instead of hundreds of
Gb/s)
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We considered four different deployment scenarios to evaluate the proposed fronthaul
solutions. They are the four geotypes defined in [SeaD2.1]: dense urban, urban, suburban, and
rural environments. The area sizes for these scenarios range from 0.64 t8418@uare
kilometers. The different geotypes correspond to unique topologies and compositions of macro
and small cell sites, each with distinct radio deployments involving multiple radio bands and
bandwidths, reflecting Medium Term (MT) and Long Termdafacity requirements.

Table3.4-1 Radio Layers Parameters for macro cell sites of an Urban gefotylkedium Term period.

Carrier Ba?gﬂi? ge Car[”NTLZ\]”dth Num. of bands FI—|[((3:E\/pSa]1C|ty '::2;;
C1 Sub GHz 10 4 4.32 8
Q 1to 3 20 4 8.64 8
a3 3to7 100 2 21.6 4

In Table3.4-1 the radio layers parameters and the required FH capacities of the cells for macro
cell sites of an Urban geotype in the Medium Term are reported. Three type of radio layers are
present, of which only one (C3) is high FH data rate demanding. Differenpinitit of bands

and carriers are considered per radio layer. Here, we assume all the radio elements supporting
4 MIMO Layers. Concerning the small cell site, for Urban geotype in the Medium Term the site
is equipped with two layers within a single caikfead of three of the layers in macro cell sites).
Small cell site is equipped with’l3GHz and 226 GHz band range with 100 MHz and 200MHz
channel width, respectively. This results in a FH data rate requirement up to 43.2 Gb/s per radio
equipment.

FH requirements of RU cells of macro cell sites of an Urban geotype for Long Term is given in
Table3.4-2. In Long Term macro cell sites are equipped with 8 radio layers with two very high
FH data rate demanding layers. Small cell sites are equipped with three layers7i@H8 7

15 GHz and 226GHz bands.

Table3.4-2 Radio Layers Parameters for macro cell sites of an Urban geotype for long term period.

Bands range  Carrier width

Carrier Num. of bands Al EEEEIY Num. of carriers

[GHZ] [MHZ] [Gb/s]
C1 Sub GHz 10 4 4.32 12
C3 1to 3 20 4 8.64 16
C5 3to7 100 2 21.6 8

Macro cell sites are assumed to offer three cells connectivity while only one is assumed for the
small cell site. In summary, for the Urban geotype, the total cell site fronthaul required capacity
spans from 43.2 Gbps for small cells in the MT to 272 &lspwacro cells in the LT. FH flows
data rates for Dense Urban geotype are similaile for theSuburban andRural geotypewalues

for total FH data rates arwer. It is worth mentioning that the adopted modelling can be
flexibility customized to evalde fronthaul requirements of different radio scenarios, e.g.,
varying numerology and MIMO layers.
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Figure3.4-3 Example of topology of the three collecting FH small and macro cell sites FH flows over the physical fiber
layout in a Dense Urban geotype.

Figure3.4-3 showsthe considered fiber footprinin a dense Urban geotype ahdw FH flows

are collected in small and macro cell sites to convey them to the Central office. The figure shows
how the macro sites (yellow triangles) and small sites (purple circles) are connected with a tree
structure obtained on the geotype grid towarthe root constituted by the central office (green
square). On the tree it is assumed that there is sufficient fiber availability to implement the
applied transport solution (one of those illustrated above). Note the conogles(red crosses)
which are pointsin the physical topologwhere, using splitter and combiner devices, the
topological branches coming frosingle oraggregation otellscan bejoined, allowing efficiency

and fiber savings.

3.4.2 Cost Model

For the CAPEX calculation and comparison and for each scenario examined, we include the cost
of all components required for implementing the network infrastructure between the RUs and
DUs.

For this purpose a cost model has been defined: it is based on costs found on public sites for
mature and widespread devices (j.DD transceivers, grey or WDM, of different reach (Short
reach (SR, 100 m), Extended reach (ER, 30 km), WDM mux/demux, routers of different sizes),
while for devices that are under R&D or premmercial phase (i.e., coherent DSCM P2MP hub
and leaf moduls) the costs have been obtained by commercial products made with comparable
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technology and performances, adding a small surcharge motivated by additional features. While
we recognize the inherent limitations of this approach, it provides a useful and meaningful basis
for comparison.

Table3.4-3 Cost and power consumption parameters of grey and WDM transceivers.

Device Data Rate Reach gr?éren?ﬂjée)d Egr\:\;irmption W]
1G SR (100 m) MMF 0.002 1.0
10G SR (100 m) MMF 0.004 1.0
25G SR (100 m) MMF 0.008 1.0
50G SR (100 m) MMF 0.054 15
100G SR (100 m) MMF 0.020 2.5
. 400G SR (100 m) MMF 0.080 10.0
Grey Transceiver
1G LR/ER30/40 km) SMF 0.010 1.0
10G LR/ER (30/40 km) SMI 0.020 1.0
25G LR/ER (30/40 km) SMI 0.080 15
50G LR/ER (30/40 km) SMI 0.200 4.0
100G LR/ER (30/40 km) SMI 0.300 4.5
400G LR/ER (30/40 km) SMI 1.000 10.0
1G LR/ER (30/40 kn§MF 0.020 1.0
10G LR/ER (30/40 km) SMI 0.050 1.6
WDM transceivers 25G LR/ER (30/40 km) SMI 0.160 2.0
50G LR/ER (30/40 km) SMI 0.360 4.5
100G LR/ER (30/40 km) SMI 0.500 4.5
400G LR/ER (30/40 km) SMI 1.800 10.0

Table3.4-4- Cost and power consumption parameter&8CM XRiodules.

Normalized Power

Device Type Note price (UC)  consumption [W]
XR 100 G module pluggable O2 KSNBy i 5{/ a 0.60 35
XR 200 G module pluggable O2KSNByid 5{/ a 1.00 4.5
XR 400G module pluggable O2 KSNBy G 5{/ a 220 8
i/loe(;jéa Converter box for clientXR module adaptation 0.40 2
g/loe(;jéa Converter box for clientXR module adaptation 0.60 3
Media Converter
400G box Usually not necessary 1.00 5
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Table3.4-5 Cost, power consumption and other parameters of WDM devices.

Device Mux/Demux Insertion' loss / ' Ngrmalized Power '
channels Attenuation (split) price (UC) consumption [W]

CWDM mw/demux 8 5.5dB 0.160 1.0

WDM muw/demux 40 3.2dB 0.240 1.0

Splitter/combiner 1.2 3.5dB 0.020 0.0

Splitter/combiner 1:4 7 dB 0.020 0.0

Table3.4-6 Cost, power consumption and other parameters of packet switching equipment.

. Equipment . Normalized Power
Device size CEpEE [Ela] price (UC) consumption [W]
_ Small 400 0.60 250.0
Switch/Router (total 1 giym 1600 1.60 350.0
capacity at bid
interfaces) Large 3200 2.80 460.0
Extra Large 6400 4.80 620.0

The cost parameters used in the studye differentiated infour sectionstransceivergTable
3.4-3), DSCM XR module3gble 3.4-4), WDM devicegTable 3.4-5) and packets switching
equipment Table3.4-6). Prices are normalized given in unit of cost (UC) where a unit of UC
correspond to the cost of an extended reach (ER, 40 km) gray transceiver.

For devices that are still in R&D or gremmercial phases (e.g., coherent DSCM P2MP modules),
we assume a 35% cost increase over an equivalapacity grey transceiver, reflecting the
surcharge for additional advanced features.

The tables also include the power consumption of devices (in Watts). Value of power
consumption are the typical one for Transceiver, XR and WDM equipment. For routers power
consumption values in table are maximum values. For routers it is assumed thadltres in

the table are for the full load condition while in an idle state (very low or no traffic) the router
consumes half of the maximum value.

3.4.3 Results

The results of the technicglconomic analysis conducted with the hypotheses presented above

are reported inFigure3.4-4 where the CAPE2{aluations areeported in the upper parfinsets

(a) to (d))and the energy consumption in the lower péginsets (f) to (h)). As shown Kigure
3.44(ad), in the CAPEX evaluation we distinguish between switching and transmission
equipment costs. Since TCO is significantly impacted by OPEX, and energy represents the main
OPEX contributor among the different architectural solutions, we also analyzathel energy
consumption of the deployed equipment as it is showFRigure3.4-4(f-h).
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Figure3.4-4 Summary of results of techno economic analysis on FH transport solutions comparison: (a) to (d) CAPEX
and(e) to (h) energy consumption.

Results on CAPEX show that WDM is the most expensive solution due to the complexity of the
transmission equipment required, leading to a CAPEX increase of up to 125% compared to P2P
across all scenarios. P2MP generally demonstrates viable CAPEX perforofienicey a lower

overall expenditure compared to WDM and a competitive position relative to P2P, particularly
GKSY O2yaARSNAY3 tHatQa LRAISYdGArf G2 NBRAzOS
the combination of fronthaul flows allows for a nection in the number of transmission devices

used, P2MPN/P can even achieve a CAPEX reduction of up to 10% in the medium and long term.

As far as concern energy consumption, insets (e) to (Rjgeire3.4-4 report the annual energy
consumption Q) for the transmission and switching components. The annual consumption for
P2MP and P2MWP architectures is significantly lower compared to P2P and WDM. For
instance, in dense urban areas, P2MP solutions consume up to 70% less energy compared to
P2P soltions, highlighting the efficiency of P2MP in managing both MT and LT power
requirements. Similar trends are observed in suburban and rural scenarios, where the P2MP and
P2MPWP configurations demonstrate better energy efficiency, making them more sablai

for longterm deployment. The annual consumption for P2MP and RRWHParchitectures is
significantly lower compared to P2P and WDM due to the substantial reduction of switching
devices. It is worth mentioning that P2MIP offers higher efficiency ierms of resource
utilization at the cost of increased hardware complexity and energy consumption.

Summarizing, in the study presented in this subsection of the deliverable the textormmic
performance of coherent P2MP as a fronthaul solution for next generation mobile netivasks
been performed. It is worth noting that, while energy estimation parameters are less subject to
uncertainty, CAPEX evaluation is more affected by market dynamics. However, this does not

FftGSNJ GKS 20SNFtt @I f ARRA (pdtenfiaFfor OREX te@uéation-waike f A ( &

requiring only a reduced CAPEX diffexe compared to traditional approaches. The results
demonstrate that P2MP solutions offer a cagfective and energefficient alternative to
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traditional P2P and WDM architectures, making them a promising choice for diverse deployment
scenarios.

3.5 COORDINATION GRDIOACCESS ANDPTICATRANSPOROPERATION
TOREDUCKEPTICACAPACITOVERPROVISIONING

The advent oB5G6G will revolutionize the way RAN will be operated. Expected massive smal
cell deployments and features, suchasadaptive functional splitting, are expected to change
not only the volume but also the requirements the traffic to be supported by the fixed
transport network. This section presents an insight isteartRAN operation, focusing on how
such operation will impact the autonomous operation of the fixed netw8&#sed ortailored

traffic models, a preliminary numerical analysis is done to highlight that smart and dynamic RAN
operation lead to sharp fixed network traffic changes that require from coordinationfikadl
transport coordination to achieve efficient use of agati capacity resources while guaranteeing
e2e QoS.

This sectionis divided in the following subsections:

T The reference e2e scenario is firstly presented.

1 Then, smart RAN operation is sketched and its impact on the fixed transport network
anticipated.

1 Traffic models to compute the aggregated traffic in both access and metro segments are
presented.

1 Using the models, some numerical scenarios are reproduced and the impact of traffic
changes in optical transport due to smart RAN operation is evaluated.

1 Conclusions raise the need of coordination of RAN and fixed optical networks operation to
achieve e2e optimal use of capacity resources. Further directions are pointed out, whose
main achievements and results will be presented in D2.3.

3.5.1 Reference Scenario

In the RAN, we assume that a cell consists of a single rhaseostatio(MBS) and a humber of
micro-BSs (UBSs). MBSs provide full coverage within their cells and provide the minimum
OF LJ OAGe G2 I 0&a2Nb dzaSNEQ GNIXFFAOI H6KSNBI a
limited area of the cell. We assume that pBSs protwa®operational modes:ifactive where

the puBS is switched on and fully operational, aifds{eep where the uBS is switched off.
Without loss of generality, we assume that thedio units (RUs) on both the MBS and the uBSs
provide support for e2e traffic flows. RAN cells provide radio connectivity to the UE and require
one of the following main servicglasses [Sul22]i)(enhanced mobile broadband (eMBHj) (
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ultra-reliable lowlatency communications (URLLC),idy fhassive Internet of Things (mloT). It

is worth mentioning that eMBB typically requires a large capacity (~150 Mb/s per UE and service)
with relaxed e2e latency requirements (~4 ms from the UE to the core). Conversely, the URLLC
service has very stringeifdtency requirements (~1 ms) and reduced capacity. Finally, mloT is
typically highly distributed, which entails the management of a large amount of UE injecting
moderated bandwidth (in the order daens of Mb/s) with intermediate target e2e latency
assurance (~2 ms)

Figure3.5-1a illustrates the 5G higlevel reference architecture considered in this work, where

the traffic generated by the UE in a cell sequentially traverses a number of functions, namely
RU, DU, and CU, until reaching the UPF that serves as a breakout pbets@ tore [Gav21].
Thus, the resultangraphcan be split into four differenslice links characterized by the RAN
segment, i.e., radio (between UE and RH, eetween RU and DU)-M (between DU and CU),

and BH (between CU and UPF). All these functions can be virtualized and run on the computing
resources (servers, virtual machines, ont@iners) that are available at the different sites of the
network. The B5G architecture is supported by resources in the fixed network infrastructure, for
both connettivity, i.e., capacity and ensured latency, and computing. The e2e B5G reference
topology considered in this work is depictedHigure3.5-1b, where the main network segments
connecting the sites and the central offices (COs) are sketched. This topology is based on the
reference higHevel topology from the major European network operators presented in [Rui23].
Therefore, the traffiof a cell enters the fixed network. Specifically, an access optical network
connects the cell sites with their refereneecess CQACO). Typically, the distances between

the RAN cells and their ACQesdre short, i.e., from a few to tens of km. In addition to their
optical transport and switching capabilities, ACO sites have shattenters equipped with
computing and storage resources that enable the deployment of virtualized DU/CU functions,
as well as other UPF functions. Typically, ACOs aggregate traffic from various RAN cells in the
nearby areaas well as from other access technologies, such as residential gateways or customer
edge premises. ACOs are interconnected with each other andegttnal CO¢RCO) by metro
aggregation networks. RCOs are further from the UE (around hundreds of km) and larger and
more complex than ACOs; hence, they can host more virtualized functions and achieve higher
efficiency. Finally, RCOs are interconnected wigional COs(NCO) by means of a meshed
metro core network, which provides large computational capabilities and serves as a gateway
to other networks.

Figure3.5-2illustrates the overall architecture considered in this work, including the control and
orchestration planes; this architecture is an adapted version of Hi&ADI architecture [Ora25].

The main entityesponsible for RAN domain management is the RAN intelligent controller (RIC)
that is in charge of a wide set of actions, such as-Gas®d resource optimization, traffic
steering, and RAN energy efficiency, just to mention a few. The RIC is dividdteinear real

time RIC and nomeaktime RIC. The near reane RIC controls the RAN elements and their
resources by means of local control loops that typically run in the range of 10 ms to 1 s; it
receives policies from the nemeatime RIC that runs irthe service management and
orchestration system, which enables wide control loops that require an execution time of more
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than 1 s. For the sake of simplicity, we hereafter refer to the unified RAN control entity that
combines near redime and nonreaktime operation as simply the RIC. Specifically, we assume
that the RICdeals with cell configuration, e.g., BS on/off switching, and that it manages the
DU/CU placement for each slice [Sar21]. The core network orchestrator is responsible for the
core functions; specifically, we assume that it manages the UPF placementlicslieac A slice
manager is in charge of making dsons related to the configuration of each slfoe service

level agreement assurance-inally, in the transport network domain, the orchestrator
coordinates actions with the SDN control plane. It is worth noting that the orchestrator layer
provides GCloud functionality [Ora25], i.e., it manages the computing nodes running in each
site, & well as the connectivity between sites [Cas18].
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Figure3.5-1 Referencé&Garchitecture &) and topologylf).

Without loss of generality and in line witfRui23], the sites are equipped with optical
transponders (TP) that allow their connection to remote siteseésyablishing an optical
connection. In addition, in this paper we consider DSCM TPs, which can allocate a variable
number of sukcarriers to adapt the capacity to the traffic needs.

The mapping of the slice links connecting functions onto optical conneatiepsnds on the
slice configuration (capacity and placement of virtual functions) managed by the slice manager,
which, in turn, consumes resources (computing and connectivity). Note that the placement of
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the functions cannot be conducted in any potential location dite to the constraints of each
RAN segment, such as distance between sites and latency requirements [Ets22].
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Figure3.5-2 Highlevel architecture.

Table3.5-1 summarizes the mapping of the virtual functions and site types, based on a typical
network operator configuration [Rui23]. In the case of DU and assuming split 7.2Hfooriy

MBS and ACOs are suitable for its deployment. HowevéH, Istency can be relaxed by means

of split 2, which allows the extension of its placement to RCO if suitable, i.e., for eMBB services.
Regarding UPFs, without loss of generality, we assume that abegist of processes that
require more intensive computation and centralization than those of DU/CU. Therefore, due to
the very limited availability of resources at the MBS, the placement of such functions is avoided
at the very edge of the network. In dition, although function placement is allowed in ACOs,
their computational resources are reserved for URLLC and mloT services due to their limited
capacity.

Table3.5-1 Virtualized function placement constraints.

Function MBS ACO RCO NCO
DU Yes Yes Yes (eMBB) No
Cu Yes Yes Yes No
UPF No Yes (URLLC, mloT) Yes Yes

3.5.2 Smart RANDperation

Smart slice operation is built upon three main pillas) dynamic pBSs managemerity
switching the puBSs on and off , with the objective of reducing energy consumption in the RAN,
while ensuring the minimum capacity needed to support UE trafificdynamic RAN capacity
slicing with the aim of managing physical radio blocks (PRBs) to assign resources to each of the
different slices in order to provide the required QoS; &iiijl flexible functional split operation

where the placement of virtual functia(DU/CU) is adapted to match the requirements of the

UE served by each BS in a cell. In this section, we aim to illustrate how that smart slice operation
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dramatically affects the traffic supported by the underlying transport network in each of the
segments of the reference topology.
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Figure 3.5-3 Example of RAN reconfiguration befor® @nd after ) BS activation and function placement
reconfiguration. Capacity allocation in optical access withoar{d with @) RANfixed network coordination

Figure3.5-3a shows the RAN state at a given tim®f an example consisting of one cell with

one active MBS that provides connectivity to a mix of UE from different services. For the sake of
simplicity, we assume that one slice per service type is deployed. Let us assume that the core
network orchestratordecides, at the slice provisioning time, the placement of UPF according to
At A0S (el IyR v2{ NBldZANBYSylad ¢KAA ! tC LIXIO
Moreover, each slice has its own placement of DU/CU along the different CO sité3gisee

1b). In this case, DU/CU placement can be dynamically reconfigured by the slice manager
according to current and expected UE traffic conditions to guarantee that e2e latency (i.e., from
UE to UPF) meets the requirements of the slice service typefigure also shows a simplified

view of the PRBs used by each of the slitable3.5-2 shows the RAN segment per service class
that is transported in each of the network segments. Note that the traffic in each segment is a
heterogeneous mix of-A, MH, and BH traffic, depending on the slice configuratiofhe
selected time instant, illustrates a scenario in which the radio resources are reaching a point
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of saturation that is negatively affecting the e2e service QoS (represented by colored gauges).
In particular, the URLLC service is strongly affected by such saturation, even when the DU/CU
functions are currently placed as close as possible to the Ugdicce e2e latencyin view of

this, let us imagine that such QoS degradation is detected by the slice manager and that, after
analysis,some slice reconfigurationdiave been identified; consequently, there are several
actions to be performed. First, theicd manager triggers the activation of an available uBS (in
light grey inFigure3.5-3a). Due to the physical location of the antenna and its proximity to the
majority of the URLLC UE, the activation of this new antenna relieves the MBS from having to
serve most of the URLLC traffiaggure3.5-3b shows the RAN state after the activation of such a
MBS at time instant,. As the activated uBS (now in green) captures most ofJiReL @raffic,

the overall RAN load is reduced and, consequently, the delay introduced by the RAN segment
[Ber20], which in turn makes the e2e QoS of all the services reach the desired target
performance.

Table3.5-2 Network traffic before reconfiguration (time)t

Service Class MB_S < ACO ACO < RCQ RCO < NCO
[Optical Access] [Metro Aggregation] [Metro Core]
URLLC B-H B-H -
eMBB FH (7.2) FH (7.2) B-H
mloT M-H (2/4) B-H -

Nonetheless, smart slice operation goes beyond uBS activation. For instance, to reduce the cost
associated with virtual function placement, URLLC and mloT functions can be now located far
from the edge (where the available resources are typically cheapiémput major impact on

the QoS of those services. This action might require the reallocation of some of the functions of
the other slices, for the sake of global optimization (as illustrated with the reallocation of the
eMBB functions). Therefore, becauskthis smart slice reconfiguration (of both uBS activation

and virtual function reallocation), the traffic supported in the fixed network segments sharply
changes.Table 3.5-3 updates Table 3.52 after slice reconfiguration, where we observe
segments that are greatly affected, e.g., the traffic in the optical access sharply increases due to
the addition of large #H traffic volumes.

Table3.5-3 Network traffic after reconfiguration (time tb). Changes wiiable3.5-2 are in boldface.

Service Class MB_S < ACO ACO < RCQ RCO < NCO
[Optical Access] [Metro Aggregation] [Metro Core]
URLLC FH (7.2) B-H -
eMBB FH (7.2) M-H (2/4) B-H
mloT FH(7.2) B-H -
© SEASON (HorizeftdSNS2022Project:101092766) page47of 122

Dissemination Leve\ SEN (Sensitivdimited under the conditions of the Grant Agreement)



o

[
»
(e}
z

3.5.3 Traffic model for analysis purposes

The proposed model aims at characterizing, for every tinitee access and metro traffic flow
components(variablesw anda , respective}), as a function of input traffic at every BS
(variablesw ). This model considers the aggregated traffic from all slices of different services.
We assume that a given RAN call 6 connects to one single access sii# & and metro site

& v 0 and, consequently, all B8 & in cellohave the same reference access and metro sites.
Independently of where DU and CU functions are placed, the traffic generated froowiBS
traverse the fixed access segment until reaching reference accessasitbthen, will traverse

the fixed metro segment fronbto reference metro sité . Table3.54 summarizes the used
notation.

Thetraffic flow model isdefined through the following equation&q.5 models the traffic that

a given B®injects into the access networko( ). The value is zero if the BS is not active;
otherwise, it can be-H, M-H, or BH depending on the placement of DU/CU functions. Similarly,
Eq. 6 characterizes the traffic injected into the metro networl (). Note that these two
variables do not depend on the actual network configuration, e.g., where a given function is
placed.The output is the expectedfor M-H capacity for each celifor the next periodg O

p , which depends othe functional split ando O p be the traffic monitored at timeé. The
generic model for split, based on models in [Per18], is definedmn7, andwhere— O p ™

ip is a factor that scales the componentthat accounts for the HH traffic that celfGnjects

at maximum load when spilitis used. The scaling facterdor the considered splits in this work
arein Eq.8 and Eq.9. At the same timed is the maximum RAN capacity of celFromEQ.8

and Eq.9, we clearly observe how traffic in split 7.2 scales proportionally to user traffic,
whereas split 2/4 produces a constantFtraffic per BS. In addition, although component
depends on multiple BS parameters, such as the number of antennas, layers, and chosen

modulation format (see [Per18] for further details),, >0 4 for any BSQEq.10 andEq.11

compute the target access and metro traffic flow components, respecti#elya given pair cell
access site afto and pair accesmetro site ¢ , @ and & aggregate the
components of every BS that is in @edind has assigned the access gi@nd metro sited as

reference ones.

Table3.5-4 Parameters and variables

“p:1, if BDis active 1pe 1, if BS bisin call xpt: User traffic in BB at timet [Gb/s]
ko: Capacity of BB[Gb/s] 1pa 1, if B® sends to access site yot: Access traffic by Bfat timet [Gb/s]
dup: Position of DU of BIS 1 pm: 1, if B® sends to metro siten Zy: Metro traffic by B® at timet [Gb/s]
[site type] fhy: Max FH traffic of B® [Gb/s] Yeat: Traffic in pair € a> at timet [Gb/s]
Clb- Position of CU of B5 mhy: Max MH traffic of B® [Gh/s] Zame: Traffic in pair & m> at timet [Gb/s]
[site type]

Eq.5
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3.5.4 First results

For numerical evaluation purposes, we have built a Pyibased flowbased simulator that
reproduces the e2e B5G scenario presente@igure3.5-1. To simplify the analysis of access

and metro traffic components, we configured a scenario consisting of one dense RAN cell with
1 MBS and 64 uBS, one access site, and one metro site. We consider typical configurations for
MBS (2x2 MIMO, 20 MHz bandwidth) and puBSs (8x8 MIMO, 100 MHz bandwidth).

+
|
C

FH (Split 7.2)

> FH (Split 7.2) M-H (Split 2/4)
RN (DU

() .

= M-H (Split 2/4

s |5 (RUD (Spit 2/4)

[} =

o~ 1))

[O) o

S (V) B FH (Split 7.2) ,%E'@ BH
N+ (V) ([RUDD—Y-HSpIit2/4) o BH
Figure3.5-4 Functional split options.
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The maximum #H and MH for every BS for different splits ligure3.54 was computed from
the models in [Lag21]. User traffic was generated following realistic daily patterns and scaled
according to [Eri22] to emulate a medidi®rm scenario with traffic peaks of 60 Gb/s for the

whole cell.

With the configuration above, two different RAN operation policies were evaluatetatiy,
where all uBS are always active and all BSs implement the same functional split option; ii)

dynamic where the split is still fixed but capacity is dynamically adapted by switching on/off
UBSs according to actual traffic needs.
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Figure3.5-5 Static RAN operation
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Figure3.5-6 DynamicRAN operation

Figure3.5-5 shows the performance under static RAN operation pokigure3.5-5 shows an
example of oneday total user traffic and théotal capacity, i.e., aggregating MBS and active
UBSs. Note that the total capacity remains constant at 96 Gb/s and the traffic usage of UEs is
fluctuating with the time of day. Under this configuratidrigure3.5-5(b) and Figure3.5-5(c)

show the traffic at access amdetro network, respectively generated with every functional split
option. We observe that this policy results in either predictable tvagant traffic (closely
correlated with input traffic) or constant traffic, depending on the different functionalt spli
options. Additionally, it is worth noting that the traffic volume is dramatically affected by the
chosen split, e.g., metro traffic of | and V follow a similar daily pattern but with a largely different
magnitude. Moreover, access and metro traffic remabnstant in options | and lll, whereas
drastically vary for the rest of options. In consequence, under key functional splits foreseen for
B5G scenarios, metro traffic does not correspond to the aggregated access traffic, which is
against the assumptiordf typical traffic models and motivates the proposed ones clearly.

Regarding thelynamicpolicy Figure3.5-6), we have implementedBiSs switching on/offased
on simple thresholébased criteria Specifically, two rules were implemented at evgBSh: i)

when the load (input traffic over capacity) @exceeds 0.6, then the closestd@inactive |BS is
switched onijii) when the load ofodrops below 0.3 and the closest neighborirgSis active
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is switched off. These rules provided committed users QoS (no loss) during the whole simulation.
Figure3.56(a) shows that capacity savings up to 80% can be achieved when user igaffic
minimum (i.e., only 11 out of 64B8s are active). In addition, we observe that those options that
provided constant traffic in static operation are sensitive to RAN capacity changes, i.e., options
Il and V in accesBigure3.5-6(b)) andll andill in metro(Figure3.5-6(c)). In fact, traffic reduction

in both segments is equivalent to RAN capacity reduction, which is an outstanding feature of
those split options, e.g., to minimize optical capacity requirements eettlices energy
consumption. This comes at the cost of added unpredictability to access and metro traffic since
constant periods are combined with varying periods, which hinders those widely used traffic
forecast models based on shedrm past windows préictors.

In summary, mart RAN operation in B5G/6G scenarios will induce access and metro network
smart operation to irplement novel solutions to manage unprecedented variables and sharply
changing traffic flows. Autonomous fixed network operation in tight coordination with RAN
control is foreseen as a key challenge to achieve target e2e requirements. In this regard, we
identify the need of RAN controller to periodically collect user traffic monitoring data gathered
from different cells and perform traffic predictido estimate the expected traffic to be required

for the next time interval. Note that this prediction is necessary for deciding wB&8s need to

be powered on/off. Then, RAN controller need to be extended with additional modules to
perform estimation of the traffic injected in the fixed network, which will depend on both users
demand and functional split implemented, as well as on RApNration approach. That
estimation is necessary to allow optical capacity setup, i.e., dynamic allocation of optcal SC
based on traffic monitoring and capacity forecasting to be performed autonomously in the
optical node agent. This optical capacity update needs to ensure both RAN traffic requirements
and local capacity prediction forecasts.

3.6 LOW-NONLINEARITMARGINDESIGN ORLTERLES®RSESHOEND
SSURNETWORKS

Horseshoe topologies are wllited for resilient hukand-spoke traffic patterns. Filterless
architectures, coupled with cohereiliased pointto-multipoint (P2MP) transceivers (using
digitalsubcarriermultiplexing, DSCM), offer cestfective, efficientall-optical aggregation of
traffic flows destined for the same hub node. While these technologies hold promise far long
term scalability and resource utilization, network reconfiguration remains a challenge when
accommodating dynamic changes likelding anew leaf node Recent researctjHos24]
proposed a scalable horseshaadspur optical network architecture to minimize
reconfiguration and operational costs while enabling lbeign traffic growthas shown irFigure
3.6-1(a). By decoupling the design of the static horseshoe from the dynamic épees), the
network can adapt to changing traffic demands without disrupting the core infrastructure.
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To enhance network performance and reduce operational costs, this work relaxes the stringent
nonlinearity constraints that typically limit amplifier gain. By allowing the use of highier
amplifiers, we significantly increase the available power budgjetreby decreasing the
required number of amplifiers.

To ensure the feasibility of operating with lower margins, we developed a specialized nonlinear
noise modeling tool based on the sgliiep Fourier method (SSFMpnsidering unequal
span/amplifier gain and DSCM (deigure3.6-1(b)). This tool is tailored to the unique challenges

of this problem, enabling accurate prediction of system performance under nonlinear conditions
as a postanalysis

Ampl i fier
—
—

DSCM

@ R o

Figure3.6-1(a) lllustration of a typical horseshaad-spur topology and (b) the simulation schematic.

To optimize the network design, we utilize an ILP framework. Numerical simulations based on
the Manakov equation and SSRMII be employed tovalidate the feasibility anthe impact of
optical nonlinearity on link performance.

3.7 ROBUSTOPTIMIZATION L TERLEMETWORKS WITHYSICALAYER
UNCERTAINTIES

Optical network planning and optimization present significant challenges. Traditionally, optical
communication systems have relied on conservative design Veithe margins in key
parameters to guarantee acceptable Quality of Transmission over the network's lifetime. While
effective in maintaining QoT, this approach often incurs substantial costs.

To address this, recent efforts have focused on improving QoT predictions and optimizing
resource allocation, reducing the need for excessive margins. However, these approaches
neglect the impact of uncertainties, such as variations in link parametershvdain lead to
infeasibility or losing optimalitynder realoperational conditionsUncertainty can be managed
through several strategies. Stochastic optimization leverages probabilistic models to optimize
expected outcomes. When precise modeling is emgling, robust optimization offers a more

© SEASON (HorizatySNS2022Project:101092766) page52of 122
Dissemination Leve\ SEN (Sensitivdimited under the conditions of the Grant Agreement)



d
00
(e}
z

practical approach. By adopting a worstse perspective, it seeks solutions that remain feasible
across a range of uncertain parameter values within defined uncertaintySetsitivity analysis
helps assess the impact of parameter variations on network design and performance

We employ the robust optimization framework outlined[Ber03] to adapt the integer linear
programming (ILP) model originally proposed in [Hod@Bffilterless horseshoe networks as
presented inFigure3.7-1(a). This approach has previously been successfully applied to address
traffic uncertainty and failure handlingo the best of our knowledge, this is the first time it has
been applied to the design of filterless optical networks.

(a) Deterministic rTTTTmmmmmsmmmsmsmsssmsscmosooooooool .
11 \
1
'

Amphﬁ:r 4 Coupler Lin 5{ D ! Minimize: ¢"x
>| — : - i Subject to: Z @;jx; < by Vi
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(byRobust |
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other attenuation uncertainties

i , ——— :
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Figure3.7-1 Horseshoe topology, leaf node architecture and (a) deterministic ILP formulation, and (b) robust ILP
formulation in the presence of links attenuation uncertainties.

We propose a robust optimization approach to address uncertainties in link attenuation, which
can impact the network's performance. This approach ensures that the network remains
feasible under all potential uncertainties, even if it may lead to a less opsiohation.As shown

in Figure 3.7-1(b), the robust ILP formulation considers uncertainty in link attenuation
coefficients and introduces a protection level to account for different levels of uncertainty. This
allows for a balance between robustness and optimalitd feasibility

P2MP transceivers employing dymdlarization 16QAM modulation were considered in a 400G
module with 16 subcarriers (SCs) at 4 GBd. A minimum receiver input povdr @Bm per SC

was set, while the launch power for leaf and hub nodes was fixetRadBn per SC. To ensure

a negligible impact of fiber nonlinearities, the launch power threshold was s8td8m per SC,

with a maximum allowable SC power difference at the hub's receiver of 8 dB. A total of 100 8
leaf networks were assumed in which all limksre composed of singlmode fiber pairs with a

loss of 0.24 dB/km and an average length of 12 km. Available coupler ratios included the set of
[70/30, 90/10]% and the set of [10/90, 20/80,..., 50/50]% (All). The amplifiers' minimum and
maximum gains wereset to 10 dB and 20 dB, respectively. We model link attenuation
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uncertainty as a uniform distribution with a range of 10% and 15%. Taking 10% as an example,
links attenuation could be randomly up to 10% higher or lower than the estimated value.
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Figure3.7-2 Infeasible solutions percentage versus the protection level for "All" and "70/30 & 90/10" coupler ratios
for (@) 10% and (b) 15% uncertainty ranges.

Figure3.7-2 shows the infeasible solutions in percentage and the average number of amplifiers
200FAYySR 0@ aAyYdzZ GAy3 FYR 2LWAYATAY3I mnn ySihag?
when the protection level increases from the minimumsof 1to a maximum o8 w For

each network, we optimize it and then evaluate its performance with randomly changing
attenuation values within the defined ranges of uncertainty. If the solution meets all the

required conditions, we consider it feasible; otherwise, it is kagure3.7-2(a) assumes 10%

uncertainty while Figurdrigure3.7-2(b) considers a 15% uncertainty. The infeasibility rate

rapidly decreases as the protection level increases, approaching zego far(note that we

simulated 100 networks, increasing the number of simulations to 1,000 or even 10,000 would

allow for a more precise characterization of even the smallest percentages). The average

YdzYo SN 2F | YLIX AFASNE NR & Qpler codfigusationl @fersia widstLX A FA SN
range of possibilities and generally leads to better control over power distribution and more
2LIAYEFE 2dz2002YSad bSOSNIKSESaas GKS NBfFGAGS |t
with higher protection levels due tits increased sensitivity to uncertainties in the network. In

the case of 15% uncertainty, the robust model cannot generate a feasible solutien far.

However, given the significantly larger uncertainty range, the likelihood of this wesst

outcome is extremely low and infeasibity rate already is extremely low.
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Figure3.7-3 (a) Average number of amplifiers for four different optimization approaches in the presence of uncertainty
and (b) their corresponding infeasible solutions rate.
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Figure3.7-3 compares the robust design approach with the traditional maigised method.
Considering no margin and no robustness (baseline) provides the most optimal solutions in
terms of the number of amplifierd={gure3.7-3(a)) but the chance of infeasibility is as high as
80% with 15% uncertainty range and "All" coupler rat{&syure 3.7-3(b)). With a 2dB
nonlinearity power margin or sensitivity power margin, the chance of infeasibility decreases to
a minimum of 9% but the number of amplifiers rises to a level offered by the proposed robust
approach with zero or neao-zero infeasibility probability.
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4 NOVEIOPTICASYSTEMS ANBYBSYSTEMS FBOSDM

4.1 ULTRAHIGHCAPACITRBAND ANISPACHDIVISIONMULTIPLEXING
BACKBONEOMN: MULTHCORE V8MMULTHFIBER

Band Division Multiplexing (BDM) and Space Division Multiplexing (SDM) are advanced
techniques aimed at addressing the growing demand for network capacity in optical
communication systems. BDM expands the transmission spectrum by utilizing multiple
wavelergth bands, such as- -, and Shands, effectively increasing the available bandwidth
while optimizing spectral efficiency. This approach enables seamless scaling of network capacity
without requiring significant changes to existing fiber infrastruct@e. the other hand, SDM
focuses on exploiting parallel spatial channels within a single optical fiber, such as multiple cores
in multi-core fibers (MCFs) doundle of multifiber pairs (BuMFPsRy leveraging these spatial
dimensions, SDM dramatically enhances the overall capacity of the optical system while
maintaining high energy efficiency. Together, BDM and SDM present a complementary solution
for scaling network capacity in mutfimensionaklastic optical networks, enabling futuproof
network archiectures that cater to the demands of negéneration applications like 6G and
beyond.

Conducting a techneconomic study for emerging technologies is crucial for assessing their
viability and guiding their integration into existing networks. Such studies enable operators to
evaluate the coseffectiveness and scalability of new solutionasering a smooth transition

that aligns with both performance goals and budgetary constraints. Migration studies play a vital
role in this process by identifying challenges and opportunities associated with upgrading from
current infrastructure to advancedrchitectures, such as multiand and spaceivision
multiplexing systems. To achieve accurate evaluations, a comprehensive understanding of data
plane issues and physical layer parameters is essential. For instance, assessing signal quality
through metrcs like signaio-noise ratio (SNR) is critical to estimating channel capacity and
determining the feasibility of new modulation formats or routing strategies. This granular insight
ensures that both the economic and technical dimensions of network evolatie effectively
addressed, enabling informed decisioraking and optimizing lorgrm investments.

Therefore, in this section, we present a comprehensive analysis of the physical layer by
accounting for NLI and crosstalk impairments in MBoSDM systems, consideringrieamulti-

core fibers. We propose an accurate SNR calculation model and compaperfbemance of
MCFs against bundled muftber pair solutions, focusing on their impact on overall network
capacity.
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4.1.1 Nodal Architecture

Figured.1-1illustrates the nodal architecture of BSB#abled Elastic Optical Networks (EONS)
considered in this study.
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Figure4.1-1 Architecture of the nodes in MBoSDM EONSs.

The network is based on a mdidiyer optical transport network (OTN) switching framework over
WCMCFs or bundled mulfiber pairs, utilizing C+L4fnd technology to provide
approximately 20 THz of bandwidth. The modulation format of the line cardsnanagally
adapted to the GSNR, as outlined in [Bos19]. Due to the-oter crosstalk (ICXT) and inter
channelstimulated Raman scattering (ISRS) in BSDM systems, the GSNR for each (channel, core)
pair varies, affecting the modulation format and transsiis bit rate of each line cardror
instance, as shown iRigure4.1-1, line card bit rates can range from 100 Gbps to 600 Gbps
depending on the channel and core assignments. The Internet Protocol/Multiprotocol Label
Switching (IP/MPLS) traffic is groomed via the OTN switch matrix and mapped onto idle line
cards to construclightpaths (LPs). Alternatively, an-dRer-WDM approach, bypassing the
optical terminal, may also be implemented, as illustrateBigure4.1-1. The established LPs are
optically switched through a BSDM colorless, directionless, and contentionless (CDC) ROADM
and transmitted over WMICFs or BUuMFPs. For simplicity, we assume that spatial lane
(coreffiber) switching is not permitted. The CDC BSBDABM is equipped with advanced
telemetry modules, including optical channel monitoring (OCM), optical -toreain
reflectometer (OTDR), and optical supervisory channel (OSC) [Me#2Y,

While the optimal design for such ROADMSs remains an open research areappoooicept
architectures have been explored in the literature [Marl7]. The ROADM also incorporates a
dynamic gain equalizer (DGE) to equalize launch poweram@ifiers and postamplifiers. A
software-defined networking (SDN) orchestrator oversees routing, modulation format selection,
grooming, spectrum assignment, and switching based on the GSNR for each (channel, core) pair.
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The inline amplifier sites in the BSDM system include DGEs and doped fiber amplifiers (DFAS)
specific to each band and core. Erbiaimped fiber amplifiers (EDFAS) are used for therd -

bands, while thuliundoped fiber amplifiers (TDFAs) amplify signalthe Sband. The DGEs are
calibrated using the hypeaccelerated power optimization (HPO) strategy proposefhrp24

4]. This approach enhances the capacity of rdthd optical systems by compensating for ISRS
effects through optimized power adjustnts. By applying higher launch powers to higher
frequency channels more affected by ISRS, a flat optical dmmaiise ratio (OSNR) is achieved

at the endof each span, enabling better network management and service monitoring. While
this method optimizes span capacity, it does not aim for a uniform GSNR profile, as a uniform
profile may not be optimal for capacity maximization. Additional details on thedtia@gy and

its benefits, including accelerated power optimization, can be found in [Adp24

The architecture of #ine amplifier sites is based on the framework discussed in [Fer19], though
the application of DGEs depends on the network scale. The schematic diagram of th€BEDM
ROADM, depicted ifigure4.1-2, shows a foudegree node with spatial lanes and multiple
bands. Each LP is represented by different colors, indicating its destination degree. For instance,
the red LP is routed from degree 1 to degree 3 in thehd of spatial lane 1 (SP1), while the
yellow LP is dropped at a ledide line card connected to degree 1. Since neither band nor spatial
lane switching is allowed, no additional paesough LPs can be established at this node.
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Figure 4.1-2 Band and space division multiplexing (BSDM) colorless, directionless, and contentionless (CDC)
reconfigurable adetirop division multiplexing (ROADM).

4.1.2 Physical Layer Modeling for MBoSDM EONs

To mitigate crosstalk and enhance core density in nrudie fibers (MCFs), trenassisted
weakly coupled MCFs (TAWACFs) have been introducedrigure 4.1-3 provides a
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representative crossectional view of a fabricated TAWECF with a homogeneous core
arrangement. In this design, identical cores with a-lodex trench profile are arranged in a
hexagonal or square configuration. As shown in the figure, each core aaisded by a trench
area with a lower relative refractive inde¥X () compared to the cladding, characterized by a
trench widtho

Relractive index CD = 187.55 um CD =200 um

Corc
nC(]I‘E

Nclad

Ter

Color coding for MCF structure:

1 0J £

Core Cladding Trench €D =200 ym

Figure4.1-3 Trenchassisted weakly coupled muttore fiber layout, €ore fiber (MC07) with cladding diameter
187.5> Y X -cavedfiber with cladding diameter 260Y X -cavedfiber with cladding diameter 260Y >cora fiber
with cladding diameter 125 Y @

The intercore crosstalk (ICXT) in TAWMCFs is influenced by fiber parameters such as the
relative refractive index difference between the trench and cladding, the trench width, and the
core pitchi . While ICXT also depends on the optical frequency, this effect is negligidbamiC
optical networks. However, as demonstrated later in this study, frequelependent ICXT
becomes significant in muliand systems like the C+Lb&nd technology analgz in this work.

In this study, we analyze four different trenelssisted weakly coupled muttore fiber (TAWC

MCF) variants, each representing stafiethe-art technology: (1) MCO04, with four cores and a
A01FYyRIFINR Of I RRAY3I RAIYS(HSNI 0 fesand ah@standargCD> YT O H O
2F Mym >YT 0600 a/moX HAAGKROIKNRNIESSEFOANBASKNTRIE I
nineteencoresandaned i YRFNR /5 2F HHp >Y® ¢KS&S a/C (el
the capacity performance of TAWMICFs with standa CD against those with nestandard CD,

as well as to evaluate the effect of increasing the number of cores irstamdard CD TAWC

MCFs on network capacity performance. Further analysis and results are presented in Section 4.

All TAWEMCFs used in thitudy have been fabricated under reabrld conditions.

To estimate the intecore crosstalk of trenchssisted weakly coupled muttorefibers, several
studies in the literature have proposed numerical simulations and experimental measurements
[Tek11, Hay12, Hay14]. Additionally, the authors in [Yelddented an analytical closddrm
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model to calculate the mode coupling coefficient for TAMWCFs. Within this framework, the
ICXT of a TAW@CF can be determined usig).12.

0 0 A@DPO pmMQO

Q@ 5 AoD6  pmaob Eq.12

Furthermore, the power coupling coefficient (PCC), denotet)a® , isgiven byEqg.13, where

I,i ,@Q0,& ,"Qand( representthe mode coupling coefficient (MCC), bending radius,
propagation velocity, the distance between the centers of @dpacent cores (or core pitch),

OGN} yayYrAaairzy RAaAGFYyOSs STFFSOGABS NBFTNI OGADBS AYF
number of lit adjacent cores of the channel under test, respectively.

R
mQ oy Eq.13

Moreover, he MCC is calculatagsingEq.14, wherei is the core radius anithe other variables
used aregiven byEg.15to Eq.19.

10 e 3 Y Q MTA@DGOY PR p ®Q 0
e l———— :
Tl 0 QL ® 0¥ ] Eq.14
3Q @
6 pE p w Q0 Eq.15
¥
e —
w Q . Eq.16
)
0 o o Eq.17
" ¢t
Y Q 3 (':) € P Eq.18
W Tw Q
S PP & ¢ Eq.19

The Gaussianoise (GN) model [Pog14] is utilized to examine the effects of both linear factors,

such as loss and chromatic dispersion, and-lrogar interference (NLI) effects such as self

phase modulation (SPM), creghase modulation (XPM), muithannel interference (MCI), and

L{w{Z 2y (KS 2LJGAOIf &aA3YyIfaQ IYLI AGdZRS I YRk 2N
optical fiber medium. Since weave considered the standard singteode fiber (SSMF) and we

are not working in zero or very low fiber dispersion regimes, the MCI is negligible [Ran20].
Consequently, the computation of GSNR (denoted)dsr a specific channévithin spani on

link dis achievedusingEq.20 and Eq.21, whereU represents the number of spans in ligk

while 0 denotes the link number of the corresponding lightpath.
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ALRLL Eq.20

Eq.21

Utilizing the incoherent GN model for long enough spéms yvalue of the overall GSNR for a LP
on channel(zan beobtained fromEqg.22, where various parameters contribute, such as the

power evolution profile (PEP) of each span (0 "M ¢t ¢ © F‘), thelength of span s in
link | @ﬁ), the noise power caused by tlgtical amplifier § hh calculated fromEq.23), and
the noisepower stemming from NL(~)(ﬁﬁ ), including SPM, XPM, al8RS. The details regarding
computing 0 ﬁﬁ) is discussed itihe nextsection.

- P
3 s pmtl I C SRR L $ L 3 Eq.22
VA v'o R e LLINIFORVA Eq.23

In Eq. 23, ¢ fIACHORHE ® f are the noise figure2 T R2LISR TFAOSNI | YLIX AT
coefficient, channelfrequency, the gain of DFA, and channel symbol rate, respectively.
Additionally, t ht s e Q s represent the transceiver SNR, SNR penalty

due to wavelength selective switches filtering, and SNR margin due to aging, respectively
[Bug22,Seql8,Ped22]. Furthermore, the channel bandwial§ks and bit rate of each channel

Y okoP "

with modulation cardinalityd ('Ygg ) are calculated fromd gio , and

0601 @
”

Yasoné a’Y omP " P —m respectively. Here, parameters like the symbol rate of the

channel Y ), the roltoff factor (.3, the forward error correction (FEC) overheag),(and
the bandwidth of a base frequency slatg ) are involved. Moreover, the GSNR threshold for
each modulation format level depends on the gEC bit error rate (BER) and can be
determined using (7) in [Arp24]. It is assumed that the booster gain the add and pass
through directions aré0= 20 dB, and theore-amplifier can completely compensate ftire
fiber loss of the link and the QoT degradation causetIRS. Thus, for the paenplifiers and
in-line amplifiersEq.24 can be writtenwhere0 (seeEq.21) andﬁ‘ﬁmd ’L‘)Fﬁ'
of channelQust after and before the corresponding amplifiezspectively.

are the powers

- 0

o h

o’ g hh a phn Eq.24
For instance, consider the flat launch power (FhBgle in span 1, as illustrated ligure4.1-1.

In other words, basedn Eq.23andEq.24, the hh depends on the PEP. As sholater inEg.
30, the PEP is influenced by ISRS, where hifjegquency channels transfer power to lower
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frequency channels. Therefore, the ASE noise is dependent on ISRS tiru§h I Y LI A TA SN A
profile. In this regard, uline amplifier (ILA) sites are equipped with DGE to balance the
power/gainprofile based on the received power at the ILA input &mellaunch power profile

at its output. The DGE could lmplemented using wavelengtkelective switches (WSS) and

variable optical attenuators, which adaptively adjust the powEeach wavelength based on

the input and output power, ashown inFigure4.1-1. Finally, to create a practical model for the

optical linesystem penalties, we applied a range of factors: rand@sasjgning connector losses

between 0.2 to 0.5 dB, factoringy’ wh ! 5 a a Q dégentlentNdssl at Qi5AdB ger node

along the lightpath, and randomly accounting for splice losses in the range of 0.01 to 0.06 dB/km.

The average length of the fusion splicing sections is considered 2 km [ZhaZ23].

Acquiring precise values for all parameters in GSNR calculation is often complex and sometimes
unfeasible. Nevertheless, through the application of stat¢he-art telemetry and Abased
approaches [Lun2l, Tan21], we can characterize physical layer paranseich as the noise
FAIAZNE 2F GKS I YLX A FASNBE &« Asdurhifigav@ppssdsd dcdelalla y 3 LIS y
knowledge of these physical layer parameters, the most challenging aspect of GSNR estimation
for MB-EONSs lies in estimating"" andd "" | with the ISRS effects playing a predominant role.
However, while the NLI models in the tifrequency domain offer the highest accuracy, they

rely on solving complex integrals and are unsuitable for online or offline network planning tools
[Pog24]. Theomputational time needed by models like the sgliép Fourier method, integral

based GN model, and enhanced GN model (EGN) is excessively high [Pog17]. Furthermore, they
are too complex to adequately account for the add/drop effect modeling in netwode level

studies. Consequently, over the past several years, several dosadransmission models
(CFMs) (e.g., [Sem19]) and se@fiMs (e.g., [Bug23], [Ran20]) have been developed to estimate
NLI. CFMs provide closéarm formulas for PEP and NLI butyren specific assumptions for

each model, e.g., triangular shape for Raman gain profile [Sem19]. If the system model does not
FfAIYy S6AGK (GKS&S | 4adzYyL)iA2yaXTFMsfostheothé Bahdpa | O Odz
calculate PEP and loss coefficienssng fitting approaches, allowing for flexibility in ignoring
certain assumptions. Additionally, the generalized GN model (GGN) isknewih GN integral

based QoT estimator widely useddWDMsystems, offering acceptable accuracy but lacking
modulation format correction terms crucial for MBONs [Ami22]. Four fast CFMs have recently
surfaced in the literature, as discussed in [Sem19, Uzu21, SoagA3].

The authors of [Sou23] compared the models proposed in [Sem19] and [Uzu21] with the GGN
model [Ami22], which is utilized in GNPy [Cur22]. They found that the model presented in
[Sem19] demonstrates the highest accuracy for LGSBMH scenarios, particularlyvhen
additional correction forms are incorporated. However, their investigation primarily focused on
Gaussiarshaped signals. Conversely, the authors of [Jia23] introduced a CFM that considers
Raman windowing sweeping across the frequency axis to enhecaccuracy of the model
proposed in [Sem19], specifically for-h&hd scenarios. Two set@FMs introduced in [Ran20]

and [Bug23] offer adequate accuracy for EONs beyond 15 THz, i.e., the BahdSth this
paper, we employ the model in [Pog22], [Ran@@lt uses the most advanced techniques, which
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is a machine learning (Mbased GN/EGN model that has been validated through both the split
step Fourier method and experimental testing [Jia23], [JiaR3n addition it incorporates
essential features sucas dispersion and modulation format correction terms, strikinfine

balance between accuracy and speed. Thereft’ﬂ)r@:‘ is estimated fronq.25, wherel "ﬁnﬁrbis

computedwith Eq.26 and othewvariables are defined frorgq.27to Eq.29. With| -gequal tol
if 'Q "Cand 0 otherwise( gothe number of WDM channels, aﬁ%as the machindearning

based correction term (see [Pog22] for details).

o . B F L 1l
11 " r h v hoh C 1 h p Q Il
- BE ~ 5 R | T s A n % , e~ i
g hn PP h &Y 8 @AY R 0o, el e o
P X 1 . N Q.
L1 d Q [ AR ]
u ” "Q U
W n .y b Y ol
T R e ] e
e A OEHE . Eq.26
dn'Q Q Q
F ¢, GEc
© 000 000oQ Eq.27
— . " - » » g " n G - - -
e & T e @ ¢ T T 9 Q% %
QY Eq.28
e G
G
W n ¢ Q
0O ODowpm 5 P Eq.29

To estimate the "M of each span, we follow the methodologies outlined in [Pog22], utilizing
from Eq.20to Eqg.29. The process involves the following steps:

Step 1 Numerically calculate the PEP by solving a system of coupled differential equations, i.e.,
Eq.30. This calculation requires the launch power profile, the fiber loss coefficient profile, and
the ISRS gain profile function. Notably, the ISRS gain depends on factors such as the pump
channel frequency, the frequency difference between pump and signaingts, and fiber
parameters like effective area, dispersion coefficient, and numerical aperture.

158 | g Qv e s o Ho s
Trg ' ded 0 Y QU QYo 1 G, O  Eq30
) 1 '®6
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Step 2 Estimate auxiliary loss coefficient profiles, 1.6,,"Q,| , "Q, and, "Q by fitting the
power evolution profile obtained in Step 1 to the approximately clek®th formula (equation
(13) in [Ran20]). The frequendgpendent fibeldoss can be loosely modelég Eq.31, whered

is the signal propagation distance, and the in®®G LINE & Sy 1 a G KS "@KI yy St Qa ¥

| aiQ | Q| QA@pQa Eq.31

This model indicates that the observed loss coefficient in MB systems differs from the loss
coefficient used in ®and systems. In this context:

| x "QdFiber loss without ISRS.

T 1,QY [2aa Y2RAFAOLFGAZY RdzS G2 L{w{ FG GKS
1 . "Q:rate at which ISRS diminishes along the span with decreasing optical power.

Once these parameters are assigned, the NLI calculation becomes closed form. However,
assigning auxiliary loss coefficient profiles remains sgosied form to avoid excessive errors.
Equations (30.1) and (30.2) in [Ran20] provide a clésed best fit for| , "Q, and

|« 'Q, given, "Q. Optimizing, "Q numerically ensures the best fit for all parameteFsr

illustration, Figure4.1-4 shows the observed loss for a 70 km span in a fully loaded link with a
flat launch power of 0 dBm. The results, based on parameters outlingsisection highlight
differences between the observed and expected loss curves due to ISRS effectEDN4B
These differences become more pronounced as additional bands are introduced.

0.45 —pur——— L —
—— Fiber intrinsic loss
— 04| —C-band
g LC-band
& 035 |——1LCS-band
=, —— LCSE-band L
2 03 LCSEO-band =
Q =
= 025"}
4
é;; 02 N\
72/
0.15 -
" [N BGEE S E O
180 190 200 210 220 230 240

Frequency [THz]

Figure4.1-4 ISRS effect on the fiber intrinsic loss for different rbaltid systems. Span length = 70 km, launch power
= 0 dBm, Fiber type: standard single mode fiber-peak water.

Wto deriVEG .

Step 3:CalculateOh

Step 4:Compute the parameted (seeEq.29).
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Step 5:Determine the effective dispersion profile (sEg.28). Here,"Qdenotes the frequency
reference corresponding to the wavelength 1550 nm,jand andf are measured values.

Step 6:Establish the frequenegtependent norlinearity coefficient [( ;). This involves the
nonlinear Kerr refractive index () and effective aread( "Q) (seeEq.27).

Step 7:Finally, calculat® AR from Eq.25.

By substitutingd "" and0 "" for each span into a Light Path (LP), the total-nénd GSNR
can be calculated usirigg.22. This ensures that ISRS effects on ASE, NLI, and the loss coefficient,
as representedrom Eq.20to Eq.29, are accurately accounted for.

To calculate the power of ICXT caused by the coupling of adjacent cores inBgGRsan be
used, whered " represents the ICXT powér,h is the ICXT coefficient, aid " is the
transmitted power from the adjacent core.

h . h = h

0 0 Eq.32

A MBOSDMEON over MCFs does not require MINdSPequipped transceivers if the
I OO0dzydzZt F iSR L/ -¢ LISylrftde 2y GKS {bw A& Xm R.
each modulation format, based on the acceptable bit error rate (BER) and the corr@sgpond
GSNRthreshold ("Qq) in dB, can be calculated usifg. 33. Here,* represents the
acceptable ICXT threshold for modulation formiats equalsl dBdenotes theacceptableQoT
penalty, and... =[0.5,1,3.41,5,10,21] [Hayl4

, e P P
pue Q—— Eq.33

pTT

4.1.3 Simulation Setup and Numerical Results

Initially, we present a study on the TAWACFs. Subsequently, we analyze the network
performance for the two SDM scenarios, i.e., MCFs and BUMFPs.

4.1.3.1 ICXT Analysis in BSDM EONs

As shown irFigured4.1-3, four realworld TAWEMCFs are considered for the BSDM EON: MCO04,
MCO07, MC13, and MC19. Additionally, standard singbele fibers (SSMFs) are employed in the
BuMFPs strategy. The physical parameters of the optical fibers are listedlied.1-1. These

MCFs have been selected as they are currently manufactured and represenbfthteart
technology in their respective categories. For instance, among the standard CODMBR#Cthe
four-core lattice design is considered optimal for minimizin¥TTCRegarding nestandard
TAWGMCEFs, hexagonal clopacked MCFs have demonstrated better efficiency due to their
higher core density and reduced ICXT. Accordingly, MCO7, introduced in [Hay12], has been
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adopted for its low ICXT. Furthermore, MC13 and MC19 are based on the MCF designs proposed
in [Sail3] and [Sak13], respectively. Unlike previous studies in the literature, our analysis
incorporates frequencylependent values for parameters such as the lassfficient, effective

area, and effective dispersion coefficient. This approach ensures that both the GSNR and ICXT
of each channel are frequency dependent. Recent advancements in MCF manufacturing focus
on developing ultrdow ICXT and lodoss fibers apable of operating across multiple bands,

from the Cband to the tband [Hay19]. The primary motivation for implementing uioav ICXT

and lowloss TAW@/ICFs, especially in lofiaul networks, is to enhance transmission bit rates
while reducing network planning complexity.

In the ultralow ICXT and lovoss regime, the ICXT across all channels and cores remains below
the threshold for the highest modulation format (i.e., 64QAM) over long distances (up to 10,000
km), with a loss coefficient lower than that of SSMFs [Hayt9lustrate this, waanalyze ICXT

in terms of the power coupling coefficient and mode coupling coefficient as functions of the
trench widthto-core radius ratioFigure4.1-5(a) shows the PCC as a function of frequency
across the C+L+S bands, calculated Wsinga. It is evident frontigured.1-5that the PCC varies
significantly with frequency. Hence, assuming a single value for PCC at 1550 nm irb@malulti
system oversimplifies the analysis and may result in inaccuracies. Furthermore, the ICXT is
influenced by the trench widtto-core radius atio © /i ).
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Figured.1-5 (a) Power couplingoefficient (PCC) and (b) mode coupling coefficient (MCC) versus frequency for different

values of the ratio of trench width to core radius, i.e., wtr/rl for {2 N5
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An increase in this ratio reduces the ICXT, but it cannot be increased indefinitely. The distance
0 NB y O K[Bak11]. BakadionFigue 4.1-1S thia

0SG6SSYy

I R2I OSyi
constraint allows us to derivieq.34.

Y

¥ O

Ci

C

Eq.34

For instance, in the case of MC19, the trench witdtitore radius ratiol{ /i ) cannot exceed
1.5. To ensure a fair comparison, we adopt/i = 1.5for the remainder of this paper. As
expected, the PCC of MC19 is higher than that of other MCFs due to its smaller core pitch.
Specifically, the ICXT of MC19 is 22 dB/km higher than MC13, 34 dB/km higher than MC04, and

55 dB/km higher than MCO7, corresgoi y 3

G2 O2NSB

respectively. Increasing the trench widtib-core radius ratio Y ) by 50% results in an
approximate 20 dB reduction in ICXT. The MCC values for varidlisratios, calculated using
Eq.14, are shown irFigure4.1-5(b). The results indicate that increasitg /i from 1to 1.5 in
MC19 leads to a significant reduction in MCC. However, further increases/in beyond 1.5
have negligible impact. For the other MCFs, variations ini do not substantially affect the
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MCC. As previously discussed, in the bk ICXT and loss regime, the ICXT for all (connection,
channel, core) tuples must remain below the crosstalk threshold of the highest modulation
format level in the network, i.e:, L According taeq.33, the crosstalk thresholds

‘ for different modulation formats are as followst0.58 dB;13.59 dB;18.93 dB;20.58
dB,-23.59 dB, and26.82 dB for m =-6, corresponding to GMI values from 2 to 12 related to
the m=16 (seeFigure4.1-6). These values correspond to the giceward error correction (FEC)

bit error rate (BER) @@® p 1t and a quality of transmission (QoT) penalty p dB. The soft
decision FEC with a maximum overhead of Z8B0% isemployed [Bos19]. Additionallythe
GSNR threshold for each modulation format levek determined by the pr&EC BER and can
be obtained from Eq(7) in [Arp242]. TheGSNR thresholds are 3.71 dB, 6.72 dB, 10.84 dB, 13.24
dB, 16.16 dB, and 19.01 dB for the fi€C BER p® p 11 . The ICXT, calculated usibg.12,

is simulated for transmission distances ranging from 500 km to 9,000 km, using the parameters
listed inTable4.1-1. The results, presented Figured.1-6, lead to several key observations.

L-band C-band S-band L-band C-band S-band L-band C-band S-band
" . : s
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Figure4.1-6 Inter-core crosstalk (ICXT) f¢a) MC04 (b)-(c) MCO7 (d)-(f) MC13 and (g}(i) MC19 over transmission
reaches of 500 km to 9000 km.

Firstly, the ICXT of a channel is influenced not only by the transmission distance but also by
factors such as frequency, the physical configuration of the MCF, the number of neighboring
cores, and the core pitch. For instance, consider MCO4 withacor®ff 2F no >YZX
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Figured.1-6(a). Each core in MCO04 has two neighboring cores, making it adawtrilCXT MCF.
However, fronFigure4.1-6(a) andrigure4.1-5(a), it is clear that witkvtr/r1= 1, MC04 does not
qualify as an ultrdow ICXT MCF. Despite this, the ICXT in MCO7 cores is lower than in MC04 (see
Figure4.1-6(b) and (c)). While MCO7 features two types of corgser ones with six neighbors

and outer ones with three neighbarghe primary determinant of ICXT is the core pitch, which

Aa asSid +td pm >Y AY
are also ultrdow loss MCFs, with loss coefficients lower than those of standard simue
fibers (SSMFs), as reported[Tak20] and [Hay12].

Table4.1-1 Physical parameters of the optical fibers

a/ n 1 dow¢CKTMCE. Bath M@andIM&O7f A FA S &

Parameter Symbol MCO04 MCO7 MC13 MC19 SSMF
Core counts & 4 7 13 19 1

/ fF RRAYy3 RAIFY CD 125 187.5 200 200 125

/ fF RRAY3 GKAO CT 40 40 35 30 40

/| 2NB5 NI} RAdza w | 4.5 4.5 4.1 3.6 9
Coretrench radius i 4 Cl ci ci -
¢NBYOKQa sARG 0 (ﬂL& (ﬂLQ (ﬁL& (ﬁL& )
Effective area ("Q) [Tak20] [Hayl2] [Sail3] [Sak13] [Pog22]
Loss coefficient | (Q) [Tak20] [Hayl2] [Sail3] [Sak13] [Pog22]
Effective dispersion coefficier 1 ("Q) [Tak20] [Hayl2] [Sail3] [Sak13] [Pog22]
/| 2NB LA GOK o> Q 43 51 40 35 -

/| 2NBQa NBFNI O ¢ 1.44 1.44 1.44 1.44 1.44
Bending radius [mm] i 144 144 140 140 140

Increasing the core count from 7 to 13 results in an increase in ICXT due to the reduction in core
pitch. Figure4.1-6(d)-(f) show the variation in ICXT for MC13, which, as observed, does not
qualify as an ultrdow ICXT MCF. For certain (channel, core) pairs, particularly those in the L
band and the lower frequencies of theb@nd, the modulation format level may need be
reduced tod @ in some transmission scenarios. This results not only in a decrease in
transmission bit rate but also in more complex service provisioning, especially Hawarer
planning strategies. In the worshse scenario, i.e., the lowest frequency with the hijhe
transmission reach, certain (channel, core) pairs may only support data transmissian with

p. However, this situation does not occur for MC19. Indd&idure4.1-6(g)-(i) show that by
AYONBIFaAy3d GKS ydzYoSNI 2F O2NBa FyR NBRdzOAy 3
becomes impractical for certain (channel, core) pairs at higher transmission reaches, particularly
in most of the €and Lband resources.His challenge is exacerbated as core pitch decreases.
This challenge is mogronounced for (channel, core) pairs in théand. Therefore, MCFs with

0K

O2NB LIAGOK 268N GKIy no >Y FNB y2d 322R OF yYRA
MC19.
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4.1.3.2 COComparison of MetreCore Backbone Networks Performance: MCFs vs.
BuMFR

In this section, we evaluate two BSDM strategies, namely MCFs and BuUMFPs. Inspired by
previous discussions, the focus is on TAMFs. Three networks (s€gure4.1-7) of varying
sizes are considered for this study:

USB6014The United States of America backbone network consists of 60 nodes and 79 links. It
emphasizes traffic exchange among 14 core nodégufe4.1-7). The remaining nodes are
equipped with optical crossonnects, with add/drop functionality restricted to the core nodes.
Key network parameters include:

1 Average nodal degree: 2.63
T Average link distance: 447 km
1 Maximum lightpath (LP) distance for tke5shortest paths: 6,493 km

SPNB3014The Spanish backbone network comprises 30 nodes and 56 links. Key parameters
are:

1 Average nodal degree: 3.73
1 Average link distance: 148.5 km
1 Maximum LP distance for tHe=10shortest paths: 1,044 km

JPNB4812The Japanese backbone network includes 48 nodes and 56 links. Key parameters are:

1 Average nodal degree: 3.41
1 Average link distance: 153.7 km
1 Maximum LP distance for tHe=10shortest paths: 2,292 km

. Kansai region

(enlarged view)

Kanto region

(enlarged view)

(a) USB6024 (b) JPNB4812 (c) SPNB3014

(» Core Nodes (Add-Drop nodes) - Intermediate Nodes (Optical Cross Connect nodes)

Figured.1-7 Network topology of (a) United State backbone (USB6014), (b) Japan backbone (JPN4812), and (c) Spanish
backbone (SPNB3014).
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ForUSB6014, the transmission bit rates were calculated for all tuples of (connection, channel,
core) across the C+L-b8nd, utilizing 268 channels with a bandwidth of 75 GHz each. This
analysis spans 92 connections within the network. Key assumptions andgtara include:

1 Maximum span length100 km per link

1 Symbol rate per channelb4 GBd

I Transmission bit ratesVarying between 100 Gbps and 600 Gbps, based on the GSNR of
each channel, calculated usikg.20 for the k=1shortest path of each connection

1 DFA amplifier noise figures
0o Ghband: 4.5dB
0 L-band:5dB
0 Sbhand: 6 dB
1 Launch power Optimized using the hype&rccelerated scheme introduced [ilarp24-4].

The modulation format profiles for all tuples of (connection, channel, core) are shokigure
4.1-8 and Figure4.1-9 for BuMFPbased and MGBased BSDM, respectively. The modulation

format is determined b¥q.35, whered is the modulation format level satisfying the GSNR
threshold andi is the modulation format satisfying the ICXT threshold with a 1 dB
penalty.
& Q& 44 Eq.35
k=2
6
s 20 3
=
k= 4
k=1 £40
91 [-band  C-band  S-band b !
il — G s < % 60
79 : ¢ = ?
n — 53 1
67 - E 80
5 61 3 13 0
= =
55 2l £ 50100 150 200 250
g4 2 3 Channel Index
g4 3 g _
237 £ 2 5 3 6
SE S 2
25 ’ L= 5
19 B 20
13 ! ' o 4
2 50 100 150 200 250 =
| = Channel Index § 40 3
0 2000 4000 6000 § 0
Length [km] E 2
80 !
0

50 100 150 200 250
Channel Index

Figure4.1-8 Modulation format level profile (right), and the connection length (left) for USB6014 in the BUuMFP
scenario and k=1,2, and 3.
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The comparison betweehigure4.1-8 and Figure4.1-9 shows that MC04 and MCO7, with lower
loss coefficients, achieve higher modulation format levels.

The GSNR profiles for all connections in the three backbone networks wealpréated,
consideringk=5for USB6014 (due to its longer distances) knti0for SPNB3014 and JPNB4812.
Due to space constraints, only the results for USB6014ksitlare reported here. The complete
dataset, including GSNR profiles forlailalues, is publicly available in [Arp2#for further
research.

L-band C-band S-band L-band C-band S-band L-band C-band S-band

»
- L

(@ d

v

(b}

Modulation Format Level Index

Modulation Format Level Index

EBE—— @ ' . s . . o y : 0
[T TE R T IR 1) - i - - i H i -
Iength [km]

Connection Index
v
Maodulation Format Level Index

. 0
100 150 200 250

Channel Index

50 100 150 200 250
Channel Index

100 150
Channel Index

200 250

Figure4.1-9 Modulation format level profile for USB6014 in the M@Bed scenario: (a) MC04, (b)/(c) MCO7, for cores
with 3/6 adjacent neighbors, (d)/(e)/(f) MC13, for cores with 2/5/6 adjacent neighbors, (g)/(h)/(i) MC19, for cores with
3/4/6 adjacent neigh bours.

The results reveal that théoss coefficientplays a more significant role than the low ICXT,
particularly in the €and l-bands. Increasing theore pitchresults in higher modulation format
levels and bit rates, as observed in the performance of MCO7 compared to other configurations.
Moreover, the influence of core pitch outweighs that of the number of adjacent cores. For
instance, a comparison &ligure4.1-9(b) andFigure4.1-9(c) withFigure4.1-9(a) highlights this
dominance. Reducing the core pitch in MC13 leads to lower modulation format levels, which
decreases the capacity per core, as showrFigure4.1-9(d)c(f). This effect is even more
pronounced in MC19, where the modulation format level index becomes zero. This indicates no
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feasible modulation format can be selected, rendering moesir@ Lband channels practically
unusable (se€&igure4.1-9(g)(i))-

To provide deeper insights into the capacity performance of #&fed and BuMFBased
BSDMFigured.1-10illustrates the cumulative throughput of each connection in both scenarios.
The results show that ultrlow ICXT and lowoss TAWGMCFsoutperform the BUuMFPs. The
difference is particularly noticeable when comparing MC04 with MF04 (a BUMFP with 4 SSMF
pairs) and MCO7 with MFO7 (a BUMFP with 7 SSMF pairs). This is attributable to the lower loss
coefficients of stateof-the-art ultra-low ICXT and lowoss MC04 and MCO7. The extent of this
performance difference depends on the transmission reach and the number of hops per
connection. Increasing th@umber of coresand decreasing thecore pitch enhances the
performance of BuMFBasedBSDM. However, the loss coefficients of MC13 and MC19 are not
lower than those of SSMFs due to their reduced cladding thickness. While throughput
RSIANI RIGAZ2Y Ay al/ mo A& NBfIFGAGBSte YAYy2NE 0
significantfor M@ p> G KSNB (G(KS O2NB LAGOK A& op >Y3I f
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/ \f HiHINE )
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Bl Transmission Reach —MC04 —MCO7 MC13 —MCI19 —MF04 —MF07 —MFI3 —MFI19

Figure4.1-10 Cumulative (channalore) throughput [Pbps] in terms of the connections in USB6014 for both BSDM
scenarios, i.e., M@ased (MC04,07,13,19) and BuM#Rsed MF04,07,13,19).

Simulation results for JPNB4812 and SPNB3014, while not included here due to space
constraints, exhibit similanehavior to the USB6014 results showrigure4.1-8, Figure4.1-9

and Figure4.1-10. Theaverage bit rates per channfdr JPNB4812 and SPNB3014 are higher
than those for USB6014, attributed to the longistance connections in the US network. In the
case of MC19, the number of unfeasibléddnd channels for SPNB3014 is lower than for
JPNB4812, and for both networksjstlower than for USB6014. The total network capacity for
the three topologies is depicted igure4.1-11. The results show a consistent trend across all
networks:

T Increasing the number of cores from 4 to 13 leadsliaear increasén network capacity.

9 For higher core counts, capacity decreases significantly due to increased ICXT.

For USB6014, MC04 and MCO07 exHiivoand 14%higher total capacity compared to MF04
and MFO7, respectively. In contrast, for MC13 and MC19, the total capaditg|i&3% lower
than MF13|MF19, respectively. Similar trends are observed for JPNB484BdA%) and
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are comparable to BuMFPs. However, such configurations increase network planning
complexity, necessitating ICdWare service provisioning (sdé@gure4.1-6). Conversely, in

ultraf 26 L/ - ¢ aO0OSYylI NA2&a 6AGK | O2NB LAGOK SEOSSR?
(connection, channel, core) tuples are independent of ICXT. In such casefywlt@XT and

loss ensure all tuples are feasible for data traission, with the transmission dependent only

on GSNR thresholds, enablifiMO-free transmissionThe combination of ultrdow ICXT and

loss positions MCFs as a promising candidate forgeneration BSDM backbone elastic optical

networks. By mitigating ICXT penalties and ensuring high GSNR, MCFs provide robust and

efficient solutions for data tramsission across multiple bands.

200
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Figured.1-11Total network capacity [Pbps] in (a) USB6014, (b) JPNB4812, (c) SPNB3014 for both BSDM scenarios, i.e.,
MCFbased (MCO04, 07, 13, 19) and BuMbBsed (MF04, 07, 13, 19).

In conclusion, w have demonstrated that M@fased MBoSDNEONS, operating in the ultra
low inter-core crosstalk (ULCXT) and loMoss regime, can achieve up to 14% greater network
throughput compared to bundled muifiber pairs (BuMFPSs). By carefully designing the phjsi

© SEASON (HorizatySNS2022Project:101092766) page74of 122
Dissemination Leve\ SEN (Sensitivdimited under the conditions of the Grant Agreement)



o

[
»
(e}
z

structure of TAW@ACFs, it is feasible to achieve comparable total network capacity to BUMFPs,
even with thirteen cores and a core pitch of A0y @ur results indicate that increasing the

number of cores beyond thirteen with limited cladding diameters significantly reduces the total
network capacity compared to BuMFPs. Furthermore, we found that thand is not a
favorable option for core pitchesebow 43> Y3 S@Sy Ay &Yl fftSN ySig2N]
backbone.In contrast, the C+Band combination demonsttas greater potential for next
generation BSDM EONSs. Overall, TAMACFs with core pitches exceeding 4 SEKA 6 A (i
promising performance and represent a viable alternative to BUMFPs in broadband optical
communication systemsFinally, future research should include comprehensive teehno
economic studies to identify the optimal strategies for upgrading or deploying new optical
networks. These studies should consider both ultna-loss SMFs and ult#law-loss ICXT MCFs,

as MCF tehnology continues to evolve.

4.2 CHANNEBASEDCXTANDNLIAWARESERVICPROVISIONING FOR
MULT4BANDOVERSPACHDIVISIONMMULTIPLEXEDPTICANETWORKS

In this section, we highlight two major service provisioning approaches within MBoSDM
systems: Cor&SpectrumBand (CSB) and BaSgectrumCore (BSC). These approaches are
evaluated based on blocking probability, average GSNR, and lightpath distancepeviic s
results presented for4ore MCFs (MukCore Fibers) with a standard cladding diameter.

Moreover, contrary to the distanecadaptive approach, which considers the wetsise channel

based on GSNR and calculates the maximum reach distance for each modulation format using
that value, we adopt a channbblsed approach for modulation format selext. This method

allows for more efficient resource utilization by dynamically selecting the modulation format for
each channel based on its individual GSNBure4.2-1 provides an illustrative explanation of

the BSC and CSB approactieghe CSRpproach, service provisioning starts with théahd,

as it is the conventional band widely used in legacy networks. We assume that the existing
optical spectrum primarily utilizes this portion. If no space is available to establish a new
lightpath withinthe Gband of a core, the control plane select#&hd channels in another core

until all Gband channels are fully occupied.
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Figure4.2-1 Different service provisioning in MBoSDM: (a) GpectruraBand (CSB), (b) BarpectrumCore

The kband is prioritized next because the technology fdralnd transmission is more mature,
and the Gband amplifiers can also operate in thd&nd with similar bandwidth. Additionally,
the loss coefficient and dispersion in théo&nd are relatively olse to those in the ®and.
However, the noise figure of amplifiers in thd&nd is slightly higher compared to theb@nd.
As in the &and, the service provisioning priority within theband follows the sequence of
cores, starting from core 1 to thedtcore.Finally, the $and is utilized. Channels in théo&nd
are provisioned sequentially, starting from core 1 and proceeding to the last core.

It should be noted that the component costs in each band are different, which creates a trade
off between band selection and the achieved capacity for each service provisioning approach.
This tradeoff arises because the Quality of Transmission (QoT)svadess bands due to the
ISRS effecfor this reason, as a preliminary study, we evaluate different service provisioning
approaches based on the priority of band, spectrum, and cores. The results are analyzed in terms
of blocking probability, average GBNand the maximum reach distance for each modulation
format.

To evaluate the performance of the proposed resource allocation methods, we developed the
ICXTand NL{Aware Sliceable Routing, Modulation, Core, Band, and Spectrum Allocation (XT
NLIA-RSA) algorithm (Algorithm Xkee Figure 4.2-2). This algorithm uses pmalculated
physical layer parameters (including GSNR, supported modulation formats, and bandwidth) to
ensure Quality of Transmission (QoT) requirements are metNIA-RSA operates in two
stages:
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Algorithm 1 ICXT- and NLI-Aware Sliceable Routing, Mod-
ulation, Core, Band and Spectrum Allocation (XT-NLI-A-RSA)

Inputs: (1) KSPs: Set of K-shortest paths, (2) bw,: Band-
width of request r, (3) M szath: Pre-calculated modulation for
channel i on path, (4) SAM: Spectrum Allocation Method.
Parameters: (1) bwen: Remaining bandwidth during slicing,

2) bwfm,bz Supported bandwidth for channel i on path.

Output: Path and Allocated Resources

1: Allocated <+ False

2: for (path in KSPs) do

3:  Find the first available channel in ASV using the first-
fit approach and SAM, and assign its index to ¢

4 if 7 is valid and M F;;ath meets bw, then

5 Allocate path, core, band, and channel to request r
6: Allocated < True

7 return Allocated resources for request 7

8 end if

9: end for

10: if Allocated is False then
11:  for (path in KSPs) do

12: bwem = bw;

13: while bwe, > 0 do

14: Find the first available channel in ASV using

SAM, and assign its index to ¢

15: if 7 is valid then

16: Calculate bw;uth based on M F;;ath

17: Allocate path, core, band, and channel to re-

quest r

18: bDWrem — DWrem — bw;at h

19: if bw,.e;n < 0 then

20: return Allocated resources for all segments
of request r

21: end if

22; else

23: Release all allocated resources to request r

24: break

25: end if

26: end while

27:  end for

28: end if

29: if Allocated is False then
30:  Request r is blocked.
31: end if

Figure4.2-2 ICXTand NLiAware Sliceable Routing, Modulation, Core, Band, and Spectrum Allocation

Stage 1: Singk€hunk Allocation

The algorithm first attempts to satisfy the request using a single, contiguous allocation along
one of the Kshortest paths (KSPs, Line8)2 For each path:
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1. An Available Spectrum Vector (ASV) is calculated using the specified Spectrum Allocation
Method (SAM), which prioritizes either cores or bands. The ASV contains free channels that
meet the continuity constraint and can support at least the basic BidraseShift Keying
(BPSK) modulation format (based on{gedculated data, Line 3).

2. A FirsFit approach selects the first available channel in the ASV that meets the QoT
requirements (sufficient GSNR and supported modulation format for the requested bandwidth).

3. If a suitable channel is found, the necessary resources (path, core, band, and channel) are
allocated, and the algorithm terminates successfully (Linés 4

Stage 2: Sliced Allocation

If Stage 1 fails (the request cannot be allocated as a single chunk), the algorithm proceeds to
Stage 2 (Lines 12B). Here, the requested bandwidth is divided into smaller segments, and
allocation is attempted sequentially along a single path using tis&fHt approach and the ASV.

This process continues until either:

1. The entire request is successfully allocated.
2. The available resources are exhausted.
If allocation fails in Stage 2 across all paths, the request is considered blocked.

In Stage 2, thAS\s recalculated for each segment to ensure that the selected channel supports
at least the minimum required modulation format. Resources are allocated iteratively for each
segment until one of the following occurs:

1. The entire request is successfully allocated (Line21}
2. The available resources are exhausted.

If allocation fails at any point during the iterative process for a given path, all previously assigned
resources on that path are released (LinegZ8), and the algorithm attempts allocation on the
next path in the path set. If the request cannot bdifigld using either a singlehunk allocation
(Stage 1) or sliced allocation (Stage 2) across all paths, the request is blocked @3a¢SB%
version is more concise and improves the flow by using a more direct structure. The conditions
for termination of the iterative process and the handling of allocation failures are more clearly
defined.
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Figure 4.2-3 Average request blocking probability for the US Backhopelogy using MCF with BSC and CSB
approaches, and BUMFPs, for (a) 4, (b) 7, (c) 13, and (d) 19 coresf/fibers.

Simulation results were obtained using the US Backbone topdleey Figure 4.1-7). The
simulations considered C, L, and S bands across various configurations of bundldibenulti
pairs (BUMFPs) and muttore fibers (MCFs). BUMFP configurations included 4, 7, 13, and 19
singlecore fibers, while MCF configurations used fibers with shene number of cores. All
configurations featured 80, 80, and 108 fixgdd channels in the C, L, and S bands respectively,
each with 75 GHz bandwidthnter-arrival and holding times for requests followed an
exponential distribution, with requested bandwidths uniformly distributed between 100 and
600 Gbps (in 100 Gbps increments). Line card interfaces (LCIs) supported data rates from 100
to 600 Gbps, awesponding to modulation formats ranging from BPSK teQ@&MM. Average
blocking probabilities were callated using either a 95% confidence interval or a maximum of
50 independent iterations (with 15,000, 25,000, 50,000, and 75,000 requests per iteration for 4,
7, 13, and 19 coresffibers, respectively).

Figure4.2-3 shows the blocking probability versus traffic load (in Tbps) for BUMFPs and MCFs
by using Core Priority (CSB) and Band Priority (BSC) spectrum allocation methods. BUMFPs
exhibited significantly higher blocking probabilities than both BSC and CSB MCF configurations
across all traffic loads. MCF configurations consistently reduced blqakibgbility by over 67%
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compared to BUMFPs. This is attributed to the lower loss coefficients and ICXT in MCFs, enabling
higher GSNR and the use of higleeder modulation formats, thus resulting in more feasible
lightpaths. The analysis foregbre MCFs showed that modulation fioats and GSNR varied
significantly across the bands due to differences in loss and ICXT.-Gdred Consistently
outperformed the Eand Shands. The-band generally outperformed thel&nd due to lower

ICXT. The BSC approach, by prioritizing band dbocateduced blocking probability by
approximately 40% at 630 Tbps and by about 10% on average compared to the CSB approach.
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5 POWEREFFICIENT ADYSTEFFECTIVAECESS AND
FRONTM ID-HAULTRANSPORSOLUTIONS

5.1 DYNAMICSPATIAIAGGREGATION FBRERGE-FICIENPASSIVE
OPTICANETWORKS

The spatial PONarchitecture proposed in SEASON, summarizedrigure5.1-1(a), leverages
dynamic spatial aggregation to enhance the energy efficiency of Passive Optical Networks
(PONSs). The system dynamically activates and deactivates optical line terminal (OLT) ports and
spatial lanes (e.qg., cores in mudtire fibers or separatelders) based on traffic conditions. By
redirecting lowload traffic to fewer active OLT ports during-p#ak hours, the architecture
minimizes power consumption without compromising network performaigure5.1-1 (b)).

During peak load periods, all OLT ports are activated to maintain throudRjoutre5.1-1 (c)),
demonstrating the flexibility and scalability of the design.
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Figure5.1-1 SEASON Spatial PON Architecture.

The considered performance evaluation parameter is energy saving. We define the energy
saving Yobtained through the proposed approach, Bg.36, whereO s the baseline energy
consumption, i.e., the energy consumption obtained when all the spatial lanes are aloibrs

andO is the energy consumption obtained with our proposed spatial aggregation technique.

% %
S o Eq.36

We assume decisions on spatial aggregation/disaggregation being applied with a fixed
periodicity”Y During a period defined by the periodicity the energy consumption of an OLT is
given byEq.37, where0 is the power consumed by the OLT. It is worth noticing that this
implies that power savings are equivalent to energy savings.

% 0 4 Eq.37
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We model the power consumed by the OLT as the sum of a fixed compdnertich accounts

for all the elements which are not dependent on the number of active spatial lanes such as
shelter circuitry, ethernet interfaces, and fans and a variable compohenthich is associated

with the activation and deactivation of spatial lanes and accounts for transceiver power
consumption, and PON interface circuitry.

Thus, the power consumed by the OLT through the baseline appfoaaan be modelled as
Eq.38, whereo is the number of spatial lanes in the considered spatial PON system.

0 0O # O Eq.38
Instead, the power consumed through the spatial appro@clvaries basing on the spatial

aggregation decision taken in the intenéalThus, we defin® j as Eq.39, whered is the
number of active spatial lanes for the intergadf length”"Ywith 6 0.

0, O ! O Eq.39
Thus, the energy savifgin the intervalocan be defined a8 and calculated agq.40.
3 % %y O 0p 6 0O
% 0 g_ 5 Eq.40

The energy efficiency gains are illustrated=igure5.1-2 and Figure5.1-3. Figure5.1-2 shows

the percentage of spatial lanes that can be deactivated across varying traffic conditions for Small
Office/Home Office (SOHO), Large Business, and Mobile traffic patterns. The results indicate that
higher numbers of spatial lanes correspond to immed potential for deactivation, with SOHO
traffic achieving the most significant deactivation rates (up to 40%).
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Figure5.1-2 Savable Spatial Lanes for different traffic patterns and Spatial PON sizes.

Figure5.1-3 presents the average energy savings achieved compared to a traditional PON
architecture, which lacks spatial aggregation capabilities. Savings depend on the ratio of fixed
power consumptiond{ ) to variable power consumptiord(). For configurations with 4, 8, and

16 spatial lanes, the savings range frori% whernd /0 =100to 1838% wherd /0 =1,
demonstrating substantial reductions in operational energy consumption. The architecture's
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scalability and adaptability make it a viable solution for rgameration, energefficient optical
networks.
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Figure5.1-3 Achievable energy Savings.

This analysis highlights the potential for furtheptimization, particularly through redime
traffic monitoring and advanced algorithms for ONU handovers. Future work will focus on

integrating these enhancements and evaluating their impact on latency and energy savings in
experimental deployments.

5.2 POWER CONSUMPTIONJISSCM RANSCEIVERS IN THE METRO
AGGREGATION DOMAIN

To investigate power consumption in metaggregation networks and generalize our findings
with respect to the power consumption of transceivers with DSCM, we have implemented a
numerical tool that generates random topologies based on network examples vibag
previously provided by Telecom ltali€ds24, Cas22. To simplify the analysis, sparc
extensions, rings, or nodes without protection paths have been negledtglre 5.2-1
illustrates the general network topology used in this study, whHeré , and'Qdenote the

number of sublinks in the network, the number of leaf nodes in said sublink, and the distance
between nodes, respectively.

Leaf; 1y Leaf( 3 Sublink; Leaf(, np)
O O O
Leafip,1)  Leafiz o) Sublink, ~ eafe Ny
O O O
Leafy 1y Leafy, 2 Sublink, Leaf(s ng)
O O O

Figure5.2-1 General topology for metraggregation networks
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The concept behind our study is to generalize the results in [C2lsZInce despite their
similarities, these network examples exhibit multiple aspects that make them different enough
from a design perspective. Therefore, to draw more comprehensiveisnofibn the use of
DSCM technologies in the metemgregation domain, it iS necessary to investigate as many
scenarios as possible. For this reason, we dissected the available examples given to us by
Telecom Italia and drew some probability distributionegarding their main design
characteristics. This information is summarizeéigure5.2-2.

(a) 30
_ 25
O\?"
— 20
z
= 15
z
é 10
5 ’_‘
0
1 2 3 4 5 6
Number of leaf nodes/sublink
(b) &
E 1 Network observations
% —— Gamma distribution
=]
i
Z 05
=
]
o
‘I S P S
5 0 10 20 30 40 50
Data rate [Gb/s]
()
1 Network observations
Gamma distribution
0.5

Norm. probability densitygjpe,

0 10 20 30 40 50 60 70 80
Distance [km]

Figure5.2-2 (a) Probability of generating sublinks with a particular numbeleaf nodes. (b) Normalized probability
RSyarde O2NNBalLRyRAy3d (G2 (KS tSIT y2RSQ GNIFFAO RSYlFYyRao
aS3ayvySyiaqQ RAaldlyOSao®

hdzNJ AYy@SaGAIFGA2YyQa LINAYFNE F20dza Aa (2 RN}Xg |
(e.g. OSNR performance and hardware activation) and the corresponding consumption as traffic
demands increase over time. In this regard, we are assuming théttmathe network exhibits
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a yearoveryear compound average growth rate (CAGR) between 10% and 40%. This behavior
extends over a duration of 10 years.

To evaluate the hardware configuration in the network scenarios, we consider 100 Gb/s (4 x 25

Gb/s) and 400 Gb/s (16 x 25 Gb/s) DSCM pluggable transceivers, where the number of active
subcarriers can be flexibly adjusted depending on the traffic situdtien a granularity of 25

Gb/s). Regarding the placement of the pluggable units, there are certain constraints: for a

network operating in pointo-point fashion, only 100 Gb/s modules will be used; while for point

to-multipoint, it will be possible to s 400 Gb/s units exclusively at the hub side. In
O2yaARSNYI GAZ2Y 2F (GKS AYyONBFaAy3 (GNI-AsWdwuO RSYIl yF
DNRGQ Y2RStZ gKSNBE GNIFFAO gAfft 0S AyaLISOGSR 2y
deployed based on kether the existing hardware is still able to cope with the demands.

By determining not only the growth of the network, but also how much hardware is required
and the operating conditions of the transceivers (i.e., availability of bandwidth resources), we
can investigate how the performance changes as traffic increasesnpigct on reach, the
effectiveness of optical aggregation in filterless pdovmultipoint networks, the usage of the
transceivers across the network, and the extent to which DSCM can contribute to lower the
power consumption from a transceiveentric mint of view.

5.3 COMPARISON BETWEEN TRANSCHWRHS 2PANDP2MP
TRANSCEIVERS WITHINIAMESH FORHNETWORK

This section details the ongoing techaoonomic analysis concerning experiments on metro
aggregation and single fiber bidirectional operations. This study is a part of our larger initiative
to enhance network infrastructure by reducing costs while engutilgh performance and
service quality.

The main goal of this techreconomic investigation is to evaluate the ceftectiveness and
performance advantages of deploying PeiotMultipoint (P2MP) transceivers in the fronthaul
segment. By decreasing the number of required transceivers, we airealize significant
savings in both equipment and operational expenditures.
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Hub, Hubg

Leaf, , Leafy,
Leafg, Leafy,

variable bandwidth transceivers

Figure5.3-1 Simplification ofigure5.1-1 enabled by P2MP transceivers.

Preliminary analyses indicate that incorporating P2MP transceivers can significantly reduce
costs associated with transceivers since fewer units are needed to achieve the same coverage.
Additionally, the simplified network architecture may lead to decrebseaintenance and
operational costs. Nevertheless, these advantages must be balanced against potential
challenges, such as the need for precise network planning and the possible effects on signal
quality.

These aspects will be examined in particular:

1 Cost Analysis: analyzing the capital expendit@AREX and operational expenditure
(OPEX associated with traditional versus P2MP transceiver setups. This includes costs
related to hardware, installation, maintenance, and energy consumption.

1 Performance Evaluation: the study will measure the impact of P2MP transceivers on
network performance metrics such as latency, bandwidth utilization, and reliability. This will
be compared against existing configurations to quantify improvements.

1 Scalability Assessment: evaluating the scalability of the proposed setup, particularly its
ability to handle increased traffic loads and its adaptability to future technological
advancements.

© SEASON (HorizatySNS2022Project:101092766) page86 of 122
Dissemination Leve\ SEN (Sensitivdimited under the conditions of the Grant Agreement)



d
00
(e}
z

6 SMARTEDGENODES FORACKEMOPTICAINTEGRATION WITH
COMPUTINGESOURCES

6.1 RAILWAYMOTORWAMOBILE SERVICE COVERESEEARIO DEFINITION
FORPDUAPPLICATIANSECASE

The scenario we intend to analyze concerns the coverage of a railway line or a motorway section
where the highbandwidth, lowlatency and higheliability mobile radio connectivity service

must be providedDue to the inherent topography features of this seryitenust be provided

within a very narrow but continuous surface along the railway or motorway line. In terms of
scenarios defined in the SEASON context, this means considering an additional geotype that is
added to the four already identified in I2(i.e., rural, suburban, urban and dense urpbtre

ones considered in the study reported in subsecof) [SeaD2.1]

Railway geotype

Tail TIP Tail END
S10 S9 S8 S7 Se S5 Sa S3 S2 S1
(@ () () () () () (@ () ()
I S - S—— S—— S — S —S—— S——- S—"— —"— -
| | | | | | | | | | |

D

>

Ls

Example: Ls=100 km, D=10 km, tail of N=10 stations S collected in the railway section, tail END connected to a Telco CO with Lc = 50 km

Figure6.1-1 Logical and geometric model for the Railway coverage geotype.

Figure 6.1-1 shows this additional geotype model in terms of logical and geometrical
representation. In the following we will refer to the railway, ksimnilarconsiderations can be
made for a motorway. A section ddilwayline is covered bgeveralradio stationsYequipped

with 2 RU and a vDld the middle of segments of lengtlD along the line. A section of railway
line of length0 will haveu stations of typeY('Y,"YZ X¥) with 0  0OFO. The radio signal
propagates mainly to the left and right of thgstation along the tracks with some overlagi

the junction points with that of the adjacent segment. This is achieved by aligning the
propagation lobes of the two B& of each radio statioto the railwaytracksin opposite
directions to each other. Enset of mobile stations™y;, "YZ X}can be viewedsa tail with

the endof the tailEND:Y isthe mobile statiorconnected to a Telco EDGE Central Officé&km
away), while the TIP of the tail'{') is the last mobile station of the tail in the opposite direction
The tail is completed by othér ¢ mobile stations connected in a chain between the TIP and
the ENDFiber optics is considered available for interconnection needs along the railway line
and between the enaf-line mobile radio statiorftail END irFigure6.1-1) and theEDGEEentral
office.
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Telco EDGE Central Office allows traffic collected along the railway line to be processed and
provides the requested services which can be supplied localiy i possible remotely
otherwise This kind of model that assure the radio coverage of the line can be implemented in
different options in terms of RAN architecture and transport solutions.

Telco &

ESRN ESRRN 4 A Service
DC

TR-C

S10 S9 S8 S1

) Telco EDGE
Tail TIP Ls=NxD Tail END

Central Office
Figure6.1-2 Cloud RAN architecture with distributed DU applied to Railway geotype.

A further step inthe use case assumption is madeHigure6.1-2 wherethe RAN architecture is
illustrated. In Figure6.1-2, the double split option 2 & 7.PORA2]is assumed and DU function

is placed at the radio station together with the 2 RUs serving the assodiagessegmentO km

long. Mid haul (MH) traffic is collected through a transport system (Transport aggregation, TR
A) interconnectig the radio stations with a chain topology from taillPto tail END(each fiber
segment iOkm length) and then from talENDto the Telco EDGE Central Office (DC) (fiber
distanceis0 km), where other mobile functions (RAN CU and mobile core UPF) as well as other
telco and service functions are installed in the CO DC. The Telco EDGE CO has a separate
transport equipment for the interconnection with other COs (Cloud or Edge level)ghrthe

core transport network (T®). Theanalysiswill concentrate on networking between radio base
stations and Telc&dge central office.

6.1.1 Data rate requirement from radio units

Among many combinations of radio system parametens) scenarioswill be consideredo
assign data rate requirement in different sections of functional splits of the R are
classified a®Gmediumterm and 6G3ongterm scenarios, even though enabling technologies
and availability of radio bands and frequency sifats carriersto implement both scenarios
would be still available in the short term. The higliel radio requirement for theadio base
stations used in the use case and for the two scesaare the following ones

Scenario 5GA in mediufterm.
2xRU at 3.7 GHz wittarrierwidth 200 MHz, 8MIMO layers less thanl0 Gb/s of MH traffic at

peakfor the two RUMax length for line segmm Ois estimated ofL0 km, the maximum each
of radio signais 7.5 km.The meaning ofaachhere is thedistance at which theadio signahas
enoughpower and signal to noise ratio to be be used effectivelpy aradio mobileterminal.
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Scenario 6Gn long-term.
2xRU at 26 GHz with carrier width 1000 MHz, 8 MIMO layers, less than 50 Gb/s of MH traffic at

peak for the two RU. Max length for line segméris estimated of 2 km. The maximum reach
of radio signal is 1.5 km.

It should be noted that the study focuses on transport solutions for RAN regarding fiber network,
therefore the radio characteristics are not exploradd specifiedn depth, and it is assumed

that the solution is enabled undehe radioaspect. In a real implementation the parameters
(distances, reach of the base stations, radio parameters and resulting data rate of the FH flows)
mentioned abovecould be subject to even significant variations

6.1.2 Comparison of different RAN architectures

For the railway geotype the-RAN architecture with distributed Ddhown inFigure6.1-2 is not
the only possible one, the reference scenario with which to make comparisons is a baseline
scenario that uses a traditional natoud based architecture.

z| |2 2| |2 z| |2 z| |=
\ A A \
s s
’ \ / \
L a L a

\
SN Telco &
Lo UPF [ service

BBU BBU BBU BBU

SR —m— | <R[ | ¢<SRIT—TT— T ~—T——~—~—~——T————7— -
\_J Do oR Ds R D7 D1 c
S10 S9 S8 S1
. Telco EDGE
Tail TIP Ls=NxD Tail END

Central Office

Figure6.1-3 Baseline traditional architecture for scenarios comparison.

A possible hbseline scenario is depicted Higure6.1-3. It involves the use of BBU aggreghte
equipment(like the ones used in legacy traditional mobile netwotkg} integrateDU and CU
functionsand an aggregator router (Cell Site Router, CSR) that collects the fa@ffi®@BU In

this scenario the traffic sent from BBU to CO through aggregator routers is backhaul (BH), slightly
lower than mid haul traffic of Cloud RAN with distributed DU caseéguire6.1-2 . The transport
solution can be a dark fiber connection from router to routdtained with gray pluggable
transceivers inserted directly into the routers. With this solution, the router at the head (the one

in position 1) must process and retransmit tBE traffic of all the base stations of the entire
segment of railway linéin the example there are 10 stations) and therefore must be sized to
have sufficient capacity. The links between routers must also have increasingly greater capacity
going from the tip of the queue (position 10) to its end (positionIfL].0 Gb/s issufficient
between™Y and"Y, 90 Gb/s becomes necessary betweéYiand™Y and 100 Gb/sbetween™Y

and the COlIn the traditional architecture other transport solutions could be used to carry the
backhaul traffic from the BBUs to the central office. For example with transceivers directly
plugged on the BBUs (but it would require@upleof fiber for each BBU and in the sections
near the end of thechainand from the endof the chainto the CO many pairgsould be
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necessaryor, to save fiber, with P2MP optical networking done with DSCM transceivers with
star connectivity from the radio base stations to the central office. In this case a line system with
splitters at the intermediate points would be necessary.

6.1.3 Use of DPU and P2MP transceivers in Cloud RAN

Smart network interface cards (smart NICs) and Data Processing units (DPUs) providing
hardwareaccelerated networking and computing functionalities enabling new applications and
use cases in Telco cloud scenarfdee of the aspects that we intend to evaluate is the use of
DPU cards irequipment hosting RAN functionalities (e.g., vDU or VC&ferring to the
innovative architectural scheme illustrated fiigure6.1-2, the system that hosts the vDU and

the TR transport device could be created in an integrated way with a server equipped with a
DPU card. This card ensures, through pluggable transceivers directly inserted in it, also the
transport functions. In this way, specialized transport devices would be avoided, achieving a
simplification, and obtaining economic and energy savings. This fyp&rd was considered in

the work[Bar21]from whichFigure6.1-4 is taken. In the figure it is possible to see how Ei&J

cards, equipped with an autonomous processing capaftigure 6.1-4(b)), can perform
functions that in traditional architectures must be performed by the internal HW of the server
(by themotherboard as inFigure6.1-4(a)). P4 programming languadP4logo is highlighted in
Figure6.1-4 next to the routers and card€an be used for enabling an efficient way to handle
packets forwarding in the IP layén.the solution we intend to analyZer the railway coverage
scenariq the DPU cards, which shouidstthe pluggabldransceiversvith data rates adequate

for FH traffic, wouldntegrate with the pluggabl¢he transport function avoiding dedicated
equipment like switches or separated optical devices

Edge
Load
Edge
Smart NIC

(a)

Figure6.1-4 Edge box (typically a server) equipped with smart Network Interface Card (NIC) (a) and with the more
powerful Digital Programmable Unit (DPU) (b) [Bar21].

An example of g@ossibletransport networkingfor RAN haul that is suitable foithe railway
scenarioof Figure6.1-2 is exemplified inthe Figure6.1-5 and inFigure6.1-6. This solution for
transport networking is described extensively b.1 [SeaD5.1 where in addition to the
transport solution an innovative 5G Automation Platform to dynamically activate DUs according
to cell traffic conditionsis proposed and experimentally validate@ihe considered (RAN
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transport networkingsolution is deployed on a bidirectional optical horseshoe network, and we
propose two alternative architectures for theRAN implementation.

In a first architectural option the vDU runs in a Telco Edge Central Office including computing
resources and IPOWDM equipment (as it is representeHignire6.1-2 on right). Radio Unit

boxes are present on base stations along the railWéyy~z X0 ® CNRBY G | | dzA KAIK |

must be carried from base stations to the Telco Edge CO. Communication from a central hub

(i.e., Telco Edge CO) to multiple leaf locations (¥.;Y= X0 Ol y f S@SNI IS 2y t

subcarrier multiplexing (DSCM). In particular, the ports at hub location are split into lower rate
sub-ports (e.g., a single 400G port can be divided into 4x100G ports), with eagbogub
independently routable to differenendpoints. In the Telco Edge CO, the function performed by
the switch can be replaced by a DPU. This solution can be applied if capacity required by FH
flows are compatible with data rates of P2MP DSCM transceivers, but this should be assured in
realistic scenarios including thesnario 6Gor the longterm as base stations are equipped with

only one radio layer and two radio cells and radio parameters are not extremely challenging (in
6Gfor the long-term FH aggregated flow per base station (two cells) is calculated to be less than
50 Gb/s). Please note that the optical interworking in the horseshoe is based on a filterless
I NOKAGSOGdzNE FyR Ay NBIdZANBa 2yfe Helbdakhk &S
points avoiding the use of WDM equipmdike OADM.

base stations

Telco Edge Central Office 51 _—
Centralized Unit @ - 0 S2
N
(vCu) A
Distributed Unit
(vDU)

switch

XR 400G

Figure6.1-5 O-RAN architecture applied in Raylway coverage use case with vDU function placed at Telco Edge CO and
Front Haul flows carried by DSCM P2MP internetworking from base station to Telco Edge CO.

An alternative architecture (considered 6.]) that moving thevDU to the radio base station

is illustrated inFigure6.1-6. Radio base stations become Far Edge Nodes for the Telco Cloud
infrastructure as they are host the vDU functionality on a dedicated HW box (typically a
specialized serverdn this case the @RAN control functions are also highlight@dange boxes)

and theyallow to dynamically manage the activatideactivationof the vDU on the basef

traffic load. In this case the traffic flows to be transported from the radio base stations to the
Telcom Cloud are of the midaul (MH) type and therefore much lower than in the FH case
considered in the first alternativeith vDU at Telco Edge Cior the long term 6G case the mid
haul flows generated by a radio base station would be leas L0 Gb/s requiring only one 25
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Gb/s subcarrier to be transported’he P2MP DSCM networking based on filterless nodes on
horseshoe topology is the same type as the one presented in the scen#igupé6.1-5.

sonC Far Edge Nodes in base stations

i
o
Centralized Unit
(vCU)

Figure6.1-6 O-RAN architecture applied in Railway coverage use case with vDU function placed at base stations that
became Far Edge nodes, and Mid Haul flows carried by DSCM P2MP internetworking from base station (Far Edge
nodes) to Telco Edge CO.

6.1.4 Cost and power model and techno economic evaluations

The cost model fothe railway 6G coverage use casesented in this subsectionill have to
consider the characterizing elements that constitute the solution. In particular, the comparison
will focus on a legaetype baseline solution based on aggregated and closed RAN funciemalit
(baseband unit (BBWit the site and centralized core network) and a solution based on the O
RAN architecture that uses DPU cards on the servers and P2MP networking for transport with
pluggable elementhostedon switches or PDUs. Only the components relevant for the transport
of X-Haul flows will be evaluated. The work of defining the cost model is in progress in WP2 and
will be presented in the next deliverable D2.3 together with the results of the technical
economic evaluation of the railway 6G coverage gase.
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