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EXECUTIVE SUMMARY

The SEASON project aims to redefine sustainable;daigacity optical network architectures

F2N) GKS Of2dzZR SNIX RNAGSY o0& 9dzNRBLISQa 22Ayi
validated innovations, technical and economic studies, and the aahienelevel of strategic

KPIs related to nexgenerationoptical network scalability, flexibilityeconomic viabilityenergy

efficiency, and selfnanagement.

The validated reference data plane architectdefined in SEASON projésbrganized into two
macro-domains: Acceskletro and Backbone.

The Accesdletro domain features an open, flat structure that seamlessly connects access
points to Edge and Far Edge Central Offices (COs) over distances up to. 40 kroposed
technological solutions investigated and whose effectiveness has been proven in the-Access
Metro segment are advanced passive optical network (PON), the upeimtfto-multipoint
(P2MPnetworking that makes use of coherent transmission with Digital Subcarrier Multiplexing
(DSCMpnd the adoption of cloudased Radio Access Netsks (e.g., complaint with - ®AN

forum) with Data Processing Units (DPUs) on the servers. DPUs are cards that offload the server's
central processor, realizing and accelerating networking, storage and security and enabling,
through pluggable transceiver modules, the optical, packet and compute integration and
pursuingopticalelectro-optical (O/E/O) conversions reductions.

The Backbone Domain supports midtiabit data flows via sophisticated optical multiplexing,
multi-core fiber bundles, and dynamic network function placement. Over medium (by 2028) and
longterm (by 2032)the SEASON netwoakchitecturesupports a transition from conservative,
limited-fiber expansion using @nd L bands up to radical new deployments that exploit all
available bands (C, L, E, S, O, U) and multicore fibers to meet exponential traffic growth and
cloud service demand¥ey elements for achiéw these objectives are the proposed and
analyzed node architectures, the network studies on the backbone segment, where the demand
for high capacity is highest, and the migration strategies froba only to multi-band (MB)

and spacalivisionmultiplexingnetworks

Key Studies Performed arndain Results

Scalability and CapacitiModular prototypes employingB transmissiorand space division
multiplexing EDM demonstrated capacity increases from 6x up to 120x versus conventional C
band systems. Scalable node and transceiver defigiB over SDMMB0SDM) were realized,
offering up to 3.6 Pbs switching capacity and lower blocking probability.

Energy Efficiencypynamic spatial lane aggregation aR@MPinnovations in PONs delivered
18%38% energy savings in lab and field tests. fRew monitoring further refined
consumption, confirming significant sustainable operational benefits.

Techneeconomic ImpactCase studies revealed credible 40% CAPEX reduction through DPU
based OpefRAN architectures in mature open hardware ecosystegusding strategies for
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edgecloud convergence and mobile upgrades. Cost modeling and scenario analyses matched
advanced systems against legacy deployments to ensure optimal, fptacé planning.

Artificial Intelligence & OrchestratioMulti-agent Al systems reduced active subcarriers by up

to 50% and projected 25% OPEX savings. Telemetry compression achieved three orders of
magnitude data reduction for largecale operations. Contedware orchestration models
supported dynamic capacisllocations, selfnanagement, and predictive maintenance.

Cost Model The cost model developeih SEASOMNrovides a structured, transparent
methodology Cost model provides dataset of cost valuefor evaluating capital and
operational (energy) expenditures of advanced optical networks, covering key equipment
categories such as transceivers, amplifiers, switches, and servers across multiple transmission
bands and technologiedNotably, SEASON delivers a publicly accessible cost model dataset,
enabling community benchmarking and reproducibility for forthcominghteeeconomic
studies and network planning activities.

Open Datasets and ValidatioRublicly released datasatincluding IQ data, optical power
traces, qualityof-transmission metrics, topology templatasid cost modehs mentioned just
abova established benchmarks for empirical validation and reproducibility, ensuring lasting
impact for the community.

Achievement of Key Performance Indicators (KPIs)

The WP2 techneconomic analysis assesseekelve KPIs from the project. A summary of their
achievement status is presented beloit should be noted that for some KPIs the work was
carried out in cooperation with WP3 and WPkhe complete reporbn KPI achievemeris
includedin Section 1.2f this document

Network Scalability and Sustainability (KPI Aghieved through validatedB and SDM
architectures, with scalability and power efficiency priority across access and backbone
domains.

Bandwidth Expansion (KPI 2.Axhieved with backbone capacity growth up to 12&8/SDM
deployment, and robust impairment modeling.

CAPEX Reduction (KPI 2.2,.8\thieved; cost model analyses confirmed 48886 reductions
are feasible using advanced transceivers, fewer aggregation layers, and-R&pén
architectures.

Modular MBoSDM Nodes (KPI 3.1, 3A2hieved; prototypes demonstrated switching/modular
transceiver capacities of up to 3.6 Pbs across several bands and fiber cores.

Energy Saving (KPI 4.Partially achieved; dynamic aggregation approaches validated energy
savings of 18%488%, with further optimization ongoing.

400G RAN Fronthaul Capacity (KPI.4A8hieved; scalable 400G network configurations and
amplification schemes validated robustness and throughput.
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OEO Conversion Reduction (KPIL &@)ieved; architecture reduced required transceivers and
OEO conversions by up to 50% in field scendriogging technical and economibenefits,
includingCAPXeductions

Data compressiorachieved by intelligentlata aggregation(KPI 7.1) Achieved it has been
proved thattechniques based onugpervised feature extraction, data compression, and data
summarization provide data compression ratio >90% without significant information loss

Replace manual/static operation with autonomoyserationbased orMulti-agent systemso
achieve opex reductigiiKPB.1). Achievedareduction ofenergyconsumption of up to 50%as
been demonstrated byapplying adynanic adapation of the activecapacity to traffic needs
when point-to-multipoint DSCMbaseddevicesare usel in metro-aggregatiometworks

Softfailure detection and localization with digital twto improvespeed andaccuracyin soft
failure identification(KPI18.3). Achieved:several methods for soflailure managementhave
been introduced and its performance was presentéessting the achievability of KPI 8.3
requirements

In conclusionall KPIgaken into consideration in WRP2ome of them in cooperation with WP3
or WP4 can be consideredifly satisfied

Overall Conclusion and Community Relevance

Deliverable D2.3 marks a leap forward in the design and validation ofgeseration optical
yStig2N L ad {9!'{hbQad NBFSNBYOS I NOKAGSOGdzNBA | yR
economic paradigms for sustainable, scalable clera networking. Mfor breakthroughs in

capacity scaling (120x), energy savings (up to 38%), and CAPEX reduction (up to 50%)
demonstrate both feasibility and practical value. Integrated Al management, open datasets, and

cost models further empower the community to benchmadgproduce, and advance the state

of the art. As European digital infrastructure enters an era of expongntiereasingloud and

AFRNR @Sy RSYIFIYRZ {9!{hbQa Ayy2@lGdA2ya asSi GKS
transport networks offering industry and academia powerful tools and insights for future
development.
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1 INTRODUCTION

The SEASON project aims to design and validate sustainablehighreapacity optical
networks, combining muklband (MB) and space division multiplexingDM)innovations to
support servicesbeyond 5G and 6G services. Its main objectives include scaling up capacity,
improving energy efficiency, enabling selbnaged and autonomous network operations, and
supporting new user services and verticals, all while fostering open standards, techablogi
innovation, and European leadership in the field

Within SEASQONNP2 handles the use cases, network architecture, and teemomomic
dimension ofthe project acting as a foundation for technical and experimental work.
Specifically, WP2 is tasked to:

1 Identify future use cases and translate them into systemel requirements and KPIs
for the project.

1 Define reference SEASON network architectures and topologies for technical
development and evaluation.

9 Establish detailed higlevel technical and functional specifications spanningh\tegro-
Access, andletro/ Long-Haul (Backbonejlomains

1 Provide guidance for the design, planning, and assessment activities in downstream
work packages (WP3, WP4, WP5).

1 Deliver techneeconomic analyses of solutions and subsystems to validate sustainability
and business impact

T Compile and specify required data sets for technical validation and benchmarking of
targeted use cases.

WP?2 is critical in setting the overall direction, architectural framework, and evaluative baseline
for the SEASON project, ensuring that proposed innovations are both technically sound and
economically viable in future telecom environments.

The first three points listed abovare addressed in deliverable D2.1 [SeaD2iélivered in
month M14. The fourthbullet is achievedrom constant contactduringthe plenaiesand in
additionalfocusedmeetings, with the other work packages, especialith WP3 (systems for
data plane) and WP4uichitecture and software famanagement and contrgilanes.

The last two pointsare addressedin the two deliverables dedicatetb results oftechno
economic stdies namelyD2.2 [SeaD2.2]delivered in month M25reporting preliminary
results,and this one, D2.,3hat reports the final results

Thissectionincludes two introductory subsectionand asummaryof the other chapters of the
document The first subsectiofsubsectionl.l) describes the final status of the work on the
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SEASON tlaplanenetwork architecture that has been defined in D2rd the one on control
plane developed in WR4ighlightingthe studies and activitiewhichhave developed enabling
technologiesand prototypes evaluatingtheir technical and economic viability and prove their
practical operatiorthroughlab experiments and demonstrationshe secondubsection of this
chapter(subsectionl.2) summarizes the level of achievement of the KPIs considered in WP2,
namely those related to architectural and tea?aconomic aspects, continuing and completing
the workreportedin deliverable D2.2.

Before presenting the overview of the results that demonstrated the feasibility and benefits of
the architecture proposed by SEASON and the related supporting report on the status of KPI
achievement, the content of the following chaptesdriefly presented. Thegclude the studies

and activities conducted in the third year of the projebly WP2which continue and complete

the workreported inthe previous deliverables D2.1 and D2.2

In short, he subsequent chaptersf the documentare organizedas follows.

Chapter 2 develops the studiessociated withthe exploitation ofMB and SIM, with the
possible combination of the two, MB over SDM (MBoSDM). Stinliedse scalability aspects
as wellastechnical viability obystemand networks and migration strategies from single band
to multi-band networks.

Chapter 3 focuses specifically on solutions for enabling the development of &dpglhity,
efficient, and economically sustainabdecessMetro segment.

Chapter 4addresses specific solution designed to improve the performance and costs of edge
nodes, namely the use dhata processing uniDPU) cards to integrateomputeand networking
functions compact and virtualize the networguipmenteliminating unnecessaryransport

and switchingequipment

Chapter 5 focuses on artificial intelligence solutions for orchestration and management
assesmgtheir potential to increase efficiency and reduce costs, particularly operational costs.

Chapter 6 reports the SEASON project cost model, an attempt to provide reference cost values
for network techneeconomic stdies not only within the project, but also by defining and
releasing a public dataset with the costs of equipment and systerbg appliedfor technical

and economic network assessments.

Finally, Chapter 7 collects all the datasets used by the project in various simulation and
experimental studies, which were made public through uploading to unrestricted, accessible
storage spaces.

The document concludes witthapter 8 whichsummarizesthe work developedon thisfinal
deliverable of WP2.
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1.1 SEASOMNETWORKRRCHITECTURE FREBCESS TQ.0OUD

The SEASON project envisions two distinct time periods for network evolution: meliomm
(targeting around 2028) and loftgrm (targeting around 2032 and beyond), each with
fundamentally different requirements and technological constraints. While bothiodsr
address traffic growth and network modernization, they differ in their architectural complexity
and technology adoptiariThe mediuraerm architecture(Fig 2-3 of [Se®2.1]) is characterized

by conservative constraints, including limited new opticaérf deployment, use of only C+L
bands (possibly one additionand), and traffic growth by a maximum factor of 5x compared
to current levels. In contrast, the losigrm architecture Fig 2-4 of [Se®2.1], alsoreported in
D2.3Figurel.1-1) presents a more aggressive evolution with traffamandsincreased by a
factor of 10-30, no restrictions on new fiber deployment including multicore fibers, and
exploitation of all optical bands (C, L, E, S, O, and U

The SEASON architecture defitieee types of Central Officé€0s) that play crucial roles in
network function distribution The Far Edge C®ased onsmall structures (containers or
reinforced cabinets) with space and power constraints, hosting limited computing capacity for
Telco and Service functionsheEdge CQOwhich consistof mediumsized structures hosting
extensive Telco applications and IT functions, typiqaibvidingupgrades of existing metro
regional Central Office The Cloud COwhich imgements largebackbone structures hosting
comprehensive Telco and IT applications with hundreds to thousands of servers

About Network Segmentation and Doma#wchitecture, both shortterm and longterm
architectures establish a twsegment network structureomposel of anAccessMetro Domain
and a Backbone Domain

The AccessMetro Domainis aflat, hierarchically unboundedegment extending from Access
Points to Edge COs, spanning “40® km. This domain deliberately blurs traditional
access/metro boundaries to optimize emalend connectivity. The Acceddetro domain is
partitioned intofour subsegments

Fixed AccessComplete FTTH deployment with emerging Fégbacitypassive optical network
(PON) technologies (200G+ coherent PON, SDM PON)

Mobile Access Dense 6G deployment with macro and small cells, supporting advanced
geographical areas

Metro Far EdgeDistributed processing points with limited computing capacity
Metro Edge Fultservice nodes with extensive computing and networking capabilities

The Backbone Domairs the traditional longhaul segment for interegional transport,
characterized by mukliierabit flows and advanced optical technologies.
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Figurel.1-1 SEASON data plane architecttoelongterm asdefined in WP2SeaD2.1].

The network sectioning follows a clear hierarchy where access, metro Far Edge, and metro Edge
components collectively form the Acceetro segment, while Cloud COs and backbone
infrastructure constitute the backbone segment. This creates a streamlineddormin
architecture that eliminates traditional hierarchical boundaries within the Actstso domain
while maintaining clear separation from backbone operatidrtge longterm vision anticipates
extended decentralization of Telco and Service functigrasitioning network capabilities
where needed rather than maintaining centralized cleardy approaches. Traffic flows in the
AccesdMetro domain range from 100 Gbps to 13& Tbps depending on the specific
implementation timeframe, while backbone segmsrgupport multiTerabit interconnections
up to 10 Tips.

This architectural evolution represents a fundamental shift toward flatter, more flexible network
designs that can accommodate the dynamic and unpredictable traffic patterns expected in the
6G era while leveraging advanced optical technologies includlh§M implementation and
comprehensivéVB operations.

With reference to the reference architectufer the long termpresented in D2.1Figure 1.12
shows the studies performed WP2and their connection to the data plane architecture, which

as mentioned abovds structured across two maciegments:AccessMetro and Backbone.

The studies were conceived to demonstrate whether individual or combined aspects of
architecture are feasible and are economically viable and energy sustaiifébiehave been
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grouped into four categories using different colors for their representation. Wheks that

introduce the concept oMB and SDMand address various aspects such as scalability and the
economic viability oMB systems (nodes and transceivers) are highlighted in yellow (top in the

Figure 1.12). The several studies conducted digital subcarriermultiplexing (DSCN devices
enabling thepoint-to-multipoint (P2MP) networking used in theaccesanetro segmentsare
highlighted inlight green (inder the representationof architecture. The numerous studies

specifically dedicated to solutions for both fixed and wireless access segments are highlighted

in blue (on the left). Such studies involve bdkie data plane and resource management
charge otthe control plane Finally, the crossectional, enelo-end study on latency estimation

is highlighted in white. This is a very important aspect for ensuring service delivery in compliance

with assignedquality of service levels.
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Figurel.1-2 Techneeconomic studies performed and main general outputs of WP2 (Cost Model and B)atdatsd
to SEASON data plane architecture

In addition to the various monographic studies mentioradgbve andpresentedin dedicated
subsectionsn D22 and in the following chaptersof this document,two important general
outputs of WP2 is included in the bottom partiyurel.1-2: the Cost mode(in light red)and

the Datases (in grey) Chapters 6 and 7 are dedicated to these teyresults respectivelyand
we refer to them for details.
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To complete the overview of the wodonductedin parallelwith the otherSEASON proje@Ps,
we present a summary of their activities and resulibese complementamesultsreinforce
WPX2& 2 dzéar@d 2ole&tisielydemonstratethe feasibility and sustainability of t@RASON
network architecture.

Figurel.1-3 represents a map of the data plane prototypes (systems and subsystems, as well as
algorithms for their control, monitoring, and predictive maintenance) developed in WP3,
illustrating their relationship to the data plane's reference architectigereport onthe final
version ofWP3 prototypes can be found in [SeaE]3.
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Figurel.1-3 Data plane architecture updated with data plane prototypes.

Figurel.1-4 (Fig 22 in[SeaD4.3] on the other hand, represents a schematic representation of
the software W) blocks developed in WP4 in relation to the main demos with reference to the
data plane architecture. As can be se¢he management jane developments assure full
orchestration from access (mobile and fixed) to backbone relying on specific components for
telemetry and control in the different segments of the network. Details and explanation about
this block diagranandits componentscan be found in [SeaD4.3]

© SEASON (HorizahbSNS2022 Project: 101092766) pagel5of 158
Dissemination Level PUB(Publi¢



SEASON

Model and Distributed Intelli d Multi
Algorithms [ OCATA Multi-Band Digital Twin } { st :me gy;;g:“::m:[”u‘ ui Energy Aware RMSA Latency Aware RSA NetDevOps

MGMT. [ Service Orchestrator ]

PLANE [ Network Orchestrator ]
MONITORING

TELEMETRY RIC Telemetry System SmartNIC Telemetry System MQTT based Telemetry System FlexTelemetry
STREAMING

Optical Controller

CONTROL [ Near-RT-RIC ] [ Spatial PON Controller J [ IP Controller ] (MBoSDM)

PLANE

ST | ONOS ) ([ AoTRaN Ols Controller |

0 g\ S p—r——
=
DATA
PLANE () '@ £ Lagent |
A— = 'WDM XCI—— ~HWDM XC|
D— =
[spmxc] [soMm xc |
UE RU Du/cu L
L J
Y
\ Demo-2 )
1
Demo-1

Figurel.1-4 FinalControl plane architecture and componedt&veloped in WP4 anmglated to the two main demos
of the project Demo-1, operator perspectivéD1-Berlindemo)and Demo-2, user perspectivéD2-L'Aquilademo)
[SeaD4.3]

Finally, Figure 1.1-5 schematically represents the two main demos (D1 Berli@perator
perspective, D2 L'AquilaUser perspective) and the two additional demos (D3 Telefogica
Madrid, and D4 FibercopTurin) in relation to the data plane architecturEhe arrows indicate
the parts of the network rietwork segments access systemg;entral Officesiode, links) to
which the experiments are connectedll these demos havehe ambition to prove that the
SEASON solutions implemented on part of the network architecture eaperimentally
demonstrable D1-Berlin representingthe Operator perspectiveoffers the widest coverage of
network segmentsexcluding only the access terminalBemos planning has beelescribedn
[SeaD5.1] whilghe final reports on demos will be reported in D§21-Berlin)and D5.3(D2

[ Q! |jdlsdiri M36 of the project and not available at the date of D2.3 delivery.
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Figurel.1-5 SEASON data plane architecture updated with project demos.

1.2 REPORT OKIPS§ACCOMPLISHMENT

This subsectioneports onKPlsconsidered in WP2nd their degree of achievemerftor each
KPJthe declaration(as defined in the project proposal), the classificatjprenin relation to the

technicatleconomic aspectas specified in D2.Zmandatory or additional), the degreeof

achievementat the end of theWP2 workperiod (M32 of the projectand a brief description of

the activities carried out in relation tihe KPlare provided.

The statements in the following subsections update wiead beerreported in chapter 1 of D2.2
where the status oichievemenbf the KPIs and the related references to the resalitained

at the end of the second year of the projéd24 of the projectwere documented.

1.2.1KPI 1

KPI1:6a5SaA3y |+ adzaidlAyroftS ySieg2N] | NOKAGSOGdzZNE Fo6ft S
challenging user needs through improved power efficiency, reliability, andydely/ 1 3 SY Sy G O LI 0 A f A (
This KPI is classified mandatory.

Status:Achieved
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dgnificant advancements toward a sustainable, scalable, peffaient, reliable, and self
YIEYyF3aSR ySig2N] I NOKAGSOGdz2NE KI @S 6SSy RS@St 2 LX
and documentedn final project deliverable©2.3 D3.3 D4.3 D5.2andD5.3 (last two available

in M36, at the end of the project) The main features and resul{&@xcludingonly final

achievements of WP5 whighe still ongoingpn specific aspects of KPstatement and proving

its fulfillmentare summarized below

Network arctitecture. An architecture for the SESONlata plane was defined in D2.1 and then
used as a reference throughout the project by all WPs. A detailed summary of this result is
provided inSectionl.1 of this documentThe summanhighlightsvarious aspects covered by

the individual WPsacross the various network segments and network planes (data plane,
control/telemetry, management/orchestration)Some reference networks (provided with
topologies and traffic inspired by reaperator networks) have been made available by the
operators. A reference network covering the Acebitro segment has also been provided as

a public data setSection?7.5).

Scalability and CapacityThe architecture adoptB transmission (MBT) and SDM, proven in
simulation and prototyping to increase network capacity by upgb2® times over conventional
Chband systems, with further scalability possible by parallelizing multiple fibers or-coudti
bundles.Prototypes (e.g., MBoSDM switching nodes, sliceable bandwidth transceivers) have
been validated for their ability to manage multiple bands and spatial channels, demonstrating
modular, scalable architectures applicablerfr access to backbone, aligning with mediand
longterm evolutions outlined in the projecEcalabilitymigration and techneeconomicstudies

are performed in WP2 and reported in sectidh$, 2.2, 2.7 of D23 and data plane sidies and
prototypes can bedund in [SeaD33].

Power EfficiencyDynamic aggregation and opticARRMPtransmission reduce interface and
router requirements, resulting in clear operational energy savings: experimental and simulation
data report average savings from 18% up to 38% in agnes® PONSs, with even higher peaks
under low load(section 3.1). Coherent pluggable transceivers and SDM technology further
shrink power consumption per bit, especially in edge and aggregation nadagported in
sectiors3.2and5.2

Reliability. Robust optimization models and advanced monitoring (DSP Rx, predictive
maintenancemachine learningMiL)-based fault detection) have been developed and tested in

several labs, increasing the reliability of filterless &hl optical segmentsThe architecture

includes provisions for automated amplifier gain control, traficare reconfiguration, and real

GAYS GSESYSUNERS StSOIFGAy3 GKS aeadsSyQa 2LISNI (A
The results are reported in deliverable D3. Reliabilityin optical networkplanning and design

is alsoextensivelydiscussed in sectio2.8 of this deliverable where draffic engineering

modelling approach for muliomed, multilayer hierarchicalmetropolitan area networks

(MANSs)are presened.
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SelfManagement Integration with programmable control planes and smlinagement
frameworks (AIML-based orchestration, closddop monitoring) is well advanced, with
numerous prototypes and algorithms exploredrahgh full demonstratiorin final deliverables.
WP4 and WP5 interfacesnd demo settingsare in place, enabling future automation and
streamlining network operations, in line with KPI requiremeitsthis deliverablesignificant
results are reported ithe three subsections of sectioh

Gonclusion. The architectural solutions, designs, and prototype validations together
demonstrate a strong trajectory toward fulfilling KPI 1. Substantial evidence is provided for
scalability, power efficiency, reliability, and progress toward-selhagement in the rgvork.
Complete achievement and integration, especially for-sethagement and full reliability, are
projected for the final versionsf the demosalready done or in progress in WP5

1.2.2KPI 2.1

KPI21:a1 Y ONB I &S G KS | @I floériromfacual @&antl R-B85\nm)it&O, E,B, L{ilkb&nds
(=415 nm) that, together with the usage of SDM, e.g., with fitdi€rs/ cores, will make the available
bandwidth to grow by a factor x120. [SRIA, #igdn evo ~2028§

This KPI is classified additional.
Status:Achieved

Investigations carried out in the framework of the SEASON project and presented in 3ekction
found that a x120 of capacity increase in a sample backbone (a Spanish backbone) with respect
to the actual Gband can be achieved with a combinationhdB and SDM as follows: 20 fibers

(or cores) exploiting L, C, S, and E band (24 THz). Such a result accounts for wideband
transmission impairments like stimulated Raman Scattering.

The analysis presented in Sect@2 shows that the number of parallel fibers required to carry

a certain traffidn a pointto-point linkcan be reduced by more than 50% by using super bands
and deploying L, S and O bands in comparison tédban@only system, especially for shorter
links. For example, for a 75 km link, the number of required fibers drops by 20%, 60%, 73%, and
80% for the Supe€, SuperC+L, Supes+C+L, and Sup8rC+L+0O systems, respectively. At 1425
km, the reductions are more nast for theMB systems: 20% for Sup€ and 45% for the other

MB systems.The choiceof deploying the O instead of theliand is intended to reduce the
stimulated Raman scattering effect between transmission channels and increase the robustness
of the system against failures.

The choice of potential transmission bandsed in the previous analysese based on
performance estimations presented by WP3 in deliverables3.R and D3.3.The techno
economics ofisng of the U band was not evaluated due to difficulties in optical amplification
and the pronouncedhindering effects of bending losses amtler-core cross talk as shown in
D3.2
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1.2.3KPI 2.2

KPI22:apm> /1 t9- NBRdAZOUGAZ2Y o0& oO6mM0O RSAAIYAYA +y I NOKAD

(where fiber resources are abundant), multiple bands (where fiber resources are)saad multicore

fibers (where fibers are not present, e.g., for cell densification); (2) limiting intermediate aggregation in
routers thanks to the ultrdoigh capacity of MBoSDM and by exploiting smart coherent pluggable to
remove aggregation layers antty’ y SOSaal NB hk9kh O2y@SNRAZ2Yyadé

This KPis classified asiandatory.
Status:Achieved

This deliverablgresents techneeconomic evaluations of several technologies developed to
reduce thecapital expenditure CAPEXof future MBoSDMtransmission systems and are
therefore related to KPI 2.2.

Several preliminary resultsvere presented in deliverable D2.2 JeaD2.P regarding the
complexity and number of components of optical transmission systems and serve as basis for a
more complete CAPEX analysis iis tieliverabletogether with thedefinition of a cost mode
Section2.3 extends the preliminary results showing the benefits of fiber core switching by
including costo the analysis ofhree node architectures presented in deliveratibe2[SeaD2.p

and3.2 [SeaD3.R Using the SEASON cost model, supplemented with additional component cost
estimates derived through a similar methodology, the study analyzed CAPEX trends for various
proposed node architectures and a reference node as a function of the number of directly
connected fiber/core pairs(( ). The results indicate that CAPEX can be reduced by more than
50% depending on the value &f .

The analysis presented in Sect@2 shows that the number of parallel fibers requiredcarry

a certain traffic between nodes can be reduced by more than BQ%sing super bands and
deploying the L, S and O bands in comparison tebar@ only systemespecially foshorter

links For example, for a 75 km link, the number of required fibers drops by 20%, 60%, 73%, and
80% for the Supe€, SupeC+L, Supes+C+L, and SupBrC+L+0 systems, respectively.

In the context of mobile access networks, the study included in seédtibtlemonstrates how a
solution based on a virtualizeddio access networfRAN architecture (GRAN) using servers
equipped with DPU cards to support compute and networking functions eliminates the need for
switching equipment (routers) and reduces the number of required transceivers, effectively
halving opticatelectro-optical O/E/O) conversions. The study demonstrated thafjder the
assumption of a matur€©-RAN ecosystem, overall Capex reductions of 40% can be achieved,
with the specification that all RAN costs (including software) amesideredin the above
mentionedanalysisThe level of cost reduction i®t exactly the 50% required by the KP2,

but is very clos¢o that target

With respect to opticatore networks, sectiorn?2.4 presents a study that evaluates different
evolution strategiesncludingMB and multicore technologiesinder coherent pluggables and
transponder clients. Teclv-economic results across three core topologies highlight the impact
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of fiber leasing andMBoSDM architecturesost advantage.The use ofMBoSDMwith core
switching provides the best lonterm scalability while solutionsemploying singlenode fiber
bundlesare attractive shorterm but penalized by fiber leasing/hen consideringiber bundles
with transponders or coherent pluggables baselins, MBoSDM achievesaximum cost
reductiors of up to 15% and 47%, respectively.

1.2.4KPI 3.1

KPI3.1a58aA3y YR AYLX SYSyid FtSEAGfS YR Y2RdzZ I NJ a. 2{ 5
channels in at least 3 different bands (e.g., S, C, L) in an SDM/MCF fiber infrastructure featuring up to 10
fibers/cores, able to cope with switching capacitiesaulel up to between 2:8.6 Pb/s (considering & 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 (fractional) spgce @St Sy 3G K ¥t SEA6E S | NOKA

This KPI is classified additional.
Status:Achieved

The design ofeveral architectures faa flexible and modular MBo®Dnodewas presented in
section 4.5.3 ofSeaD2.1]qualitative description ofhree node architectures and comparison
with the conventionalnode architecture), section 4.3.1 {8eal3.1] (numerical analysis dhe
number of components and port count for the architectarpresented in[SeaD2.1)] and
section 3.20f [SeaD22] and section 4.2 ofSeal3.2], where a more polished design was
presented ofthree architectures, including formulas for the number of components and port
count, and a study othe number of WSS andptical amplifiersfor an increasing number of
directly switched core pairs @Nand different numbers of in/out core paifalso published in
[Sou242]). An implementatiorof this MBoSDM nod&as described in section 7.1 of D3.2, which
isbeingusedin the WP5 activities.

In order to evaluate the switching capacities of the proposed MBoSDM desligns let us
consider the reference backbone network topology proposeskiction 5.2.2 ofSeaD2.1]and
calculate how the traffic distributeacross the network for different capacities at the Hodles
assumingthat the traffic is not distributed uniformhacross all linkg which would not be
realistia , but that 90% of the traffic propagatealong40% of the linksWe also consider
lightpaths that, on average, pass througi links. With those assumptions, we obserieTable
1.2-1that, in order to achieve switching capacities of-3.8 Pb/s a plausibleoption would be
to consider thatthe average HL4 node capacity should reack8@0rb/sand the lightpaths
shouldtraverse6 linkson average

A switching capacity of 23.6 Pb/s translates, for an MBoSDM node with 4 degrees and 10
fiberdcores, into a capacity pefiber/core of 6690 Th/s. Assuming 800G channels with a
spectral occupancy of 150 GHz, the number of channel§lpEfcore would be 75113, which

can be accommodated in the sup€rand supeL bands (lower range) or with the addition of
part of the S band (upper range). Add-drop (A/D) module capable of adding/dropping 50% of
the node capacity would need to process between 120280 800G channels. Of course, if such
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amounts of traffic need to be added/dropped per node, nMB/SDM transceivers must be
developed in order to reduce the required number of ports, but those developments fall outside
the scope of the project. An alternative to reduce the number of A/D ports would be to consider
that just one of thefiberg/cores per degree is processed at the channel level (see Tabla 4
[SeaD3.1]. In that case, the maximum number of channels that could be added/dropped would
be 300450 f{.e., 240360 Tbps, or 10% of the #ehing capacity), assumingolorless
directionlesscontentionless CDGQfunctionality. Forcolorlessdirectionless CD architectures, it
would decrease to 2.5% (but it could increase up to tenfold by allowing processing of the
contents of mordibergcores, as needed). Note that in current network deploymentdedree
ROADM nodes with CD functionality are usually equipped to add/drop up to 25% of the node
switching capacity.

Tablel.2-1 National network link and node traffic assuming 90% of HL4 traffic is distributed among 40% links. For
HL4 nodes with an avera@®-30Tb/s capacityswitching capaties in the order of 8 Pb/scould be achieved f&
linksllightpaths.

Number of Number of Number of Number of

links/lightpaths Links Nodes Paths CETEE {198)

HL4 nodes 694 10 20 30 40
Links HL3HL2HL1 1 190 190.0 82.18 164.37 246.55 328.74
Links HL3HL2HL1 4 190 47.5 328.74 657.47 986.21 1314.95
Links HLaHL2HL1 5 190 38.0 410.92 821.84 1232.76 1643.68
Links HL3HL2HL1 6 190 31.7 493.11 986.21 1479.32 1972.42
Links HL3HL2HL1 7 190 27.1 575.29 1150.58 1725.87 2301.16
Links HL3HL2HL1 8 190 23.8 657.47 1314.95 1972.42 2629.89
Nodes HLHL2HL1 1 98 318.67 637.35 956.02 1274.69
Nodes HLHL2HL1 4 98 796.68  1593.37 2390.05 3186.73
Nodes HLHL2HL1 5 98 956.02 1912.04 2868.06 3824.08
Nodes HL3HL2HL1 6 98 1115.36 2230.71 3346.07 4461.43
Nodes HLHL2HL1 7 98 1274.69 2549.39 3824.08 5098.78
Nodes HLEHL2HL1 8 98 1434.03 2868.06 4302.09 5736.12

Finally let us have a look at the number of compone(dasd their port countpf the MBoSDM
nodefor 4 degrees, 1@ibers/cores per degree and 3 bands f#ver/core. A conventional CD
route-and-select reconfigurable optical addrop multiplexer (ROADN architecture, as
depicted inFigure 414 of [SeaD3.1would require 120 dual wavelengh selective swiches
(WSS)for the line connectionanda minimum ofl2 20-port dualWSS for the A/D (dd 64-port
dual WSS)Of course, in order to add/drop 15250 800G channels (50% of the switching
capacity, many more WSS would need to be add&ti2(2Gport dual WS®r 35 64port dual
WSS)For SEASON MBoSDM node, let us consider desigm g&tion 4.3.1 of [SeaD3.4hd
architecture #1in section 3.2 of [SeaD2.2They would requirel0 and 3 spatialoptical cross
connects $OXG)with 28and80 (considering = 0 ports, respectivelyand12and3 NxN WSS,
respectively By adling 120 1x20 WSS, design #3 of [SeaD3.1] aidrop over 50% of the
switching capacity of the nodé€400 800G channelsput the architecture wuld become

© SEASON (HorizahbSNS2022 Project: 101092766) page22 of 158
Dissemination Level PUB(Publi¢



w
g
H»
fo

=

colourlessdirectionless (not contentionlessfhe number oNxNWSS for design #3 of [SeaD3.1]
can be reduced to 3 if, as mentioned abowe only process the contents offiber/core per
degree.

1.2.5KPI 3.2

KPI32da. 2{5a (UN}yaoOSAGBSNE | of 8ansc@vers yp@®NBIx by SxplaitikgS O LI OA
enhanced wavelength/space dimensions while enabling appropriate slice/band/core/fiber selection
FOO2NRAY3 G2 (GKS ySGs2N] LI GKbE

This KPI is classified additional.

Status:Achieved

The required capacity scaling up to¢dx can be achieved by expanding transmissieyond

the Gbandand introducing SDMechnologyto exploitadditional spatial paths. In this regard,

the programmable MBoSDMliceable bandwidth/bitratevariable transceiver prototype {S
BVT)proposed in SEASON and implemented in VéR&blesdynamicbandwidthallocation for
flexible, highcapacity, and resilient operatiomithin the S+C+hands This technology has been
experimentally validated across the S, C, and L bands and in bothcingland multicore fiber
(MCF) scenariosee deliverable [Se®3.9 and[Sed3.3). This approach provides scalability,
improved network utilization, and optimal slice/band/core selentiaccording to network
demands. The transceiver can be reconfigured via softwlafsned networking (SDN) agents,
which manage and adapt programmable elements and reconfigurable devices to meet dynamic
0N} FFAO NBIdZANBYSY(ad KMshaendRIbgatiaptgblelude bf3pécéiral 6 A (1 K {
and spatial resources, directly supporting targeted capacity improvemedstion4.1 of
SEASON deliveraliged33] indicate that utilizing the full S+C+L band spectra over one core
of a 19core MCFan aggregted capacity 028.2 Th/scan be achievedconsidering 350 single
sideband (SSB) channels in tHea®d, 175 SSB channels in thba®d, and 150 doubisideband
(DSB) channels in theband. By comparison, a staté-the-art Gband SBVT (175 SSB channels)
can achieve about Th/s. Therefore, adopting MB transmission (S+C+L) offers a theorktical
capacity increase, which further scale with the number of fiber cores in an MCF system.
However operating across multiple bands and cores introduces additior@dirments such as
stimulated Raman scattering (SRS) and crosstalk (XT), earianpactthe overallachievable
capacityscalingfactor.

On the other hand,dr operators transitioning from-8and toMB (C+L+S) and MBoSigtical
systems, the most cosffective approach is a phased, "PagYouGrow" (PaYG) strategy. This
approach involves demandriven, incremental upgrades to add new bands (L, S) and spatial
channels (SDM) on selected links, which aligns with actuffictrgrowth. This minimizes
disruption and allows for flexible network scaling by matching investments with revenues.
Subsection2.7 shows that PaYG with aggressive reconfiguration (PEWAR) maximizes
throughput and energy efficiency while minimizing capital CAPEX by up to 70% compared to a
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"Day One" (DO) deployment. These benefits are achieved with only moderate reconfiguration
overhead due to SDN/NFV automation.

Key metrics show significant progress: a fully achieved 120x backbone capacity increase (using
four bands and 20 fibers/cores), notable preliminary progress toward a 50% CAPEX reduction by
optimizing network layers and node design, and measured energygsaivi the 2§38% range

for select scenarios, with ongoing research toward meeting a 50% savings target.

1.2.6 KPI 4.2

KPI14.2: 6>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:Achieved

The dynamic spatial aggregation architecture developed in SEASON effectively achieves the
targeted energy efficiency improvements by dynamically activating and deactivating spatial
lanes in response to retime traffic demands. As discussed in D2.2, satioth results
demonstrate an average potential energy saving of 38%, with peak savings up to 87.5%,
depending on the ratio of fixed to variable power consumption and the configuration of spatial
lanes.Experimental validation on a commercial PON systeraradterized by a relatively high
baseline power, confirmed measurable energy savings of around 4%. The lower experimental
figure is primarily due to the fact that the commercial hardware used was not originally designed
to support the activation/deactivatin mechanisms explored within SEASON, thus limiting the
achievable power variation at the transceivéfthen considering the joint activation and
deactivation ofradio units (RUs) andistributed units (DUs) in the mobile networktogether

with the optical @cess domain as described in Sectiort 3He overall saving increases to
approximately 8%. Further optimization of radio equipment operation could raise the total
systemlevel energy saving up to 19%. These results confirm the effectiveness and scalfbility
the proposed architecture for nexgeneration energyaware optical and radio access networks.

1.2.7KPI 4.3

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

The described fronthaul network architecture builds upon the foundations outlined in Section
3.3 and Section 3.4, interconnecting vDUs aathote radio units RRU} through packet
switches and an optical line system (OLS) equipped with 400GDI5&Bnsceivers. This setup
forms a bidirectional fiber ring and logical mesh topology designed to balance high throughput
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with flexible wavelength managemerithe OLS design adopts a filterless approach, relying on
optical adddrop multiplexers (OADMSs) with simple splitting and plugg&beum-doped fiber
amplifiers(EDFAs Two configurations are considered: one employing a single 2:2 coupler for
add/drop, and another with separate splitters for the add and drop paths. The latter
configuration improves signal quality by mitigating attenuation penalties. Amplification
strategies include automatic gain and power control, whbth single and dualamplifier
modules available to deliver different output poweiihe coherent 400G transceivers used in
the system come in lovand highpower variants, with the latter significantly enhanciogtical
signatto-noise ratio (OSNRand link budgets. The dregnd-continue ring topology requires
N(Ng1)/2 wavelengths for N nodes, meaning that for practical 400G operation the network
supports up to six nodes, while 200G transceivers extend this scalability to about ten nodes. The
deployment of high-power transceivers and stronger amplifiers further improves performance
and reach.Future enhancements under evaluation include variable gain amplifiers and gain
flattening filters, which would enable dynamic control and improved stability across optical
paths. Overall, the architecture provides a flexible and scalable solution thatesnsobust
signal qualitywhile supporting multhode optical rings for nexgeneration fronthaul transport.

1.2.8KPI 6.1

KPI6.1: 0% CAPEX reduction by collapsing computing, IP networking, and usagespidgditoherent
optical transmission in a single element (i.e., DPU) not designed for the Telecom market but for much wider
O2YLJziAy3 YINlSGa YR GSNIAOFfa o0Se3Ids | dzi2Y20ABS0 @

This KPI is classified mandatory.

Status:Achieved.

ThisKPlis fully achievedunder specificconditions related to the evolution of the OpddAN
ecosystemThe techneeconomic analysisgported in subsectiod.1andfocusing on a 5G/6G
railway coverage use case, compares three alternatives:cwwentional RANrchitectures
(Baseline 1 using routers at mobile sites and Baseline 2 using distribagettand unit$BBU3
with enhanced networking) and an innovative OgRAN solution based on ruggedized servers
with DPUs at the mobile site and virtualizeghtralized unitsCU$ at the central office.

In summary, the techneconomic "what if* studyeported insubsectiord.1robustly supports

the KPI 6.1 target: a 40% CAPEX reduction is feasible under optimal industry and ecosystem
conditions with DPWased OperRAN, and this is substantiated by detailed architecture and
cost modeling against relevant legacy alternatives. IFegults will require ongoing updates to
reflect reatworld technology and market developments.

Economic Evaluation

Three Alternative$ias been investigated in the study:
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1 Baseline 1 implements conventional routers at each site alongside dedicated radio and
transport equipment.

1 Baseline 2 employs distributed BBUs with improved networking, avoiding routers at
intermediate sites but still relying on specialized telecom hardware.

1 OpenRAN with DPU consolidates compute, networking, and optical transport using-server
based platforms with SmarfNetwork Interface CardsN(C$ and DPUs, facilitating
virtualization and flexible deployment.

The "what if" cost model considers variable scenarios for hardware and software pricing,
openness of the RAN ecosystem (i.e., the availability and maturity ofemance radio software

and open RUSs), and technology trends. The analysis demonstrates iider fiavorable
conditiong such as a mature-®AN ecosystem and competitive open hardwatp to a 40%
reduction in CAPEX is credible compared to legacy solutions. The magnitude of savings depends
on the relative costs of the ruggedized seniJ platform ersus legacy BBUs, potentgaist
advantages on RUIs a ORAN ecosysteprand reductions in software licensing fees. In lnaste
scenarios (with full GRAN ecosystem maturity and hardware cost advantages)ings even

above 40% are predicted; in less favorable conditions, the reduction may be lower or neutral.

Practical and Methodological Considerations

The economic projections isubsection4.1 must be interpreted cautiouslyThe analysis is
inherently speculative, employing sensitivity analysis to account for uncertainty in price
evolution, vendor strategies, and market uptake of virtualized solutibnaddition, esults are
scenariedependent, drawing attention to the importance of robust supply chains, open
standards, and continuous monitoring of market conditioBespite these limitations, the
methodology offers valuable strategic insight into transformative potential and risk factors,
supporting evidencdased decision making for network evolution.

1.2.9KPI 6.2

KPI 6.2 &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/ritigkm evo]é

This KPI is classified mandatory.
Status:Achieved

The study proposed to validate this KPI is the santie the one set for KPI 6.1 andreported

in subsectioM.1. Thestudyon 5G/6G railway coverage use cagnonstrated thathe use of

an GRAN architecture that virtualizes the RAN DU function (vDU) by placing it at the site and
using a server equippeaith DPU boardfor processing and networking, reduces the number of
total transceivers required by 33% (50% if only the Extended Reach transceivers, the most
expensive ones, are considered) and the number of O/E/O conversions byB8%eduction is
evaluated taking aareferencethe legacyRAN architecturéBaseline 1jhat uses eBBUand an
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aggregator router at the siteln the study carried ouin subsection4.l, noncoherentgrey
transceivers were used given the distang¢é®m a few to fifty km) and single wavelength
transmissioninvolved, however similar advantages can be obtained for longer distances with
coherent transceiversusingwavelengthdivision multiplexingWDM) or DSCM networking
multiple optical signalsvould be needed and exploiting the potential oDPU cards that
integrate compute and networkinfyinction.

1.2.10 KPI 7.1

KPI7.1: dntelligent data aggregation to provide data compression ratio >90% without significant
information loss

This KPI is classified additional.
Status:Achieved.

This KPI was already achieved and documenteSeiction7.1 of D2.2where 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 essed within WP4/WP5 activities. The
techniques are specifically designed for measurements of larger size, i.e., optical spectrum and
IQ constellationgsee dataset in Sectioh2), and consisbf supervised feature extraction, data
compression, and dataummarization. Results using openly available datasets show that
Intelligent data aggregatiorprovides 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 achieved compared with baseline telemetry.

1.2.11 KPI 8.1

KPI8.1: GAutonomous operation based on medtjent systems to reduce >259PEXv.r.t. manual/static
operationé

This KPI is classified mandatory.
Status:Achieved

In D2.2Sec 5.1, several methods based on mu#tgent systems to control poisib-multipoint
DSCMbased connectionwere presentedi.e., to activate/deactivatsubcarriers $Ckin order

to dynamically adapt the capacity to traffic needs. Moreover, this dynamicity allows deploying
systems with oversubscription, which allows supporting more Txs on a same Rx than a simple
static capacity assignment. The different methodsre evaluated in terms of effective
oversubscription and number of active subcarriers for different traffic scenarios. The latter can
be reduced up to 50%, which is a promising value towards the t&rget

In this deliverable, we extend previous results in D2.2 with numerical power consumption
evaluation based on the energy consumption model and parameters presented in Section 3.2.
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Detailed values irsection 5.1 showhat energy saving$arger than 25%an be clearly reached

by dynamic management of P2MP connections with respect to spatint-to-point (P2P)
deployments. Moreover, the oversubscription supported by the proposed metladidsvs
reducing the number of active hub nodes (receivers) to support the same number of leaf
(transceiver) nodes, which leads to a reductiorciofa 50% of power consumption in the hub
with respect to static P2MP deployments.

Optimizing EDFA power itense WDM DWDM networks improves energy efficiency and
network performance by dynamically adjusting amplifier gains based ortinealdata. Two

main operation modes exist: Constarower modefitting for networks with reatime channel
monitoring, and ConstardBain mode, suitable for networks without extensive monitoring but
requiring accurate span loss estimates. Using OLCs, the system collects traffic matrix data,
network topology, and received powemeasurements to compute optimal gains. This
optimization is framed as a Linearly Constrained Quadratic Programming problem, minimizing
the difference between actual and target received powers while ensuring channels stay within
receiver power margins. €hmethod allows automated, netwotkide gain adjustments that
enhance signal quality, OSNR and power levels, reducing manual calibration need and adapting
dynamically to network changes. Simulations show significant improvements in maintaining
signal quaty and compliance with design specs after applying this automated gain optimization,
as discussed in Section 5.2.

Preferred EDFA operating modes depend on network monitoring capabilities:

In heavily instrumented DWDM systems (for example, {bagl cores) where channel counts

can be tracked in real time vigptical channel monitorsGCM3 or similar devices, Constant

Power mode is ideal because it delivers precisevgrelength output control.

Ly 20KSNJ SYGANRYYSYy(as gKSNB &2dz OF yQGainNBt Al of &
mode is more practical. However, it still requires an accurate,-ties estimate of the

preceding span lossothat the gain can be set correctly. If gain is misconfigured, some channels

YIe FLff 2dziaARS GKS NBOSAGSNDA LI26SNI 2N h{bw
over multiple hops. Simulation resulsegFigures.3-2) show that improper gain settings greatly

increase the risk of channels dropping below spec, further underlining the need for the
optimization framework introduced in Section 5.2.

1.2.12 KPI 8.3

KPI8.3: cOptical layer digital twin for gradual sefailure detection and localization with at least 1min
before major impact on the service. >90% accuracy iAfailifire identifications

This KPI is classified additional.
Status:Achieved.

This KPI was already achieved and documenteskention8.3 of D2.2where several methods
for soft-failure management are introduced and its performaneas presented. The methods
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are deployed within the OCATA optical digital twin, mainly designed and assessed in WP4/WP5
activities. The results presented in this document illustrate the performance of models and
algorithms that exploit 1Q constellation features analysis for -fftire detection,
identification, and severity estimation. Considering challenging scenarios where an incipient
soft-failure becomes hard failure in the short period of 1 day, different failures affecting Tx,
EDFAs, and WSS are promptly detected (>40 minrdédfard failure) and localized/identified

(>18 min before hard failure). With these results, the target objectives of theQ{itél layer

digital twin for gradual soffailure detection and localization with at least 1min before major
impact on the servide>90% accuracy in seftilure identificatior) are clearly achieved.
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2 SCALABILY AND COST EFFECTIVENKMESADIPD
SDMSYSTEMSND NETWORKS

The following chapters present studies related to specific areas such as the access segment
(SectiorB), the use of specific technologiesRDcards) at the EDGEectiom), and applications

using Al (Chaptes). As mentionegreviously Chapters and7 are dedicated to crossutting

topics such as the cost model and public data sets.

2.1 CAPACITY INCRERSE TAVB

MB optical networking can increagbe lifetime of fibers by usinginexploited portions of the
spectrum.The Gband and, more recentlg combination of theGCband and the Eband have
been ypicallyexploited.The adoption oMB poses several aspects to be taken into accoint
95C! g2y Qi -a Bbardkdh8sRamplifiers gsed in bands different thére Gband
might have different noise figures; ii) transmission parameters (e.g., attenuation, chromatic
dispersionkexperience a dependency frowavelengthfrequency and cannot be approximately
considered as constamtver a so wide transmission spectrum; iii) Stimulated Raman Scattering
(implying a power transfer from longer to shorter wavelength chanrstsuld be considered
[Sam2(Qsinceg as an example can increase the nelinearities inthe Gbandandthe L-band

In the framework of the SEASON projeate evaluated the capacity increase MB in a
backbone network in particular by referring to the Spanish backbone topologgwshin
[Sam22 The network performanchasbeen evaluatedvith simulations andvith the routing
and spectrum assignment proposed 88m2(Q giving preference to théands according to the
following rankto allocate channels: first-tand, then band, Sband or Eband and accounting
for Stimulated Raman Scattering.

Acustombuilt eventdriven C++ simulator has been usedl smulations have been carried out

on an Intel(R) Core(TM) i5 @2.67 GHz, with 4 RAMs of A'&Beference Spanish transport

network is of 30 nodes and 55 #ilirectional links, all composed of standasthndard single

mode fibes (SSMB). Each span is 80 km long. The irdetival process of 200 Gb/s connection

requests is assumed to be Poisson. lrgaival and holding times are exponentially distributed

with an average of 1/ YR Mk > I pnn &3 NBaLISOGA@Stesr gAGK
distributed among all node pairs. Traffic load is expresseldkas ® ¢ KS F2ff 2gAy 3 Y2
formats and symbol rates are consider@R16QAM andRQPSK, both at 32 Gbaud. The same

forward error corredion (FEQ overhead of 21% is assumed in all cases. Single carrier
transmission is adopted for RMI6QAM, while dual carrier is assumed forASK, thus always
guaranteeing a 200 Gb/s net rate. We assume 200 Gb/s connections using 3asdat35zGHz

if PM-16QAM or PMQPSK is adopted, respectively. For simplicity, we set-bayet power with

flat spectral load Curlg. The generalizedsignatto-noise ratio (GSNIRof the worst channel

(comprising the effect ofrossphase modulation) is assumed for each band. This way, when
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new channels are set up, any existing lightpath will still show acceptable performance thus
avoiding possible reconfigurations. Assuming thefpiEgbit error rate (BERthreshold 4 x 19°
according to the theoretical BER-GSNR curve, the following threshold values are considered
for the GSNRt5.1 dB for DAR6QAM and 8.5 dB for B@PSK.

6000 T T
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B 4000 |
©
i)
©
S 3000 f o —
© L+C memms
% L+C+S
= 2000 r L+C+S+E

1000 &

0
10°° 1072

Blocking probability

Figure2.1-1 Load for a given connection blocking probahility

Figure2.1-1 shows thesupported traffic load at a given blocking probability (i.e:2 #0102 in
the case of C, L+C, L+C+S, L+C+S+E syterfigure clearly shows thtte activation of other
bands increases the supported network capadityparticular, for a blockingrobability of 10?2,
the capacity o L+C+S+andsystem increases by six tim@x)the load of a éand network

in the considered conditiondote that the activation ofhe O-bandin a backbone network,
with typically very high distancesnay not bringany appreciable benefits, as observed in
[Sam20.

Thus, if larger capacity increase is required by an operatso the adoption of SDM is
suggested. In particular, as menteahin Sec.1.2.2 in order to achieve a 120x of capacity
increase with respect to-8and and considering the 6x iicrease activating-L.S, and Eband,

at least 20 SMF fibers would be needed.

2.2 REALISTICAPACIT®CALING O8NGLEBAND ANODMB OPTICAL
TRANSPOFRSYSTEMS

As global data traffic continues to grow exponentiélsiven by cloud computing, 5@ternet
of things (0T), and Al applicatiorngraditional singleband optical transmission systems, typically
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operating in the &and, are approaching their capacity limits. To meet future bandwidth
demands and ensure scalable, ceffective network evolution,MBT has emerged as a
compelling solution.

Focused on validating KP1 2.1, this section discusseh#ilenges and opportunitigs increase

the available bandwidth ofleployedfibers with MBT, that together with the usage ofpatial
division multiplexing techniques such as miltiers or multicore fibers will make the available
bandwidth grow by a factoof 120. The content of this section was published in [Sou®5].
analyzes the optical performance and capacity of sibgled(SBandMB transmission systems,
ranging from a 6 THz single suimnd to a 24 THz fotsuperband configuration.
Configurations include Sup€l, SupeC+L, SupeB+C+L, and Sup8rC+L+0O systems. A 4.8 THz
Chbandonly system is also evaluated for benchmarkifigis framework enables comparison of
the spectral efficiency, complexity, capacity, and fiber requiremehtsid-term future optical
transmission systems

2.2.1 Simulation Setup anflystem Optimization

The simulation setupsystem modeling and optimization was already discussed in Deliverable
3.3[SeaD3.3]Thereforeonly a summary of the simulation setup and optimizaticamework
will be presented in the following paragraphs.

Table2.2-1 presents the transmission bantisat composethe four configurations of the MBT
system analyzed in this work. All systems include a minimum 500 GHz guardband between
adjacent bands. As a reference, we first considertai@ system spanning 19LB896.1 THz.

The SupelC system extends this to 19Q¥96.8 THz. The Supért+L system covers 18413%6.8

THz (using the super C and super L bands), while the-Sufi2¥L system spans 18233.3 THz
(using the super S, super C and super L bands). Finally, theSu@ek+O configuration adds

the Super O ban®@0.5226.5 THz) to the threband system, maintaining a guard band of over

17 THz from the -Band, as recommended ifSam22, Sou23]. In this case, nonlinear
interference (NLI) and the SiRSluced power transfer between the-@and and other bands are
considered negligible. Although some transmission bands are formally defined with bandwidths
exceeding 6 THz, we assume that the optical amplifiers used across these bands will have the
same bandwidth as those in the supeibénd, due to the challenges in exiding amplifier
bandwidth.

Table2.2-1 Minimum and maximum frequencies of each amplification band.

Band Start Frequency Stop Frequency

[THZ] [THZ]

Super L 184.3 190.3

C 191.3 196.1

Super C 190.8 196.8

Super S 197.3 203.3

Super O 220.5 226.5
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The transmission system operates with 40 channels per sbi@ed and 32 channels within the
Gband, all spaced on a 150 GHz channel grid. Each channel carries a 120 GBd signal shaped with
a rolkoff factor of 0.15.

Thefiber characteristics are adopted from the model describedSmu24]. Optical amplifiers

are characterized by constant noise figures: 5 dB for the super L and super C/C bands, and 7 dB
for the super S and super O bands. The total insertion loss introduced by the multiplexing and
demultiplexing components is assumed to be dB&b

The objective of launch power optimization is to maximize the overall system GSNR while
minimizing GSNR fluctuations across each spectral bafigr optimization, analysisis
performed onthe capacity and spectral efficiency of the different transmission systems in a
point-to-point link with a variable number of #n spans. For each band, the GSNR of channel
“Gat the end of a lightpath witld spans of lengttd is given byEq.1, where' 32;, ,Qis the
optimized singlespan GSNR of chanrfi@hnd 0 is the system margin definedy Eq.2. The
system margin comprises a fixed 1 dB margin and a variable contribution that depends on the
number of optical amplifiers traversed ( ).

132 °Q ' 32,,Q ph T GH D Eq.1

0 p m8LO Eq.2
A lightpathis feasible for a given signal configuration and transmission band if the required
signatto-noise ratio SNR is less thanO"Y¥ . In this work, five different bit rates are
considered and their required OSNR and SNR are presenfiabla2.2-2. These values were
taken from the OpenRoadm mukiburce agreement (MSApecifications version 7.0 {RDM]
for 400 Gb/s and 800 Gb/s formats at 1GBd (the values for the remaining bit rates were
linearly interpolated). TheY Y values are calculated directly from tide™YY  values using
the relation given ifEss12]that is,usingeq.3with &  equal to 12.5GHz.

Table2.2-2 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] 20.0 21.8 23.5 258 27
f "8 -u{dB] 10.2 12.0 13.7 16.0 17.2
"YOY 0 "YY pi 1 CYTS Eq.3

2.2.2 Results and Discussion

The optimized launch power and the corresponding GSNR values for all considered transmission
system=f a 75km sparare presented in Deliverab®3 [SeaD3.3]A summary of the results is

that singleband systems exhibit the highest average GSNR (27.0 dB and 26.9 dB for the C and
SuperC systems, respectivelyJhe lower GSNR oMB systemsis due to theadditional
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MUX/DEMUX lossesigher fiber attenuation, nonlinear effects, and amplifier noise figures.
Additionally, the super S and super O bands show significantly lower average tG&NRe
super C and super L bandsth the super O band performing the worst.

These GSNR variations across bands result in diverse cagaatyprofiles for each system. To
illustrate this, consider a link composed ofkif spans and a transceiver operating in the modes
listed inTable2.2-2.

Figure2.2-1 and Figure2.2-2 show the capacityvs. reach andspectral efficiencys. reach
profiles, respectively, with reach measuredrnaomber of 75-km spans. Singleand systems
consistently achieve the highespectral efficiency§B due to their superior average GSNR on

a single spari@"Y¥ ). The maximum SE of 5.33 bit/s/Hz (meaning that all channels transmit
800 Gb/s) is maintained at a maximum of 6 spans for the C and-8Bupgstems, 5 spans for the
SuperC+L, 3 for the Sup&+C+L and 1 span for the SupeiC+L+0O system.
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Figure2.2-1 Capacityof the different transmission systems for different link lengths.
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Figure2.2-2 Spectral efficiencygf the different transmission systems for different link lengths

Despite the superior average GSaRI SE of singkband systemsVB systems generally offer
higher total capacity across most distances, thanks to their greater channel count. The capacity
gain from adding an amplification band is most pronounced at shorter distances, where the
optical performance degradation is less sexd-or example, adding the super L band to a Super

C system doubles the capacity (from 32 to 64 Th/s) for links up tkiBi7FHowever, this gain
diminishes with distance and disappears teg 1800km.
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Adding the super S band to a SujgerL system yields a smaller benefit: a 50% capacity increase
for links up to 225%m, tapering off to no gain beyond 18G@. Compared to a system with
SuperC only, the SupeB+C+L configuration triples the link capaajpto 225km.

The super O band supports transmission only over distances up t&mM5When added to a
SuperS+C+L system, it increases capacity by 33% for a singe gpan. However, this benefit
gradually decreases with distance, becoming negligible at kB0 Beyond this point, the
capacities of the Supe8+C+L and SupBrC+L+0 systems are the same (because of the guard
band between the super O and the other bands). As a result, the SE of theSSt(pek+0 system
drops sharply from 450 to 526m, since the super-®and channels, which initially carried 400
Gbl/s, cease to transmit any data.

Lastly,Figure2.2-3 illustrates the number of parallel fibers required by various transmission
systems to achieve a capacity 120 times greater than that of a dibgleCband-only system,
across different link length3.able2.2-3 complements this figure by providing specific values for
75km, 300km, 675km, and 142%m.
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Figure2.2-3 Number of required parallel fibers to achieve a fi@@scapacity increase of theliand-only system for
different pointto-point link lengths.

Table2.2-3 Required parallel fibers to achieve a 120 times capacity increase ofdwed@nly system for selected
reaches.

Reach [km]
System
75 300 675 1425

C 120 120 120 120
SuperC 96 96 96 96
SuperC+L 48 48 52 54
SuperS+C+L 32 34 38 54
SuperS+C+L+0O 24 28 38 54

As expected, the -Bandonly system consistently requires 120 parallel fibers at all distances.
The SupelC system typically requires 96 parallel fibers across most distances, due to its similar
average GSNR and 20% higher channel count compared to-th@dConly system. Minor
deviations at 525, 750, 1050, and 1980 arise from slight GSNR differences and the limited set
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of transceiver operating modes. For instance, while tHn@d-only system may transmit at 800
Gb/s at a certain distance and frequency slot, the Supaystem might drop to 700 Gb/s due
to a marginal GSNR reduction (0.1 dB), lacking an intermediate olosker to 800 Gb/s.

The trends for the other systems mirror their respective capacity curves. The inclusion of the
super O band allows us to reduce the number of required fibers only for links up tn30r
instance, for a 30@&m link, only 23.3% of the 120 fibers are required. Beyond#dhe Super
S+C+L and Sup8rC+L+0 systems require the same number of fibers. For a targletnalitik,

the former provides the same capacity as 120 paraleb@d systems with only 31.7% of the
fibers.

Since only the super L band in these MB systems maintains GSNR levels comparable- to single
band systems, while the super C, super S, and super O bands have lower GSNR, the number of
required fibers increases rapidly beyond 15&5 (for the SupefC+L system) and 17%@n (for

the SupefS+C+L and Sup8rC+L+0 systems), eventually converging to 96, matching the Super

C system. Still, for a target 14Rm link, a Supe€+Lband system can offer the same capacity

as the reference (120 fiber}t@and system at thexpense of only 45% of the number of fibers.

2.2.3 Conclusions

MB transmission offers a costffective route to significantly increase the capacity of existing
optical systems, leveraging the wide ldoss window (~54 THz) of MIUG.652D fiber. However,
adding more amplification bands tends to reduce spectral effigieparticularly over long
distances. As a result, full exploitation of the entire 54 THz window remains impractical for data
transmission. Thisectionanalyzed the optical performance and capacity of four MBT system
configurations: Supe€, SupeC+L, Sugr-S+C+L and Sup8rC+L@ andcompared them to the
benchmark éand-only system.

Results indicate that a practical balance between spectral efficiency and bandwidth expansion
appears to be the use of two or three super bands, each occupying 6 THz (such aS8-8uper
SuperS+C+L). For localized capacity upgrades in smaller netwarleseg) the super O band

can be selectively deployed.

This capacity enhancement translates into a reduced need for parallel fibers to increase the
capacity of a singtéber singleband system with 4.8 THz. For a ki link, the number of
required fibers drops by 20%, 60%, 73%, and 80% for the SyupeC+L, Supes+C+L, and
SuperS+C+L+0 systems, respectively. At Id@abthe reductions are more modest for tihaB
systems: 20% for Sup€ and 45% for the othdfiB systems.

All the analysis presented this section validates KPI 2.1 by indicatthfjerent solutions on
how to ingease the available bandwidth by a factor x3®0combining MBT and SDM

© SEASON (HorizahbSNS2022 Project: 101092766) page36 of 158
Dissemination Level PUB(Publi¢



7
o
4

SEA

i

2.3 CAPEXSAVINGS ONODEARCHITECTURES HIFHCAPACITY
MBOSDMOPTICANETWORKS

This study explores the cost savings enabled by rgudtiular, modular, and adaptable
switching network node architectures with advanced capabilities, leveraging MB and SDM
technologies. The nodes are designed to meet the escalating traffic demandsearigdious
requirements of forthcoming optical network®eliverable 2 [SeaD3.2jntroduced three
architectural solutions grounded on current technologies, which present viable approaches for
efficient MBoSDMystemdor the next generation of optical me&orks (sed-igure2.3-1).

Input QOutput

Input Output Input Output
Fibres/Cores ~ Fibres/Cores Fibres/Cores Fibres/Cores  Fipres/Cores :I\Fihres Cores
f [ 454 1 f ; | - 4 1
B |~ I -
1 | ; / LF/I» = | |
S (S - >1 N
D 26 |

Structure

(a) (b)

Figure2.3-1 (a) Node architecture #1 (SBXC): singkeand matrixswitch-based MBoSDM node with aGXC. (b)
Node architecture #2 (MBSXC)MB matrix-switch-based MBoSDM node with &3XC. (c) Node architecture #3 (SB):
singleband matrixswitch-based MBoSDM node without &CC.

The main simplifying feature of the proposed architectures is the possibility of directly
interconnecting fibers/cores (bypassing the WSS and thedadd structure) via physical
connections or a-®XC. This direct connection holds the potential to simpglile node by
reducing the WSS and optical amplifiers count in relation to a reference architecture that does
not allow direct fiber/core switching [Se8[2]. The capital expenditure of the node
architectures depends on the number and cost éD6Cs, MM WSSs and optical amplifiers,
assuming that the cost of band filters is negligible.

For simplicity, an equal number of bands per ca#¢ &nd fiber cores per degreé), equations

can be found for the number of ports and number of devices required by asgdtitecture
[SeaD3.2]Table2.3-1 shows these equations. Hef®represents the nodal degreé, denotes

the number of core pairs directly switched, aind, indicates the number of ports of the WSSs
connected to the 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.
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Table2.3-1 Number of components and port count for the different node architectures.

Re;fgﬁﬁce SBSOXC MBSOXC SB
SOXC Count 0 6 1 0
S OXC Port Count -- 16 0 ¢0 16 O ¢0 --
MxM WSS Count 0 6 1 o}
MXM WSS PortCountg 6 O 6y ¢80 U0 0y 600 0y gO6OO0G 0y
Optical Amplifier Coun ¢6 60 cO0 60060 c6 60060 c6 60060

The analysis ofable2.3-1 shows that each directly switched core pair saves two ports on the
MxM WSS and optical amplifiers. It is important to note that it is assumed that all bands of a
core/fiber pair are directly switched and it is not possible to directly switch only some of the
transmission bands from a core/fiber.

2.3.1 Cost Model

The cost of the optical amplifieis taken from the cost model for dual stage amplifiésge
Section6.1.2 and 6.3). However, the cost of WSSs andDOXCs are not available and should
therefore be estimated using a similar strategy as the one used in the cost model. The cost
premium is assumed to be 10% for thédnd amplifier and 25% for thelfand.

To estimate the cost of the kM WSS, it is assumed that it is implemented by a concatenation
of smaller X0 WSSs in a route and select struct{sahL.7]. With this assumption, the number

of required X0 WSSs to construct an @ WSS is given by0 0y ifM 0
(additional WSSs are not required for the add and drop ports because they are taken directly
from the0 ports of the WSSs as shownFigure2.3-2). This work does not consider the case
ofM 0

/.

/\ [

-
=
7
73

Add/Drop ‘
Structure

Figure2.3-2 Schematics of an implementation of arxM WSS by a concatenation of smalle 1 WSSs in a route
and select structure.
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The costs and power consumption values ok&2land a ¥32 WSS and of a £66 and 3232
SOXCs are estimated using the following framework. The costs are [2.5, 4.0, 5.&,1.2cbist

units as defined ichapter6) for the 1x12 and the ¥32 WSSs, the X6 and the 3832 SOXCs,
respectively. The-©XC cost values are taken from the same public website as the cost model
(described in chapte) and using the same strateg{ropearcost value excludinthe value

added tay. Even though there is only a single exemplary of each device, the values are consistent
with expert partners consultations. The WSS values are hard to find in public databases and are
therefore based solely on expert knowledge from the partners. Foatichitecture usingviB
devices (MB®XC), we assume that HandMB WSS costs 95% of three singkend WSSs and

that the integrated amplifiers and band filters device for amplification of three bands cost 95%
of three singleband amplifiers.

2.3.2 Results

The evolution of the CAPEX of a network node for an increasing number of directly switched
core pairs is evaluated. The evaluation considers a transmission system with threebb@)ds

and L) and a node with four degre€s three parallel fibers per degre® (leading to 12
input/output fiber pairs) and 4 WSS add/drop potétsy .

Figure2.3-3 shows the CAPEX evolution for the different proposed node architectures and the
reference node as a function of . The cost of the reference node remains at 225 because

it does not offer the possibility of core/fiber switching. Wh&n 1, the cost of architecture

SB is the same as the reference node because they have the same number of devices. The other
two proposed node architectures have the additional cost of tH@X&s, but the reduced cost

of the integratedMB devices make the total cost of the MEBEXC architecture to be similar to

the reference and SB node architectures. On the other hand, when all fiber pairs are directly
connected 0 0 'O p g, the cost of the proposed architecturésreduced to half of the

initial number of amplifiers plus thee@XCs, given that no WSS is needed.fasterreduction

of the cost of the proposed architectures fralm oto 0 T and from0O x to 0 ]

are caused by the reduction of the number of ports of the WSS (fr@8 b 1x12) and the S

OXC (from 382 to 1616), respectively.

© SEASON (HorizahbSNS2022 Project: 101092766) page39of 158
Dissemination Level PUB(Publi¢



w
g
H»
fo

=

300
2501
— 200
=
w
— 150 1
e
w
o
© 100{ —— Reference
SBS-0XC
50+ —e— MBS-OXC
—i— SB
0 ] ] } 1 !
0 2 4 6 8 10 12

N¢

Figure2.3-3 Cost evolution of the different network node architectures for an increasing number of directly switched
core pairs{§ ).

2.3.3 Conclusion

This section evaluated the potential cost savings enablddBgnd SDMnode architectures. A

key simplification in the proposed designs is the ability to directly interconnect fibers orcores
either through physical links or aCX@ bypassing the WSS and the aditwp structure. This
direct interconnection can significantlfreamline node architecture by reducing the number of
WSS units and optical amplifiers compared to a reference design that does not support direct
fiber/core switching.

Using the SEASON cost model, supplemented with additional component cost estimates derived
through a similar methodology, the study analyzed CAPEX trends for various proposed node
architectures and a reference node as a function of the number of diremtiyexcted fiber/core

pairs (0 ). The results indicate that CAPEX can be reduceubing than50%, thereby validating

KPI 2.2. In practical network scenarids,at a given node depends on factors such as traffic
patterns, the number of parallel fibers between nodes, routing and wavelength assignment
algorithms, and the overall network configuration. Further analysis on real network topologies
is identified as futee work.

2.4 TECHNEECONOMI@SIUDY ON THE BENEFITS OF OPEN COHERENT
PLUGGABLESMB OVEFSDMARCHITECTURES

The continuous growth of traffic led by video streaming, cloud computing and Al applications is
pushing optical network infrastructure to the adoption of new technologld& and MCF
technologies are promising solutions which can increase spectral and spatial capacity. For near
term capacity growthMB technologyhas been adopted over the past few years. Although in
the longer term, the combination of both MB and MCF technologies, referred to as MBoSDM,
will be needed [Arp24]. Within this context, thereda ongoing debate between the use of
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Internet Protocol (IP+WDM vs [RverWDM (IPoWDM) in optical metro/core networks
[Mar24].

2.4.1 Methodology

2.4.1.1 Multi-period network planner

This work performs a muiperiod network planning study that considers the installation of new

resources as the traffic growth requires. This approach allows for a more realistic techno
SO2y2YAO laasSaayvySyidz |a Al &A Yodzint &v6ids overkK S 2 LIS NJ
investment in the early years. The planner receives as input a traffic demand matrix per period,

a table of maximum optical reach (MOR), and a cost and power table for all network devices.

The traffic demand matrix follows the model pesded in Pat2q, where the traffic is focused

on datacenters. The traffic capacities of this model are scaled accdedling topology, in order

to reach upgrades that lead to the useMB, as well as multicore technologies. The MOR table

is used to encode device, capacity, modulation, band and fiber characteristics.

At each period, the planner tries to allocate the traffic for each demand. If the demand has
assignedtlient equipment with the possibility of upgrade, the planner performs an upgrade to
fulfill the requested traffic. In the case that the requested traffic is still not fulfilled after
upgrades of existing client equipment or the demand has no previousassigned, the planner
checks the lshortest paths against the MOR table, to obtain a suitable candidate (transponder,
coherent pluggable). With this caitdte, the planner tries to allocate spectrum resources.
When the spectrum assignment is not successful, the planner triggers an upgrade in order to
fulfill the demand. The following upgrade strategies are considered:

1 Singlemode fiber (SMF) architecture: Considers a SMar@i solution and the addition of
extra fibers in @and when capacity is exhausted.

1 Multicore fiber (MCF) architecture: Considers a sequential evolution from SR to
SMF C+band, and finally to MCF Giland solutions with/without core switching.

As mentioned, upgrades are performed in the leagst manner, adding only the equipment
and fiber strictly needed to meet the current traffic requirements. Devices such as transponders,
pluggables, amplifiers, and ROADMSs are installed incrementally.ntised capacity in already
deployed elements is reused in subsequent periods. The information of the network evolution,
which indicates the amount of equipment deployed at each period forms the basis for the
techno-economic evaluation.

2.4.1.2 Optical reach model

The feasibility of a lightpath is determined by the MOR, obtained from a Gaussiaa (GN)
model considering the following noise sourcasplified spontaneousemission (ASENLIand
inter-core crosstalk (ICXTJhe model n this workis approximate but fit for purposé\Ve employ
pre-computed optical reach tables due to their computational efficiency. These tables provide
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maximum distance values according to the device, data rate, modulation format, band and fiber

type. For clarity, we summarize the results iftable2.4-1, that reports representative MOR

values for the different coherent pluggables and transponders. The complete MOR tables are

available on request. For the calculations, fiber parameters wer&edfrom the uncoupled 7

core MCF design reported jHlay12] ¢ KA & FAOSN) SEKA6AGA Fuodn R. 0Si
its lower attenuation in the @and, despite higher dispersion. Consequently, MCF shows longer

reach than SSMF in theland, while kband performance remains comparable, consistent with
[Shal8].Thistable highlights the main trends. Mainly, the longer reach of MCF relative to SMF

and the differences in reach betwedme different client devices, being the pluggaB+ with

0dBm outputpowerthe closest in MOR values to the transponder.

Table2.4-1 Representative MOR values (km).

SMF(C) SMF(C+L) MCF(C+L)
C C L C L
400ZR 80 80 80 240 160
800ZR 160 160 160 320 160
400ZR+ 1600 1600 1520 2080 1520
800ZR+ 880 880 880 1040 720
TR 400G 2240 2080 2240 3600 2960
TR 800G 2640 2560 2720 3040 2640
TR1.2T 960 880 960 1040 960

2.4.1.3 Cost model

The total cost of ownership (TCO) is based on bét#E&and operational expenditure (@&X).

The @PEXincludes the purchase of all equipment. The model accounts for the cost of
transponders, coherent pluggables, optical amplifiers, and switching elements. All prices are
expressed in cost unitsc.u), and are normalized to allow direct comparison across
architectures. The PEXconsiders energy and fiber leasing costs. Energy costs are calculated as
the product of device power consumption, annual operatiwurs, and the price of electricity

for the respective period. Fiber leasing costs are considered per kmyger and are
differentiated between SMF and MCFable2.4-2 presents a summary of thequipmentfor

cost and power consumptiomnformation from Section 6 (Cost model) was considered fer th
case ofGbandL-bandamplifiers, as well as for coherent pluggablébe rest of the valueare
estimated from vendor price lists and datashedtsr equipment not availablen the market,
estimations and interpolations were performed. The costs are normalized to the price-of a C
band EDFA amplifier (lu.= 2200euros). For WSSs, coherent pluggables and transponders, a
20% increase in price was considered ftyahd respect to dand.
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Table2.4-2 Cost model summary

Category Example Components Cost €.u.) Power (W)
Amplifiers Gband/ L-band, 1/1,2 16/ 23
C+L./ MCFC+L 2,4/4.4 40 /60
Couplershplitters C+L coupler/splitter 0,2 0,25
SDM / MCF SDM fanin/fan-out 0,6 C
devices
WSS (and) 1x4/ 1x12 | 1x32 2,1/38/6 10/ 22 /50
1x80 /1x160 10/ 158 119/233
OXCs 32x32 64x64 3,2/ 6,4 12/ 28
(MEMSbased) 128x128 /196x196 12,8/19,6 58 /91
Coherent 400ZR / 800ZR 2,714,5 17,5/ 29
pluggablegGband) 400ZR+/800ZR+ 3,2/53 23,5/29
Transponders 400G/ 800G/ 1.2T 7,3/12,7/16,4 330
(Gband)
Fiber lease SMF / MCF-¢ores 0,3/0,4 C
(OpEX) (per core perkm/year)

2.4.2 Results and discussion

The network planner is applied to 9 different scenarios, which comprehend theprodact of

three upgrade strategies and three client technologies. As mentioned in the methodology, the
three upgrade strategies are usifij) bundlesof SMF (2) MCF without core switching an@)

MCF with core switching. The three client technologies refer to the tiseterent pluggables

only, transponder®nly or a mixed case, where bothipesof devices can be used. Each scenario

is tested on three reference topologies: Coronet30, which represents a mestiale US
backbone with 30 nodes and 36 links; Cost266, corresponding to a continental European
network with 28 nodes and 41 links; and Gamg50, which models a dense national backbone
with shorter average gans, having 50 nodes and 88 links. The evaluation metrics include
cumulativeCAPEXOPEXand TCO over the planning horizon.

Figure2.4-1 displays the TCO breakdown for each scenario of the three topolajriEXelated

to fiber leasing (FL) dominatesdhcases, being the proportion of contribution to the TCO higher

in topologies with larger average spans, like Coronet30 and Cost266. For both of these
topologies, the total TCO ranking regarding client technologies follows the order of Coherent
pluggables Mixed > Transponders solutions. In the case of Germany50, the proportion of fiber
leasing is close to thEAPEXalues. Therefore, the TCO behavior changes respect to the client
technologies, obtaining an order of Mixed > Transponders > Coherent jbiegafd his proves

that for backbone topologies with shorter link lengths, coherent pluggables preseosia
effectivesolution.
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Figure2.4-1 TCO breakdown

In order to have a better view of the TCO differences, total TCO values are normalized with the
minimum value in each solution (less expensive scenariokidare 2.4-2, a heatmap is
presented with these values for each topology. For Coronet30, the least expensive scenarios
correspond to MCF with core switching upgrade strategy. Similar values are obtained for
coherent pluggables, transponders and mixed cases. The mpshsive scenario is the one
using SMF with fiber bundles and coherent pluggables technology, having 8%Cwber than

the lowestone. For Cost266, the MCF with core switching upgrade strategy remains as the best
option in terms of cost. The difference between client technologies is also minimal in this
upgrade strategy. Nevertheless, Germany50 shows results that highlight the conef§i of
coherent pluggables compared to transponders and the mixed c@&semany50exhibits 18

15% higher savings with coherent pluggabfesmentioned before, this can be attributed to the
average path lengths being shorter for its demands.
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Figure2.4-2 TCO normalized heatmap
2.4.3 Conclusions

The multiperiod network planning study was applied to compare 9 scenarios, defined by
different node architectures and client technologies across three realistic topologies. Results
show that MCF with core switching provides the best tergn scalability SMF bundles aran
attractive shortterm solution but are penalized by fiber leasin@onsidering the case &MVF
bundles with transponders or coherent pluggables as baselines, a maximum cost reduction of
15% and 47% can be achiewad MCFwith core swiching, respectivelyCoherent pluggables

offer a costeffective solution in mediumsized topologies, while transponderdisplay
comparable resulté largesized topologies.

2.5 NONLINEARWARHDESIGN ORLTERLE$®DRSESHOENDSPUR
OPTICANETWORKS
Horseshoe topologies are wallited for resilient hukandspoke traffic patterns. Filterless

architectures, coupled with coherefitased P2MP transceivers (using DSCM), offer- cost
effective, efficient aloptical aggregation of traffic flows destined féret same hub node. While
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these technologies hold promise for lotgym scalability and resource utilization, network
reconfiguration remains a challenge when accommodating dynamic changesitikey a new

leaf node Recent researclHos24]proposed a scalable horseshaad-spur optical network
architecture to minimize reconfiguration and operational costs while enablingtemg traffic
growth as shown irFigure2.5-1(a). By decoupling the design of the static horseshoe from the
dynamic spurs (trees), the network can adapt to changing traffic demands without disrupting
the core infrastructure

Amplifier y_

DSCM

 —

—
=
4

%% Transit node

Leaf node

Figure2.5-1 lllustration of a typical horsesheend-spur topology and (b) the simulation schematic.

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 higdier
amplifiers, we significantly increase the available power budtjetreby decreasing the
required number of amplifiersTo ensure the feasibility of operating with lower margins, we
developed a specialized nonlinear noise modeling tool based on thessggitFourier method
(SSFM) considering unequal span/amplifier gaid DSCM (sekigure2.5-1 (b)). This tool is
tailored to the uniquechallenges of this problem, enabling accurate prediction of system
performance under nonlinear conditions as a pasalysis.

As shown in

Figure2.5-2, we calculated the nottinear noise efficiency spectrally located over the central
SG normalized by . This was done for a BIBQAM singlearrier system with a consistent
total symbol rate, transmitted over 1 to 6 spans of 30 km using the SHkdhear linearityof
this curve suggests thamhost of thenonlinear interference, primarily arising from selfiase
modulation (SPM), accumulates within the initial fiber spans.
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Figure2.52—in dB for 16 SCs at 4 GBaud withIB®AM when considering all nonlinearity components (violet),
neglecting FWM (orange), and single SC (teal), respectively, transmitted over 1 to 6 spans of 30 km.

Figure2.5-3 presents the average number of amplifiers required for-@mabisit node network
under various power budgets, coupler configurations, and nonlinearity level scenarios. The
figure includes 90% confidence intervalhich are shown as highlight. For baseline horseshoes,
results are shown ifrigure2.5-3(a). The hignonlinearity approach (circle) is shown to have a
clear advantage in terms of amplifier reduction (e.g., for the same fixed power budget) and a
significantly increased power budget when compared to thettmmlinearitydesign Note that,

even with a higher level of nonlinearity, theuality of transmission@oT) is meeting the
requirement. It is also important to point out that with designing in low nonlinearity regime,
power budgets exceeding 13 dB have become infeasible for the balanced coupler scenario. This
is because there is less flexibility in controllpayver levels to satisfy the constraints compared

to when using a set of different power splitting ratios. Similafigure2.5-3(b) presents the
results for extended horseshoes. As shown, an amplifier reduction of ugtc@9 be achieved

for a given power budget of up to 13 dB. Beyond 13 dB, only thediglinearity case can
consistently provide feasible solutions.

20 (@) 20 (b)

a Low-nonlinearity High-nonlinearity Low-nonlinearity High-nonlinearity
£ 16 == Low-nonlinearity == High-nonlinearity £ 16| == Low-nonlinearity —@= High-nonlinearity
= =
= = Balanced .A.A
£ 12 - Balanced “.A £ 12 A*‘-‘* A
5 = 3
E 8 g 8
: :

z My Unbalanced z 4l Unbalanced
0 l l 1 | 0 | l |
0 4 8 12 16 20 0 4 8 12 16 20
Power budget [dB] Power budget [dB]

Figure2.5-3 Average number of amplifiers versus spurs' power budget for (a) baseline and (b) extended horseshoes
when using balanced and unbalanced coupler ratios while allowing low and high nonlinearities
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Figure2.54 depicts an example of an extended network configuration optimized for a 20 dB
power budget while considering balanced couplers for the transit node architecture faasst
conditions in terms of both power budget flexibility and OSNR). As shown in tiie,f@n top

of the simulated constellations, the worsise OSNR instances (Hubs to the leaf nodes located

in the furthest spur) are 14.8 dB and 17.1 dB for central SCs exceeding the 12 dB OSNR
requirement. As can be seen, some optical amplifiers haventakeir maximum gain value,
helping the 20 dB power budget constraint to be met, which was only possible by tolerating a
certain impact of nonlinear interference.

-37d B

OSNR718dI 37dB 37dB 37dB ) (C—37dB )
BQEQ +18 B +6d B +2 5 +2 @ T +131& T

Figure2.5-4 An illustrative optimized design of horseskaetspur network and the corresponding OSNR validation
for the longest Hulto-leaf links.

2.6 BEVMPIRICAL LATENCY MBI POWDMENDTO-ENDCONNECTIONS

Deterministic Networking (DetNet) addresses the need for predictable network performance
including bounded latency and reliabilitessential for emerging applications like AR/VR,
robotic industry, and connected cars. It ensures strict Qualitgervice (QS) through resource
allocation and deterministic data paths, yet faces challenges in modeling queuing delays
accurately, particularly with bursty traffic or limited independent sources. This complexity
complicates network design, especially for IPoWDMastfuctures requiring precise latency
guarantees.

TimeSensitive Networking (TSN) complements DetNet by enabling microsémaidiming
precision, critical for applications such as autonomous vehicles and robotic systems. For
instance, 5G networks must maintain etadend latency below 5€B0 ms for clod gaming and
under 120 ms for responsiveness, while industrial 10T and telemedicine demandbesi@ss
packet forwarding with bounded delays (e.g., under 6.25 us per node). These requirements drive
the adoption of slotted, scheduled architectures to megingent performance thresholds.

Existing traffic models (e.g., Gaussianffagmal distributions) and M/G/1 queuing theory
struggle to compute delay percentiles due to the lack of clegsech solutions for cumulative
density functions. To overcome thisprk presented irthis section proposs a simple, practical
queuing delay model as an upper bound for latency estimation, facilitating reliable planning for
IPOWDM networks with strict deterministic constraifior25]. This model is based on the well
known M/M/1 queuing model wherpackes arrive at the switches following a Poisson process
with< LI Qdndsérrice times are exponentially distributed vétmean of 1ji seconds per
packet.Since this model is not realistic for Internet traffic behavjdaut M/G/1 models can be
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used in those links with highly aggregated and uncorrelated traffic sowmeesan try to find an
M/M/1 upper bound model (let us call it the "envelope” M/M/1 model) that acts as an upper
bound for latency analysis in links above 100 Gb/s.

It is worthremarking that theM/M/1 model states that the latency experienced by a packet
traversing a packet switch (including transmission and quggan be modelled exactly with an
exponential distribution. In other words, theummulative Density Function of the lateridy
experienced by a packéllowsEq.4. As shown, the M/M/1 model is fully characterized by the
average service timg* and the link load _T .

00 p Q m Eq.4

Thegoal is then tdind a new valué " _F which acts as an upper bound of real traffic
for latency percentiles above the mediaine(, 50%) Figure2.6-1 shows and example of real
latency histogram and such an envelope M/M/1 model whose load is higher than the real

one.
| I 1 &
& - 1 | | MIGH srx M/G/1 SFMIX
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w - [ [ I 2«
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Figure2.6-1 In green, the Probability Density Function (left) and Cumulative Density Functions of the envelope M/M/1

model. In blue, the real latency histogram (left) and Quantile functions (right).

To find such an envelope M/M/1 model upper bound, the following Algorithm nmapsM/G/1
queues (with empirically observed traffic) to an M/M/1 model serving as a conservative upper
bound. The algorithns summarized in the next table:

1. Inputs: Simulated M/G/1 delays, average service tide , and real load yx.; ¢
2. Process
o0 Computes delay percentiles (#0%) for M/G/1 traffic.

0 lterates candidate M/M/1 loads’§ y)go find the smallests , where all M/M/1
percentiles exceed M/G/1 valugBigure2.6-1].

3. Regression Fitting Realworld traffic from AMSX (Amsterdam) and SFM (Sa
Francisco) exchanges informed polynomial models:

0 SFMIX "gygT® T T Pngt & Tyg) ¢

© SEASON (HorizahbSNS2022 Project: 101092766) page49 of 158
Dissemination Level PUB(Publi¢



w
g
H»
fo

=

0 AMSIX"gyg T8 O T® Ongt T8 NSt ¢

0 These equations enable network planners to convert real loads into envelope
for latency calculations.

Figure2.6-2 shows the mappindetween real traffic load and the envelope M/M/1 model,

where the envelope load has been obtained using-hioear regression models from empirical

data (degree2 polynomial fit) Simulations using the simmer discredgent simulator confirmed

GKS Y2RSt Qa I OO0dzNJ, shéwing deiedcesibetiveld siitilated deldsPaidA £ S &
envelope bound®elow0.5 us (average) and 1 us (99th perceitiebitrates above 100 Gb/s.

o |
w —
P
©
> o |
=4
[0
Q «
.
-/‘ 2
S _+7 SFMIX: peny= 0.50+0.16p,~ea;+0.34pr2ea|
P AMS-IX: peny=0.43+0.13p e +0.47p2
S l-’ | Tri—molda!: pe,w=0l.49+0.13p,lea|+0.39p$ela_”
0.0 0.2 0.4 0.6 0.8 1.0
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Figure2.6-2 Mapping between real load and envelope M/M/1 load for real traffic observed in San Francisco Internet
Exchange (SFMIX in rednstedam Internet Exchange (AM in green) and the classical

As an example of applicatipoonsider &400 Gb/s link operating at 40% real load (thatdsying
160 Gb/s, 40% of the total capaditiet us consider an average service tim@@hs (000 Bytes
at 400 Gb/% which translate$o a service rate u £ packet / 20 ns 50 Gpacket/s

According to the envelope M/M/1 model, using ti8MIX regression model, 40% real load
becomes an envelope load 62% a<q.5.

TSy T T TP @ M@ M TW T TE T T G Eq.5

This envelope load allows us to use the M/M/1 equations for finding the median delay
(percentile 50) and other percentiles likg0th and 99th percentile To find anylatency
percentile, we just need to apply the CDF equatsitq.6 whichbecomes Eq.7. For the 99th
percentile, the upper latency boundggven byEq.8.

™ p Q T 8 sh o m Eq.6
. i P p o .
G ||p ®p e ! p @e | Eq.7
. ~ P p o
Q3 0 T wp T@CCEI PTTO I Eq.8
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As shown, at 400 Gb&nd 40% load99% of the packetsxperience a latency of 105 ns or less.
Thus, at very high bitrates, not only average latencies are small but also very high latency
percentiles. Thus, the majority of latency is due to propagation of signals (which occurs at
200,000 Km/s over silica fit&), hence the variable component of latency (queuing) becomes
negligible compared with the j5s per Km of fiber traversed

This methodology has been used to implement an Al Afizaged on Googlelarge language
model Gemini 2.5 Flasklthough otherlarge language moddlLLM APIs can be usedege.,
OpenAl, Claude, etdor calculating latencypercentiles The code habeen written inopen
source programming, uses the ellmer libragndis publicly available in GithtibAs showrin

the repq the user can interface the Agent using natural language and the Agent finds that it
has to use internal tools for calculating such latepeycentilevalues An examplefollows:

chat4$chat("Can you calculate the 0.8 latency percentile for two links in series, the first one
operates at 100 Gbps link loaded with 8 Gbps, while the second one operates at 400G and is
loaded with 210 Gbps? Calculate the two latency values separately")

The Al Agent (based on Gemb Flash) then returns:

Agent:> The 0.8 latency percentile for the first linR..3B2 microsecs, and for the second link,
it is0.116microsecs.

2.7 QGOST EFFECTIVE STRATEGY FOR MIGRATIOMBSYBIES

Traditional singldband (Gband) WDM systems, with limited spectral bandwidth (~4.8 THz), are
reaching their capacity limits. To meet future scalability and capacity requirements, network
operators mustmake thetransition to MB optical systems that incorporate extended spectral
ranges such as C+L (12 THz) and further to C+L+S band (up to ~20 THz) operation, leveraging
additional fiber bands for higher data throughput without proliferating fiber coulsyond

spectral expansion, Mdfased SDM introduces palel spatial channels within fibers,
multiplying capacity. The convergence of these two paradigMBoSDM represents a
foundational approach to futurg@roof optical networks.

However, migrating from legacy sindgland Gband infrastructure to MB systems introduces
critical challenges including increased deployment costs, complex-lcamssimpairments like

ICXT and Inte€hannel Stimulated Raman Scattering (ISRS), and poteatiate disruptions
during upgrades. Hence, economically viable and operationally smooth migration strategies are
essential for network operators to scale capacity efficiently while minimizing CAPEX and service
downtime. This section aims toysthesize igights from recent key studies and frameworks,
focusing on coseffective and performancaware migration strategies to MB systems,

1 J A Hernandez, Al Agent for estimating upper bounds on Latency percentiles,
https://github.com/josetilos/Al_agent_LatencyEstimati@udt2025
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emphasizing the role of advanced modeling, digital twin platforms, and incrementala$ay
YouGrow" (PaYG) approaches.

2.7.1 MB Optical Systems and Migratietrategies

Indeed MB systems extend the usable optical bandwidth beyond tiei@ by incorporating
adjacent spectral banddn particular, theC+L band (Extended Baraf)proximately spang2

THz spectrum, combining-iand (around 4.8 THz) withdand (approximately 6 THz
addition, the GL+S band (Ultra/ideband)further expandsto encompass the-Band (~8 THz),
reaching an aggregate bandwidth close to 20 THis spectral expansion, when combined with
SDM through multcore fiber technologies, enables ulthégh capaity (>100 Th/s pefiber)
transmission capabilities essential for data center interconnects and core network backbones.

However, nigrating to MB systems involvemany difficulties. First, here is aneed for
compatible equipment, including advanced amplifiers (e.g., broadband EDFAs), ROADMs
capable of handling multiple bands, and transceivers adapted for wider spectral coverage.
Second,nter-band impairments that degrade signal qualityay appearas for exampléCXT in
MCFs, which increases with core count and proxingitd ISRS causing power tilt and cross
band nonlinear penaltieg-hird, maintaining QoT while managincreasing nonlinear and noise
effectsis not an easy taskn addition, grvice continuity risks during migration due to unstable
crossband interactions and necessary network reconfiguratidfieally, gnificant CAPEXre
required to deploy expanded spectruoapable equipment and doped fiber amplifiers,
especially over large network footprint§.hus, constructing migration methodologies that
balance incremental investment and progressive capacity scaling, while safeguarding ongoing
network operations, isiot an easy task. In this senseo different migration strategies are
possibleDayOne vs. PaY.G

TheDay-One(DO) deployment strategy entails a high initial CAPEX as it requires the deployment
of MB components across the entire network irrespective of the immediate traffic demand. This
approach carries the risk of underutilization during the early stages of network operation, as the
fully provisioned capacity may exceed actual usage. Moreover, DOytepnt offers limited
flexibility in responding to uncertain and evolving traffic growth patterns.

The PayasYouGrow (PaYG) approach represents an incremental migration strategy that
introduces MB capabilities progressively based on actual traffic demand and strategic priorities.
It begins with the existing-Band infrastructure and gradually upgrades selected linksodles

to extend spectrum into the -band or $hand, dynamically adapting routing and spectrum
assignments to efficiently manage resources while minimizing upfront capital expenditures. This
method aligns CAPEX with revergenerating tréfic growth, offers flexibility by upgrading only
critical network segments, and helps reduce redundant capacity and operational complexity.
However, it faces challenges such as the complexity of service and network reconfiguration
during transitions, in@ased cros®and impairments in mixedand operations, and the need

for advanced impairmeraware planning to maintain QoT. Key contributions in this domain
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include enhanced modeling of creband nonlinearities antSRS effects, advanced algorithms
for resource optimization and reconfiguration in mixednd environments, and digital twin
frameworks for accurate simulation and upgrade validation. Performance evaluations
demonstrate that PaYG strategies incorporatingpoehensive reconfiguration, particularly the
PaY@Nith All Reconfiguration (WAR) method, outperform traditional @me (DO)
deployments in both throughput and CAPEX efficiency.

2.7.2 Physical Layer Impairment Modeling and Optimization

Enhanced Generalized Gaussian Noise (EGGN) Mdaudmurate impairment estimation is
essential for effective MB system design and migration planning. The Enhanced Generalized
Gaussian Noise (EGGN) model integrates several critical factors affecting signal quality. These
include ASE noise, NLI componentshsas sefphase modulation, crogshase modulation, and
four-wave mixing, as well as ICXT effects, which are particularly freqaependent in MCFs.
Additionally, the model accounts for ISRS, a nonlipdemnomenon that causes wavelength
dependent power shifts, significantly impacting the accumulation of noise across the optical
spectrum. The EGGN model enables dynamic calculation of the GSNR for each channel in the
network. This calculation is vital fatetermining which modulation formats are feasible
ranging from loworder schemes like BPSK up to higher formats such as 64QAM. It also
facilitates the estimation of achievable bit rates per channel and provides insights into the
effects of partial netwrk upgrades and mixeband operations, helping to maintain service
quality and network performance during migration phases.

Power Optimization StrategiesTo manage signal power distribution effectively and reduce
nonlinear penalties across different bands, power optimization stratediks Flat Launch

Power (FLP) and Flat Receive Power (FRP) are employed. These approaches aim to maintain
balanced power levels, thereby minimizing impairments that degrade signal quality.
Furthermore, advanced techniques such as hygegelerated power optimization leverage
systemwide constraints to determine optimal launch powers. This metbotiances overall
network efficiency by adjusting power levels dynamically to suit current network conditions and
anticipated traffic demands.

Impact of ISRS and ICXT on Migratidime nonlinear effect of ISRS causes power tilt across the
spectrum bands, which leads to a reduction in effective GSNR and diminishes the modulated
capacity of channels. This impact is especially significant during the transition frelaredC

only configuation to aMBoperation, where the spectrum is expanded. Meanwhile, ICXT effects
become increasingly prominent as more cores and bands are activated, and spatial and spectral
layouts become denser. These impairmentsmplicate capacity planning and require
incremental network reconfiguration strategies to mitigate capacity shortfalls. Careful
management of these factors is crucial to prevent service interruptions and maintain QoT during
the migration toMB optical networks.
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2.7.3 Digital TwirEnabled PaYG Migration Framework

The Digital Twin (DT) concept in optical networks entails creating dimegl synchronized
virtual replica of the physical optical infrastructure. This virtual environment allows network
operators to validate migration scenarios safely without any disompto live services. By
simulating different configurations such as amplifier settings, route changes, and spectrum
allocations, operators can experiment within a realistic impairment model framework. This
enables the quantification and understanding ofossband nonlinear effects and the
assessment of servidevel impacts prior to actual physical deployment. Additionally, the digital
twin framework supports automated network orchestration by integrating with SDN control
planes and telemetry systems,quiding seamless interaction between the virtual and physical
network layers.

The framework is structured into several key layers, each seadritjical role in managing and
optimizing the optical network. The Data Collection Layer interfaces directly with essential
network elements such as ROADMSs, EDFAs, and transceivers using standardized protocols like
gNMI and SNMP, ensuring timely accessseatial KPIs. The Core Digital Twin Layer embeds a
detailed representation of network topology and models fundamental physical impairments
using advanced models like the EGGN model, aidegpath and spectrum resource modeling.

Built upon this is the Analytics and Al Layer, which harnesses data analytics and machine learning
techniques to advise on network optimization, resource scheduling, and upgrade planning
decisions. For user and ofeor interaction, the Visualization and Control Layer provides
interactive dashboards and orchestration APIs, facilitating intuitive network monitoring and
management. Lastly, the Integration Layer ensures connectivity and interoperability with
Operations Support Systems (OSS), Business Support Systems (BSS), and cloud platforms,
enabling wide operational integration across different IT and network domains.

This digital twirenabled framework is particularly powerful for supporting incremental
migration strategies like PaYG, which dynamically add spectral bands in alignment with actual
demand growth. By simulating such strategies in a controlled virtual@mwient, operators can
anticipate and mitigate risks, notably reducing the likelihood of service disruptions by pre
validating complex reconfiguration and traffic grooming plans before they are applied to the live
network. Furthermore, the framework enablpgecise techneeconomic analyses by quantifying

both CAPEX and OPEX tradis associated with various upgrade paths. This capability equips
decisionmakers with reliable information to make informed investment and deployment
strategies, ensuring cosiffective, scalable, and resilieMB optical network evolution.

The PaYG migration framework introduces five novel algorithms, each distinguished by their
level of reconfiguration aggressiveness and the underlying computational assumptions used to
manage network upgrades. These algorithms are designed to incremeatglhnd optical
network capacity by upgrading spectral bands in alignment with actual demand growth while
balancing operational complexity and cost efficiency.
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ThePaY@GMInG algorithm adopts a conservative approach by assigning the minimal GSNR per
band and avoids any reconfiguration of existing lightpaths. This simplicity makes it safe in terms
of avoiding service disruptions during migration. However, the traffiés thatit under-utilizes
network capacity and often requires earhfran-necessary upgrades, which can lead to
inefficient resource use and higher costs in the long run.

In contrast,PaYGWNoRassumes a fully loadedB network upfront to estimate impairments,

yet it also avoids any reconfiguration activities. While this reduces the complexity and
operational challenges associated with reconfiguration, its assumption tends to overestimate
impairments, again resulting ppremature network upgrades and underutilization of available
capacity, which impacts cosffectiveness.

PaYGWPRIintroduces partial reconfiguration by targeting only the unserved residual traffic
(URT), migrating just this portion to the new band while leaving the rest intact. This method
manages network capacity more efficiently and limits reconfiguration overidadever, over

time, as incremental changes accumulate, the approach may lead to spectrum fragmentation,
potentially complicating future network expansions and spectrum management.

ThePaYGWFRalgorithm implements full reconfiguration, where entire affected lightpaths are
migrated to the new band. This strategy significantly frees up capacity in the ledrayd@nd
AYLINR @Sa (KS -pfddfing skilbyaptimizidgispestial usagee Tradeoff is a
higher operational effort and reconfiguration overhead, which requires careful orchestration
and management to minimize service impact.

The most aggressive and comprehensive mettealy GNAR goes further by reconfiguring

both affected and unaffected lightpaths to new bands. This maximizes spectral efficiency and
delivers the best throughput and CAPEX savings among all strategies. However, it entails the
highest volume of reconfiguration evenand demands sophisticated orchestration capabilities

to handle the operational complexity effectively.

All these algorithms depend on advanced impairmaware GSNR calculations based on the
EGGN model, explicitly considering ISRS effects. Channel capacity and modulation formats are
dynamically reassigned as network links are upgraded to wider spectrasb@hd migration
planning optimizes the timing and selection of link upgrades based on current traffic load and
spectrum occupancy. This process is executed and evaluated within a digital twin environment,
enabling riskree simulation and validation of gpade scenarios before realorld deployment.

Figure2.7-1 shows a snapshot oflsegacyAgnostic Band Integration (LABligration flowchart
concept LABEnables seamless coexistence between existing legdan@ services and newly
activated spectral bands such asand or Sband. Crucially, LABI ensures that ongoing
communications in the legacy bands remain uninterrupted during network upgrades, ayoidin
service disruptions that could otherwise impact users and operational stability.

LABI achieves this by integrating advanced niayter service migration and reconfiguration
algorithms that maintain both QoT and bitrate continuity throughout the incremental upgrading
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process. These algorithms carefully manage how traffic and service routes adapt to changing
spectral conditions, ensuring that established connections sustain required performance
metrics despite evolving network conditions.

A vital aspect of LABI is its inclusion of bagdostic power optimization and modulation format
assignment strategies. These techniques consider the complex nonlinear interactions that arise
between different spectral bandsespecially crosband impairmeats like ISRSenabling
optimized signal power and modulation choices regardless of whether a flow is carried on legacy
or new bands. This capability maximizes resource utilization across the entire spectrum.

Practically, LABI serves as a critical enabler for migration, as it allows operators to upgrade
network segments progressively without necessitating full shutdowns or wholesale hardware
replacements. This flexibility is vital for rembrld deployments, wlre maintaining continuous
service is paramount and extensive infrastructure overhaul is often-prastibitive or
operationally unfeasible.
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Figure2.7-1 The flowchart of the proposed PaYG methddsBI

2.7.4 Simulations, results and techv@gonomic evaluation

The performance and economic evaluation of the proposed PaYG migration framework is based
on extensive simulations conducted on three representative backbone network topologies: the
USB14 (United States), SPNB14 (Spain), and JPNB12 (Japan). Thesestepojoigiscale and

link characteristics, providing a robust testbed for analyzing the impact of migration strategies.
Simulations employ advanced, flexible 64 Gbaud transceivers that support variable data rates
between 100 and 600 Gbps by utilizing mixeddulation formats adapted dynamically to
channel conditions. The optical spectrum is partitioned into 6 THz widan@ and thand
segments, complemented by an 8 THza®d with appropriate guard bands to prevent inter
band interference. The simulation@urately model full system impairments, including ASE
noise, NLI, ICXT, and ISRS, along with hardwkaeed penalties such as filtering and aging
impacts. Traffic requests follow exponential arrival and holding time distributions, realistically
portraying fluctuating network demand.
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Figure2.7-2 Established traffic of different approaches at various blocking rates in USB14, JPNB12, and SPNB14
networks

The traffic simulation resultshown inFigure2.7-2 demonstrate that the PaY®&/AR (With All
Reconfigurations) algorithm consistently outperforms all other PAYG variants ar@ri2apO)
approaches in terms of throughput while keeping blocking probabilities below the critical 1%
threshold. This performancadvantage ranges between 15% to 40%, with the greatest gains
observed in larger, longaul backbone networks like USB14, where nonlinear effects such as
ISRS tend to accumulate significantly along extended fiber spans.
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Figure2.7-3 Number of links upgraded to Gband during network growth

As shown inFigure2.7-3, the PaY@ ! w | f 32 NAGKYQa | 33a3NBaargds
efficiently frees up spectral capacity, enabling better accommodation of incoming traffic.
Conversely, the Pa¥W8BoR (Without Reconfiguration) approach delivers moderate throughput
performance butdoes so without incurring reconfiguration overhead, making it suitable for
operational scenarios prioritizing simplicity and stability over maximum capacity utilization.
PaY@MinG (Minimum GSNR) represents a conservative strategy that significantly uifidesut
network capacity due to its pessimistic assumptions about impairments, which results in
premature network upgrades and consequently higher capital expenditures.
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Figure2.7-4 Number of éand and tband components (RoBs, MCSs, and ILAs) deployed at varying traffic rates

CAPEX analysssown inFigure2.7-4 incorporate the costs of all critical network components,
including ROADMN-blade cards, inline amplifiers (ILAs), multicast switches (MCSs), and line
cards (LCIs) across the C, L, and S bands. The model assumebathdtcomponents are
approximately 2% more expensive than theirland counterparts, reflecting current market
trends and manufacturing costs.
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Figure2.7-5 Number of reconfigured channels to eitheb&hd or tband channels for three different established
traffic values

Operational efficiency shown inFigure 2.7-5, is further enhanced under PaY@AR by
minimizing the total number of upgraded links involved in transitioning to-l&aAld use,
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reducing the physical footprint of new hardware deployments. The intelligent use of grooming
techniques coupled with advanced spectrum assignment ensures that the addition of network
elements such as line cards and switches remains optimized, preventing costly overprovisioning.
While PaY@VAR involves a higher frequency of reconfiguration everetative to other
algorithms, this is mitigated by leveraging SDN and digital twin platforms. These technologies
enable rapid, automated reprogramming of networkrlents, significantly reducing the risk of
service disruption. Furthermore, the incremental nature of PaYG migration facilitates energy
efficient network scaling by activating additional spectral bands only when traffic demands
necessitate expansion, aligng resource use with actual consumption patterns and supporting
sustainable operation.

The PaY@VAR algorithm excels in minimizing capital expenditure by deferring widespread
network upgrades until absolutely necessary, thus preventing premature investments (see
Figure2.7-6). By aggressively reconfiguring existing lightpaths to thard and effectively
releasing capacity within the-l&and, this approach reduces the number of links and amplifiers
requiring upgrades, culminating in CAPEX reductions of up to 70% compar@diepdyment
scenarios. The PaYW#oR and PaY&/FR algorithms also provide significant CAPEX savings,
balancing between minimized operational complexity and improved resource utilization, albeit
at varying levels of reconfiguration effort.

(a) USB14 (b) JPNB12 (c) SPNB14
035 0.20 0.12
030 0.10
€025 015 0.08 mum o
p 020 0.10 0.06 :
=015
i 0.04
& :
U 0.05 0.02
0.00 0.00 0.00
0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1
Blocking rate Blocking rate Blocking rate
= DO-MinG  e=== o ¢ DO-CHB == PaYG-MinG esee PaYG-WoR == == PaYG-WPR === PaYG-WFR = === PaYG-WAR

Figure2.7-6 CAPEX [CU/100G] for different approaches.

2.7.5 Summary and conclusions

This section addresdethe escalating demand for enhanced data transmission rates and
increased network capacity in elastic optical networks. We propose a novellagaogtic band

integration approach for cosffective and seamless GHhand optical network migration,

focusy 3 2y -abyoudINIR& ¢ ot |, DO AGNI GS3Ie G2 2LIGAYATS /
advanced modeling techniques, including the EGGN model, to account for ISRS and other
nonlinear effects, ensuring optimal QoT.

Through extensive simulations on rembrld network topologies, wehave comparel the
performance of various PaYG algorithmegainst a traditional Da@ne (DO) approach,
demonstrating significant gains in throughput and CAPEX effici@heyproposed PaY®/AR
(PaY@with All Reconfigurations) outperforms other strategies, maximizing throughput while
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minimizing the deployment of costly infrastructure components. Our results provide valuable
insights for telecom operators seeking a financially viable and practical solution for migrating
optical networks to C+bhand operation. Specifically, Pa¥WAR acldves 20% higher
throughput compared to DO and PaY®R (PaY®Vithout Reconfigurations) and 17% more
than PaY@VFR (PaY&&/ith Full Reconfigurations), while requiring 25% less CAPEX th@&hBO
(DOChannel Based). These findings underscore the potentiala¥iGPVAR in facilitating
efficient, costeffective network upgrades to meet negeneration communication demands.

2.8 RELIABILITRASED ONIERARCHICAGGREGATION

This section provides a detailed explanation of the network and traffic engineeiatglling

approach for multhomed, multilayer hierarchical MANs, considering both the primary routers

and their colocated lower hierarchicdkvel (HL) router§San25 Arp242]. The hierarchical

2LJGAOFE a!b dzyRSNJ aléidzRe O2yaraita 2F aSoSy RAAG.
YR bi O ¢KSAS O2NNBaLRyR NBaLISOGAJSlocatedi 2 GKS |
HL4, HL3, and HL2 nod&be networktopology can be represented as a graph G(N, L), where N

denotes the set of nodes (vertices) and L represents the set of links (edges). The node set N can

be further divided into hierarchical subsets Nh, where i, 2, 3, 4}. The overall set of nodes is

the union of these subsets, excluding thelooated nodes.

Since each node is assumed to havdomated routers corresponding to all lower hierarchical
levels, the cdocation relationships can be expressed as:

7 bj O Toiblis
1 bi ‘I'p sb i
T bid I' bs

These relationships are illustratedfigure2.8-1.

0
0

Figure2.8-1 Venn diagram of the nodal sets

Therealworld MANs based on the geographical distribution of nodes in urban areas exhibit
more complex interconnections. Specifically, HLh nodes are not always hubbed solely through
the immediately lower HL@1) nodes. Instead, they may be physically onally connected to
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different HL(lgY 0 Yy 2 RSa X ¢ KSNB ™ -losation offlowdt HL réutaS withi@  § K
higher HL levelslo illustrate this, consider the example showrigure2.8-2, which depicts a
hierarchical optical MAN with eight nodes$wo from each hierarchical level. The corresponding
opticaklayer topology (layer zero) is shown in the et corner of the figure.

Node Rouler

YCh bit| 1P Flow bit |

T 1 2 WD Source  [Destination| Source | Destination | rate rate b5
S~ on| o | e

i ) P 1 | 2 14 | 13| 100G 50G P

y _“ _k ” 2 1 3 HL4 HL3 100G 50G s

3 Ve J 3 - 3 2 2 HL3 HL2 506G 235G P

AN \‘-\- & 4 2 4 L3 | Hi2 50G 25G s

{ e B 3 3 HL3 [ HI2 | 506 25G I

- 6 3 5 1.3 1.2 306 25G s

HL4 router 7 2 3 HL2 | HLI 336 | 125G P

[ 2 5 HL2 | HLI 50G 12.5G S

® HL3 router ] 3 3 L2 LI 33G 12.5G P

@ HL? router 10 3 5 HL2 | HLI 256 | 125G S

I 1 4 5 HIL2 HL S0CG 12.5G) P

.HL1 router 12 4 3 HL2 HLL 33G 12.5G s

13 5 5 HL2 HL1 25G 12.5G r

HL1’s nod.c:., HL2’s node: . , HL3’s node: A, HL4’s node:®@ [ 12 B 3 2 [ el 256G 125G s

Figure2.8-2 An illustrative example for hierarchical mdéier traffic engineering in an optical MAN

In this example, the HL4 node (node 1) has no direct optical connection to any HL3 nodes but is
directly connected to a HL2 (node 2) and a HL1 (node&ffic survivability is achieved through

amultiK 2 YSR | LILINRF OK® 91 OK I [K y2RS$SQa G(NmMmFTAO RSY

Y2RS4Z SyadaNAy3 NP o sldiviidsharaspath KoSiNgS nodes 2ndr3 ¢ K @

serve as the primary and secondary hubs, respectively, as indicated by flows 1 and 2 in the left
hand table ofFigure2.8-2. In this case, a 100 Gbps optical channel (OCh) is allocated for both
the primary and secondary connections to accommodate a 100 Gbps demand. Consequently,
the IP flows carried by these OChs are limited to 50 Gbps each. Tbeated HL3 routers at
nodes2 and 3 serve as aggregation hubs for these IP flows.

Subsequent intradatacenter optical connectionsflow 3 from the HL3 to HL2 router at node 2,

and flow 5 from the HL3 to HL2 router at node &ch use 50 Gbps OChs to transport two 25
Gbps IP flows. This hierarchical traffic distribution continues downht HL1 routers.
Ultimately, the original 100 Gbps traffic is successfully delivered through two HL1 nodes using
link- and nodedisjoint paths. Notably, if a conventional 1+1 protection scheme were used, the
required resources would be quadrupled. The pregsd multthomed approach therefore offers

a resourceefficient and resilient design, maintaining full traffic survivability against single fiber
cuts. To further ensure robustness against node failures, two important design constraints are
defined:

Remark 1:The hub of a cdocated router in an HLh node cannot itself be dazated router in
alowerHLRY 0V Y 2RSY gKSNB K X o FYR M X Y f 0@

Remark 2:The optical channel (OCh) capacity in HLh nodes (for h < 4) is calcula@@las:
capacity = R / (Np Npcc), where:

1 Ris the aggregated traffic at the HL2 node,
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1 Npis the total number of primary and secondary paths hubbed to the HL1 node under study,
and

1 Npgc is the number of paths originating from HL2 or HL3 noddeaaied with other HL1
nodes and hubbed to the HL1 site under study.

These two remarks are clarified with the following exampkes.Remark 1 consider flow 4 in

Figure 3. Although node 3 is geographically close to node 2, the hub of-tbeated HL3 router

at node 2 must be the HL2 router at node Aot the ccolocated HL2 at node 3. Otherwise, a

node failure at the top HL1 would reroute ord9% of the original 100 Gbps traffitorRemark

2, consider the flows entering the top HL1 router. If each OCh were configured with a 25 Gbps
capacity, an HL1 failure would cause qdete loss of the original traffic. For instance, the
02G02Y 1 [ MQad FILAfdaNB ¢62ddZd R StEAYAYLGS G4KS wup D6
OChs were also 25 Gbps, only tthirds of the traffic would survive. Therefore, to guarantee

full traffic remvery, the OChs corresponding to flows 7, 9, and 12 should each have a capacity

of 33 Gbps.

The LAND (Link and Node Disjoint) algoritprasentedin [Arp24-2] is a routing method

designed to enhance the reliability of optical metropolitan networks by ensuring complete
separation between the primary and backup paths used to carry traffic. It works by calculating

pairs of routes between network nodes so that tlveot paths do not share any common links or

intermediate nodes. This guarantees that if one path is disrupted a fiber cut, node

malfunction, or other failue - the alternative path remais completely unaffected and can
AYYSRAFGStE@ G11S 20SN) 6KS GNIFFAODP ¢KS FfI2NA
RSGSNNVAYAY3T &aSOSNIf akK2NISad LIGK 2LWGA2ya o0Sag
filters and pairs these paths to selecombinations that are fully lirkand nodedisjoint,

prioritizing those with the fewest hops and shortest total distance. In this way, LAND ensures

complete physical diversity between the main and backup routes, forming the foundation of the

Yy S ¢ 2 Nivabitity siradetyy.

Summarizing,n combination with the traffic engineering mechanisms of theNMdBN planner
[Arp24-2], the LAND algorithm enables a miitmed network structure where each lower
level node connects to multiple high#vel nodes through disjoint paths. This architecture
allows traffic to be dynamically rerouted in case of failures while maintainingceetontinuity.

As a result, the metropolitan network achieves high resilience and robustness, ensuring
uninterrupted operation even under adverse conditions.
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3 POWEREFFICIENT AND CEBSIFECTIVE SOLUTIONS
FOR ACCEBIETRO SEGMENT

3.1 DYNAMICSPATIAIAGGREGATION FEWVERGHE-FICIENPASSIVE
OPTICANETWORKS

The spatial PON architecture proposed in SEASON leverages dynamic spatial aggregation to
enhance the energy efficiency of Passive Optical Networks (PONs). The evaluation proceeded
beyond isolated PON performance to assess energy saving levels achievablentegrating

spatial PON with Radio Unit (RU) and Distributed Unit (DU) scaling in a realR2® O
deployment.

A field trial was conducted in L'Aquila, Italy, demonstrating the first deployed-oarki fiber
(MCF) infrastructure that combines spatial PONs witRANbased DU scaling. The system
dynamically activates and deactivates both optical line terminal (@19 and spatial lanes in
coordination with 5G radio resources based on actual traffic conditions.

The architecture operates through coordinated control across multiple domains: when a RAN
Intelligent Controller (RIC) detects increased traffic demand, it triggers not only DU activation
but also coordinates with the PON controller to enable correspondpagial lanes, ensuring
adequate bandwidth for the additional capacity. This traffitven orchestration integrates
access and radio domains to optimize both performance and energy consumption.

Figure 3.1-1 presents the measured power consumption dynamics during experimental
validation, showing three operational scenarios:

1 Baseline (blue line)Both RUs and PON ports continuously active, consuming 185W

1 Measured operation (yellow ling) Dynamic system transitioning from ~170W (single
RU/PON active) to ~185W (dual operation) and back

1 Achievable scenario (red dashed liné)heoretical operation with complete RU shutdown
capability
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Figure3.1-1 Power consumption dynamics during RU/DU scaling experiments

The experimental results demonstrate concrete energy efficiency gains:

1 15W (8%) measured reductionAchieved through traffidriven orchestration that
deactivates one RU and its corresponding PON port duringrkdffic conditions

T 35W (19%) achievable savingheoretical maximum if complete RU shutdown were
available in the commercial-RAN equipment used

The system successfully scales from shHeyhe operation (one active RU/DU with one spatial
PON core) to dudhne configuration (two active RU/DUs with two spatial PON cores) in
approximately 50 seconds, including all confptdne and datglane reconfjurations. This
automated orchestration is coordinated through a Network Service Orchestrator (NSO) that
manages the @GRAN RIC, PON Controller, and Metro Controller to achievdceadd service
delivery.

The 8% measured energy reduction represents savings per small cell under low traffic
conditions. These results validate that coordinated control of spatial PON resources and radio
access elements provides measurable energy savings while maintaining spraidy for
demanding applications such asugmented/virtual reality The integrated architecture
demonstrates that spatial PON energy efficiency gains are amplified when coordinated with
dynamic radio resource management in converged acoestso deploynents.

3.2 POWER CONSUMPTIONDSCM RANSCEIVERS IN THE METRO
AGGREGATION DOMAIN

To investigate power consumption ithe metro-aggregationdomain we generalized the
network topology producing a reference construction that would allow us to stuolyonlyhow
power consumptiorbehavesbut also howperformanceis affectedas network chareteristics
change(e.g., by increasing traffic volumdh D22 [Sed2.], we described the methodology
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behind the creationof the network scenarios: weandomly generatehorseshoetopologies
based ora given number of horseshoes, leaf nodes, fiber spans, and waffiandswhich are
all drawn from probability distributions based on realistietwork examples provided by

Telecom ItaliaQas24, CasZZ.

Since DSCM slices the spectrum of a broadband signal into narrower spectral pieces (e.g., the
64-GHzwide spectrum of the 400 Gb/s signal is divided amondidial subcarriers (DS¢sye
0 KS Aaflovingus B detivete 5 { /

Oy GKAY1l 2F FYyR 2LISNIGS

or deactivate these bandwidth resources as needBuis flexibilitypermits usto operate the
transceiver pluggables either &tll capacity(i.e., as traditional singlearrier transceivensor at

an adjusted operation (i.ewith the minimum required number of subcarriers to address traffic
demands).To carry out a analysiof the operating conditions of the transceiver modyléss
necessary to create a model for thpower consumption. Here, theverall power consumption
of a transceiver is determined liliat of the applicationspecific integrated circuit (ASIC) and
that of the optical components (e.g., laser, modulator, coherent receiver,. &igure3.2-1
shows theestimatedoverall power consumption of digital subcarrier multiplexing (DSGM)
capable transceiver for different operating conditions (i.e., capacity vadgea)function of the
number of activeDSCs. In this graph, we can observe and infer how it can be possible to lower
power consumption across the network hyonfiguring the operating conditions of the
pluggablesn accordance with the traffic condition¥hese savings are achieved by turning off
elementgor operating them at limited capacityof the transceiver such as FEEggjualizers,
clock recovery, etdt must be notedthowever that there are commorlements that are shared

among all of the DS@s.g., analogo-digital and digitato-analog converters).

0.8

0.7 |-

Norm. power consumption [a.u.]

1
09+ W —

100 Gb/s
200 Gb/s
—0— 400 Gb/s

0.6

Figure3.2-1 Normalized overafpower consumption of a DS@pable transceiver for different operating conditions

as a function of the number of active DSCs.

To reduce power consumption across the network, an adjusted operation of the transceivers is
not the onlymeasure wecan adopt a point-to-multipoint (P2MP)communication paradigm
offers us the possibility of consolidating elements to establish multipbgnections
simultaneously, thereforeeducing the number of transceiveasross the network. With regards

to DSCMP2MP refers to a realization that delivers high bandwidth and simplifies the network
architecture by substitting multiple low-speed P2P plugdles at the hub node(s) for angie
higherspeed unit capable of communicating with multiple endpoints simultaneoE&sNowing

Number of active DSCs
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this, Figure3.2-2 exemplifies four possiblalternatives to fully connect a fotgublink network
topologyand operateas P2MP.

(a) Agg. Level 1

x> |
Q000 ¢e

O

X

Figure3.2-2 Example of a network scenario with four sublinks, illustrating different levels of optical aggregation:

o

O OO0
@)

O

o—0—=0

o O

c) Agg. Level 2

O

O

(b) Agg. Level 1.33

o—~0
o—0O0—0——=0
K—O
o—=0O
(d) Agg. Level 4
K—O—0O
o—0O0—0—-20
O
o—0O

(a) optical aggregation within a single horseshoe, émd (c) show pairings of differestibgroups of horseshoes, and

(d) optical aggregation of all possible horseshoes.

Theseexamples represent different levels of optical aggregatifsam no aggregation at a

horseshoe level (i.e., only optically aggregating traffic from leaf nodes within a single horseshoe)
to a complete aggregation of all possible horseshoes and, therefore, leaf nodes to a single

transceiver sourcelo quantify the levedf opticalaggregationthe degree to whiclransceiver
resources arére)utilizedat the hub node, welefined a metric calletevel of aggregation &sqg.

9 where Aggrepresents how many sublinkge simultaneously connected to a given (set) of
transceivers at the hub node, ari@denotes how many sublink combinations are necessary to
guarantee full connectivity across the network. Optical aggregation, by being a generalization of
the P2MP operation of a single horseshoe, has the implication of requiring fewer transceiver
pluggable at the hub node as the aggregation level increases. This, however, is not a trivial

decision for the deployment of a network, as there is a delicate balance betweemtope
conditions of the network, traffic requirements, and optical performance.

0 QA QU 'Qg—i) 0 "QQ
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Figure3.2-3 Average OSNR margin value as a function of the type of networkitél aggregation level over the
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indicate thenumber of horseshoes present in the network topology and the optical level of aggregation, respectively.

Figure3.2-3 illustrates thechange iroptical performance, represented by tloptical signhato-
noise ratio (OSNR) margas a function of traffigrowth across time and level of aggregation.
These graphs evidence not ohe performance degradation of the network over time, as the
number and operating conditions of the transceivers charmé also how different growth
ratesacceleratethis processFor instance, at a 30% or 40% yesaeryear growthin terms of
traffic volume, major network upgrades (e.g.multiple new transceiver unitsand the
correspondingpassive optical componentsjill have to be considered y  |-asypu-3t BB ¢ Q
modelmuch more quickly thaunder more relaxed conditions (e.g., 10% or even 20% growth).
Moreover, based on this analysis, it is possible to define conditions fmsmed margin of
operationto account for unexpected degradatigravoidnginterruption ofthe serviceand plan
when and how tacarry outenhancements to thaetwork.

After ensuringthe desired optical performance of the netwodnd addressing the capacity
requirements of the nodesand by knowing the operating conditions of tin@nsceiver modules
we @an determine therelative power consumption of the transceigasiccording tothe data
depicted inFigure3.2-1. More specifically, the calculatiawontemplateshe number of units at
the hub and leaf nodes, theimaximum capacity (e.g.100Gbit/s or 400Gbhit/s), and the
minimum required number dDSCs to covehe data demandsThen from theseconditiors and
Figure 3.2-1, we calculate a normalized power consumption forpaint-to-point (P2P)
deploymentand all the possible P2MBmplementations based exclusively on DSCgable
transceivers.
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Figure3.2-4 Relative power savingsith respect to P2Rfull capacity)as a function of time. Data are segregated
according taype of network and yeaoveryear trafficgrowth.

To determine potential savinghie to the flexible adjustment of SCs and implementation of

a P2MP communication strategy, obaseline/reference isepresented by the P2P scenario,
where the DSCMapable transceivers operate at full capacity regardless of the traffic demands
of the leaf nodes in the networlEigure3.2-4 presents a summary gfower savingsccording

to size of the network and traffic growtas a function of timeThe results reveal that, while
flexibly controlling bandwidth resources (i.e., DSCs), the savings originating from this single
measure alone arBmited. On the other handreducingthe number of pluggables by means of
optical aggregatiomppeas to significantlyreduce the power footprint of the networlat this

point, before going any further, there is oimaportant disclaimeregardingFigure3.2-4 (andby
extension Figure3.2-1): power savings are, in this case, determirgdthe consumption ratio
between the types of transceivers considered in the studgre,the data for a 10@hit/s
pluggable does not correspond to a natiy@oduced transceiver, but ratherepresents a 400
DoAUKA Y2RdzZ S GKI (Q&ongenglenty, iheelstian betwieerthe Higheg S NJ NI (0 S ¢
spead and lowerspeed modulesdefines the limits and expectations regarding power
savinggCas242].

Now, to fairlyevaluateP2P and P2MPin the sense of singlearrier traditional systemand
DSCM, respectivaly, we first need toconsider thattransceivers specifically designed for
100Ghit/s operation should be able to lower power consumptemmpared toFigure3.2-1 by
implementing changes in the DSP architecture and their de$tgm, the questiorchangedo:
what should be the reference power consumption of a native, D8@bdable 10@bit/sunit for

a P2MP deployment to consume as much power as a P2P implementation utilizingcaimiglie
P2P modules [Adt22]
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Figure3.2-5 Maximum possible power consumption for native DS@phble 10G5bit/s transceivers® ensure neutral
consumption compared to P2P singkarier 100Gbit/s units

Figure3.2-5 summarizes our resultgreating guidelines for the designeffectivetransceivers
to deploy energyefficient networks.These data points represeatcomparison at a transceiver
level (i.e., ignoringhe power consumption of all other components in the horseshoe networks)
between P2P with singlearrier units and P2MP with DSCNBy knowing the power
consumption of the DSClgapable 40@5bit/s module andf the singlecarrier pluggabls, we
candeterminethe maximum amount of power that a 1@Bbit/s transceiver can consunaad
still deploy DSCMnetworks that are as energydemanding as traditional P2énes In this
diagram, the multicolor markerisdicate the levels of aggregatipwhile the line stylegenote
the power consumption of the reference 10Bbit/s P2P transceiverslhis investigation
demonstrateshow both optical aggregatiorand the reduction of transceivers can relax the
requirements for the lowesspeed DSCMased moduleswhile also illustrating how high traffic
volumereduces the #ectiveness oP2MR as thenetwork practicallyoperates as a P2§ystem.

3.3 COMPARISON OF DIFFERENT TRANSPORT SOLUFRANSTHERAN
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 Pd¢@mPoint (P2 and
Wavelength Division Multiplexing (WDM) approaches can prove costly and inflexible when
scaling to meet the increasing demands of 6G networks.

In this subsectioran update ofthe study on the comparison of different transport solutions to
carry thefront-haul FH flows in the RAN between the RU located at mobile site and DU function
located in the Central Office (C@)reported Preliminary resultof the studywere already
included in subsectioB.40f D2.2 New resulthave beerobtained withupdatedcostparameter
values achieved in thinal version othe SEASONost modelgeeSection6). Additional views

and a new analysis othe resultsare also providedA description of the scenario and model is
provided here for clarity, although all the details on scenario setting can be found in the previous
deliverables D2.]SeaD2.1and D2.4SeaD2.2]
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The analysis has been made in different conditions of macro and small cell deployments (four
geotypes configurations reflecting areas with different population densities and-sgoisomic
context) and in two different time frames, mediurand longterm (MT and LT, respectively),
each of them with specific configurations and requirements of radio layers at mobile sites. The
assumption is that four operators share the same mobile site and the transport service is one
for all of them. IrTable3.3-1 the radio carrier parameters applied in the study are specified. The
table shows for both category of cells (macro and small) each Bamdje identifier, the
correspondingBands range, the number of bands within the Badinge, the carrier width in

MHz, theMIMO layers and the resulting front haul datarate in Gb/s (FH GBps)values of FH

data rates giverirable3.3-1 arefor Split 7.2 option [ORA21]

Table3.3-1 Assumptions on radio carrier parameters in each bands range for macro and small cells

Cell type¢ BR Bands N. of Carr. Width MIMO FH data rate
id. Range Bands [MHZz] layers [Gb/s]
Macro- BR1 Sub GHz 4 10 16x16 4.32
Macro- BR2 1-3 Ghz 4 20 16x16 8.64
Macro- BR3 3-7 Ghz 2 100 8x8 21.16
Smallg BR1 3-7 Ghz 3 200 4x4 10.58
Smallg BR2 7-15 GHz 1 2000 4x4 211.6
Smallg BR3 24-26 GHz 2 1000 4x4 105.8

In Table3.3-2, the number of carriers for each geoty®e and for the two timeframes (MT and

LT) are provided. For each carrier, three cells are considered in macro celi.sitethree
sectorial sites)while small cell siteare singlecell sites. The data rate transportation need of a
macro cell site or a small cell site is obtained combining of FH data rafebles.3-1, number

of carriers in each radio site asTable3.3-2 and number of cells per carrier. Please note that
FH stream®riginatefrom each individual Rlnd as suclthey can be transported separately

or aggregated, depending on the solution chosen for transport between the site and the central
office.

Table3.3-2 Number of site carriers for different geotypes and the two timeframes.

Cell type Dense Urban Urban Suburban Rural
Band Range

Identifier MT LT MT LT MT LT MT LT
Macro- BR1 8 8 8 12 8 16 4 12
Macro- BR2 12 16 8 16 8 12 4 8
Macro- BR3 8 8 4 8 4 8 4 4
Smallg BR1 8 12 4 8 0 4 0 0
Smallg BR2 0 4 0 4 0 0 0 0
Smallg BR3 4 8 4 4 0 4 0 0

The FH signal transport problem consists in carrying the streams from each RU to the Distributed
Unit (virtual, vDU, or physical, like a conventional Baaed unit) located at the CO. The size of

© SEASON (HorizahbSNS2022 Project: 101092766) page70of 158
Dissemination Level PUB(Publi¢



SEASON

the stream depends on the channel width and the number of MIMO layers, depending in turn
on the type of RUAs already saidhe values ofFHdatrates are giveim Table3.3-1 for Split 7.2
option [ORA21]These flows can be transported separately or aggregated, in the last case all or
subset of them can be aggregated.

The three options taken into account for the transport of FH flows are illustrateayime3.3-1

which refers to a macro cell site. On the left we have the radio mobile site with its multiple radio
carriers active, each of them made of three cells (if the site was small cell, it would be one), one
RU per cell. The central office is where the RANibuged Unit (DU) function is located, which

is typically run on servers in virtualized mog®{) [ORA21]The DU processes all FH flows and
forwards them to the Centralized Unit (CU) of the RAN. Typically, a router performs the
aggregation function of multiple FH flows. Between the mobile radio site and the central office,
a transport system based on fiberratectivity is required.

Multi-carrier | {a) P2P -Cell Site Router | Central Office

Maobile Radio |+ . Site
Site |
m—a . |
] | — :I_.
= Gray A @ 100G,/400G on dark fiber

oo—

i i (v)DU
.| (b) WDM . RAMN
Distributed
L
I 1]

Unit
totitt

=1 Function

b

Coloured A @ 1G to 50G

_ || | cor ]
| [c) PZMIP — DSCM [XR) ) Central
2 XR HUB | Office
. T . Router
Carrier with 'i"'"""" _{-_._-_m‘ - AUV 5y .]: .
3 Radlo u.-.ir-:" E[f—.:]_::-_l_ '1./ A with 5C @ 256 |
Section RU 5= R leaves [up to 4 5C @ 25G each) | Section CO
=1 Y

Figure3.3-1 Alternatives solutions for FH traffic transportation examined.

The first option (inset (a)f Figure3.3-1, P2P- Cell Site Router) uses a layer 3 aggregator switch
for all FH flows coming from the RUs and exchange the traffic with the CO trough circuits made
with grey transponders and fibers. A dedicated coupléfioér (one for each direction of
monodirectional transmission) is used for each circuit. Depending on the traffic collected and
the data rate of the grey transceivers used, one or more circuits could be required.

The second option considergdses a WDM system (typically CWDM, insebfhigure3.3-1,
WDM) to optically multiplexing the signals from the RUs onto a single line system and carry the
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traffic to the CO. This system proves adequate when the data rate of the FH flows makes good
use of the WDM system; this happens when the single flows are in the order of one Gb/s or
higher, but it is inefficient for the transport of lower bit rate flowl® overcome this drawback,

it is possible to insert a lowapacity aggregator router that aggregates the low bit rate flows
into a single circuit at 1 Gbps or higher to be transported over the WDM system.

Finally, the third option considered (inset @f)Figure3.3-1, DSCM P2MP DSCM ) uses coherent
transceivers that implement digital subcarrier multiplexing amtlich allow for pointto-
multipoint networking with a hub at the CO and leaves at the radio base station. Since the
granularity of DSCM flows is 25 Gb/s, packet multiplexing obitnate FH signals is necessary,
while highbit-rate FH flows (>10 Gb/s) can b#iciently transported by a single subcarrier or

by two subcarriers if data rate is greater than 25 Gb/s (according to hypothesis there are no FH
flows from a single RU exceeding 50 Gb/s). This is the reason for the presence of the multiplexing
router at the radio base station.

We can summarize that in the first case we have a solution based guafiket multiplexing

and gray optics, in the second we have analog optical multiplexing (WDM), and in the third we
are dealing with optical digital subcarrier multiplexing. In the selcand third options, however,
partiatpacket multiplexing of low data rate FH flows becomes necessary to optimize the
utilization of optical signal$n accordance with the hypotheses presented, the results shown in
Figure3.3-2 were obtained. These results update those reportedSeaD2.Rand [Mar25] as

they apply the cost values presented in this document, which were not previously available.

The costs used for the economic evaluation are those reportet@lainie 6.1-2 for the grey
transceivers, inTable 6.1-3 for the WDM transponder,Table 6.1-4 for DSCM coherent
transceivers, andable6.1-6 for the Routerespectively A factorof x4 is appkd in the last case

as router is expected to cost four tima layer 3 switchfor the same capacity. The WDM
multiplexer in case (b) was assigned the cost of 0.24 CU. For the DSCM modules, the best and
worst case scenarios were evaluated using the minimum and maximum cost values from the
ranges provided iable6.1-4. The results presented iRigure3.3-2 demonstrate the techne
economic performance of the three transport solutions across different deployment scenarios.
The analysis reveals several key insights regarding both CAPEX and energy consumption patterns
across the four geotypes considered.
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Figure3.3-2 Capex and annual energy consumption comparison

The P2P solution consistently exhibits the highest CAPEX across all geotypes, particularly in
dense deployments, where it reaches approximately 330 c.u. in the dense urban scenario. This
increased cost stems primarily from the requirement for dedicate€rfimirs and multiple grey
transceivers for each fronthaul link. The WDM solution offers substantial CAPEX savings
compared to P2P, with reductions ranging from3Moacross different geotypes. This efficiency
results from the optical multiplexing capabjlthat reduces the number of required fibers and
leverages economies of scale in the optical transport layer.

The P2MP DSCM solution demonstrates the most attractive CAPEX profile, especially when
considering the best case scenario with lower cost assumptions for DSCM transceivers. In this
configuration, CAPEX reductions of up to 60% compared to P2P are aclmelestsé urban
scenarios. Even in the worst case with higher DSCM transceiver costs, the P2MP solution remains
competitive with WDM across most deployment scenarios. The rural geotype shows the smallest
absolute differences between solutions, reflecting tbaver traffic aggregation requirements

and reduced complexity in sparse deployments.

Energy consumption patterns largely follow the CAPEX trends, with P2P solutions requiring the
highest power consumption due to the larger number of active transceivers and Layer 3
switching equipment. Dense urban deployments show P2P energy consumptiohinga
approximately 85 MWh/year. WDM solutions achieve energy savings-4030compared to

P2P across all geotypes, primarily through the elimination of multiple grey transceivers and the
efficient optical multiplexing approach. The P2MP DSCM solutionodstrates the most
favorable energy profile, with consumption reductions of up to 50% in the best case scenario.
This efficiency results from the poitdg-multipoint architecture that reduces the overall number

of active optical components and eliminatdsetneed for multiple pointo-point connections.

The comparison between Medium Term (MT) and Long Term (LT) scenarios reveals the impact
of evolving radio requirements. The LT scenarios generally show higher absolute costs and
energy consumption due to increased capacity requirements from additional cadriers and

higher MIMO configurations. However, the relative performance rankings between transport
solutions remain consistent across time frames. Dense urban environments show the largest

© SEASON (HorizahbSNS2022 Project: 101092766) page73of 158
Dissemination Level PUB(Publi¢



SEASON
B - EEk

absolute differences between solutions, making solution selection most critical from both CAPEX
and OPEX perspectives, while rural deployments show minimal differences between solutions,
suggesting that solution selection may be driven by factors othar thae cost optimization.

These results indicate that P2ZMP DSCM solutions offer the most promising tecbhnomic
performance, particularly in higtensity deployments where the benefits of poiiat-
multipoint architecture and digital subcarrier multiplexing are most pronounced.

3.4 COMPARISON BETWBMDMP2PANDP2MPTRANSCEIVERS WITHIN
AFULLMESH FORHNETWORK

The RAN fronthaul physical layer, essential for scalable 5G deployments, interconnects
virtualized distributed units (vDUs) with remote radio units (RRUS) over robust optical transport.
As detailed in Section 5.1.1 of D3.3, this layer integrates trangseioptical fibers, splitters,
amplifiers, and optical line system components to enable sigied bidirectional transmission
through WDM and 400G modules.

Building on this foundation, we designed, implemented, and validated an upgraded optical
network (Figure3.4-1) featuring a bidirectional ring topology across two hubs and two leaf sites.
By employing P2MPBapable XR pluggables and 2x2 splitters, we reduced the number of
transceivers by onghird, minimized insertion losses, and extended reach without EDFAs. The
architecture is modular and scalable, supporting additional nodes and transceivers with minimal
changes.

L=20km L=15km

HUB1
XR1

HUB2

AF 1 LEAF 2
LE - XR 6

XR3 XR5

L=20km ¢L= IS!;H
194.0 THz VOA

Figure3.4-1 Fronthaul architecture using XR transceivers.

194.1 THz

A key result is the 32.8% reduction in energy consumption, achieved by cutting power use from

HTn 2 (2 wmyn 23 (GKFyla G2 -w 0NIyaOSAOSNEQ KA Ik
This validates the potential of XRased fronthaul transport to deler sustainable, cosgfficient,

and scalable solutions for negeneration mobile networks.
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Table 3.41 summarizes the cost comparison between the two fronthaul architectures. By
adopting XR transceivers and simplifying the optical design, the total equipment cost is reduced
from 80.7 kUSD to 48 kUSPrimarily due to the elimination of EDFAs and the lower number of
standard transceivers required. This confirms that the proposedasRd solution not only
enhances performance and energy efficiency but also significantly decreases capital
expenditure.

Table 33.41 Cost Comparison between the tachitectures

Components  Present previouPresent new  Single cost Total Cost Total cost with
setup setup without XR XR

Transceivers 12 0 60003~ 72.000% 0%

Transceivers XFO 8 6000%~ 0% 48.000%

EDFA Amplifier 3 0 25005 ~ 7.500% 0%

Splitter 12 4 100$~ 1.200% 400%

Totalcost 80.700% 48.000%

3.5 VALIDATIO®F400GR/ SWITHINFHNETWORK

The network architecture we developed for the Fronthaul segment features an arrangement
where vDUsand RRUs are linked through packet switches and Optical Line Systems (OLS),
employing 400G QSHPD transceivers to enable higlpeed data transfer. This setup consists

of a bidirectional fiber ring combined with a logical mesh topology.

‘ Host w/ 400G ‘ ‘ Host w/ 400G ‘
Ty v T 1 oLS iy + -
glpﬁionl () L"{i] Option 2 IM—HM Terminal OLS
D> o) 22 - == g|  lmm W
3
[da] [l (W) [l
\ Host w/ 400G ] Host w/ 400G ‘

Figure3.5-1 Filterless OADM and OLT nodes (OLS)

Figure3.51 illustrates the internal layout of the OLS. Its reliance on straightforward; non
selective splitting and the versatility of pluggable ERFé@nbined with wavelength control via
tunable transceiver lasersenables channels to be added or dropped on theTiis makes the
design both adaptable and scalable to diverse network requirements. In essence, the
architecture represents a sophisticated optical network optimized for-sjgged throughput,
consistent signal levels, and flexible wavelength assignmégsié&ally, it forms an opering (or
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horseshoe) topology, while logically all nodes are fully meshed through dedicated wavelength
paths.

Because of the drepnd-continue functionality, an hode ring uses N@l)/2 wavelengths. The
GCSNXYAYILE h[{¢é¢ arda G GKS SyR 2F (GKS 2Ly NAY:
Each OADM OLS employs a 2:2 splitter fdinin add/drop operaibns on the trunk fiber and

M:1 splitters to merge or separate drop/add channels for the transceivers. A PAD attenuator

balances the power between added channels and the through channels. Two configurations are
considered:

1 Option 1: a single 2:2 coupler handles botHine, colorless add and drop functions

1 Option 2: separate 1:2 splitters for the add and drop portions of tHenm path

Both single and duatamplifier pluggable modules include automatic gain control (AGC) and
automatic power control (APC) to stabilize output under varying inputs. The singiéfier
version additionally provides gain flatness control and a tunable oysputer range of 1§17
dBm, whereas the duamplifier model offers a fixed 15 dBm outpilihe comparison between
both amplifiess is presented ifable3.5-1.

Table3.5-1 Comparison between Single and Dual EDFA amplifier.

Property Dual EDFA Single EDFA
Channels 8 1548
AGC Yes Yes
APC Yes Yes
Flatness Control No Possible
Output Power 15 dBm 1517 dBm
NF Typical 6.5 dB 6.5 dB

The reference performance of coherent pluggable 400G transceivers, based on the latest
OpenZR+ specifications, includes the Higrel parameters essential for edd-end feasibility
assessmenteported inTable3.53.52.

Table3.53.5-2 Comparison between transceivers 400G Coherent and 200G Coherent.

400G Coherent 200G Coherent
TX olp -10dBm /3 dBm -9dBm /3 dBm
TX OSNR 34 dB 34 dB
RX OSNR 24 dB 16 dB
RX'i/p -12 dBm -18 dBm
CD 20000 ps/nm 50000 ps/nm

The lowpower variant tops out ag10 dBm launch power, whereas the higbwer model
reaches +3 dBm by incorporating an optical amplifier and, if desired, a tunableradis&ion
filter. As expected, the fixedain nature of the amplifier and the modestitput of the entry
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level transceiver impose the greatest constraints. Achieving adequate OSNR and receiver
sensitivity at these high data rates also presents a significant challenge.

In the filterless OADM layout described above, a fixed attenuator (node pad) is needed to match
the amplified passhrough channels to the locally inserted lgwower channels. That extra
insertion loss cuts into the overall power budget and degrades theive margin. While link
budget calculations with loywower optics show the concept can work, separating the drop and
add pathst as in OLS optiont2prevents the pad from reducing the dropped signal letsi.
decoupling the equalization pad from the drop @tion, we avoid that penalty, although this
requires an extra splitter in the main fiber line. Under this scheme, the achievable span budget
is (the calculation details are presentedTiable3.5-3 and Table3.5-4):

1 A fournode ring using six wavelengths
1 3 dB of fiber loss allowance per span

1 24 dB of EDFA gain

Table3.5-3 Calculation details for the 4 nodes, kpower cas.

Field Value Unit
Power EDFA 17.0 dBm
TXpower -10.0 dBm
Span Loss 24.0 dBm
Nodes 4.0

N wavelengths 6.0

Max Pch 9.2 dBm
Pch 35 dBm
Gross OSNR 26.2 dB

Table3.5-4 Additional @lculation details for the Aodes, lowpower cas.

OLS opt 1 OLS opt 2 Unit
Net OSNR 24,7 dB
Node PAD 17.5 14.0 dB
Net Budget 3.0 3.0 db
RX Power -23.5 -5.9 dBm

By opting for the higipower (+3 dBm) transceiver module, we can shrink the Aoak®
attenuation needed for channel equalization. This in turn lowers the required EDFA gain, boosts
OSNR, and extends span lengths. Under this scenario, the link budgettsygipocalculation
details are presented imable3.5-5 and Table3.5-6):

1 Six nodes with 15 wavelengths in use
1 10 dB of fiber loss allowance per span
1 21 dB of EDFA gain
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Key calculation points:

1 A 17 dBm output lets each channel sit at roughly +3.5 dBm after amplification.

1 Gross OSNR is reduced only by the small contributions of net OSNR degradation, gain
ripple, and PDL.

1 Both the received power and OSNR margin meet 4€8iG&rent receiver requirements

over six hops.

Because the dropndO2 Yy G Ay dzS | NOKAGSOGdzNE adAatt Frffa oSt
when using the filterless singtmupler design (option 1), the dusplitter layout of option 2
remains necessary at 400 G

Table3.5-5 Calculation details fahe 6-nodescase

Value Unit
Power EDFA 17.0 dBm
TX power 3.0 dBm
Span Loss 21.0 dBm
Nodes 6.0
N wavelengths 15.0
Max Pch 5.2 dBm
Pch 3.5 dBm
Gross OSNR 27.2 dB

Table3.5-6 Additional @lculation details fothe 6-nodescase

OLS opt 1 OLS opt 2 Unit
Net OSNR 24,7 dB
Node PAD 7.5 4.0 dB
Net Budget 10.0 10.0 db
RX Power -17.6 -10.1 dBm

Sixnodes seern to bethe limit for 400G operation. However, up to 10 nodes can be feasible at
200Gb/swith the following characteristic&he calculation details are presented Trable3.5-7
and Table3.5-8):

1 10 nodes (15 wavelength used)
1 14 dB available for the fiber on each span

1 25 dB gaireDFA

Table3.5-7 Calculation details fahe 10 nodesase

Value Unit
Power EDFA 17.0 dBm
TX power 3.0 dBm
Span Loss 25.0 dBm
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Nodes 10.0

N wavelengths 45.0

Max Pch 0.5 dBm
Pch 0.5 dBm
Gross OSNR 255 dB
GV 10.5 dB
PDL P 0.9-1.3 dB
GV_P 2.6 dB

Table3.5-8 Additional @lculation details fothe 10 nhodesase

OLSopt1 OLS opt 2 Unit
Net OSNR 16,9 dB
Node PAD 7.5 4.0 dB
Net Budget 14.0 14.0 db
RX Power -25.8 dBm

The received optical powés somewhat marginal, so using a more powerful amplifiesuch

as one with an 18 dBm outpat would be preferable. The estimations made for the 16/48
channel scenarios assumed that a passive gain flattening filter (GFF) is present, which is not yet
avaibble in current pluggable EDFA modules. Performance enhancements could also be
achieved by integrating variable gain amplifiers. These amplifiers offer dynamic gain control,
allowing them to adjust to fluctuations in input power and other changing networiditions.

This feature adds flexibility to the system, removing the need to manually adjust the optical path
length or insert attenuators. Additionally, our findings suggest that deploying-fogrer

transceivers contributes to better scalability in thetwork design.
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4 SMART EDGE NODES FOR PACKET/OPTICAL
INTEGRATION WITH COMPUTING RESOURCES

4.1 RAILWAY MOBILE SERVICE COVERAGE SCENARIO DEFIDRPON FOR
APPLICATIGNSECASE

The scenarianalyzed was presented [SeaD28t concerns the coverage of a railway line or a
motorway section where the highandwidth, lowlatency and higheliability mobile radio
connectivity service must be provided. Due to the inherent topography features of this service,

it must be provided withi 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 alreadgentified in D2.1 (i.e., rural, suburban, urban and
dense urban, the ones considered in the study reported in subse8t®)fSeaD2.1].

The study investigates the application of smart N6€ Data Processing Units (DPU) cards in
servers(in an O-RANand could RANerspective for a Railway 5G/6G scenario coverage use
case as an alternative to traditional Radio Access Network (RAN) architetttatrese legacy
equipment for RANe.g.,aggregated3BU)and transport The overall objective is to analyze and
evaluate the technical feasibility and potential economic benefits of using DPUs in this specific
context.

The study is centered on a spec#enario definedRailway geotype'This scenarioshownin
Figure4.1-1, involves a chain of mobile stations covering a segment of railway line, starting at a
"tail TIP" site and ending at a "tail END" site. The tail END site is connected to the operator's
Central OfficeEach station hosts two radio cells (Remote Units or RUs) primarily propagating in
opposite directions along the railway pathline. The scenario considers trains moving at speeds
up to 300 Km/h, with the possibility of more than one train being present orséme segment
simultaneously.
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Figure4.1-1 Railway scenariaepresenting asegmentcovered by a chain of mobile statiomhose generated traffic
is directed toCentral Officavhere Telco functionare available Ontop geometricmodel,in the part belowan high
level view ohetworktopology(mobile sites and Central officaijd architectur RAN mobile core and transmission
capabilities. i.e., TR equipment

The study encompasses several key areas: scenario definition, simulations, lab experimentation,
and techneeconomics.

4.1.1 Scenario Definition and Transport Requirements

The scenario definition phase involved modeling Ralwaygeotype with parameters such as

the number of sites and distances. Radio parameters were also defined, as were the
assumptions for RAN and transport systems and architecttice. the reference scenario
analyzedbelow, the geoand plant parameters are the following oneshd lengthof railway
segment covered (Ls) is 50 km, thawber of sitegNs)placeduniformly along the segmenis

10 andthis means arinter-site distancg(D)of 5 km.Distance béween Tail TIRS10) and Tail
END (S1jurns outto be 45 km Distancebetween tail END and the Telco CehtOffice is
assumed to be 50 kmObviously,a range ofanalyses can be carried quh which these
parameters can be changed to analyse the sensitivity of the solution to variations in the
geometric configuration of the geotype.

Highlevel transport requirements were estimated based on radio characteristics. The radio
setup assumes 3.7 GHz frequency, 100 MHz bandwidth, and 4 MIMO layers per cell. Massive
MIMO is not considered to bring significant benefit in this specific raicoayext.
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Based on this radio configuration, estimated data rates for different segments of the network
were derived

1 Fronthaul (FH), connecting the RU to the Distributed Unit (DU), is estimated to require 15
50 Gb/s, depending on the chosen functional split option between the RU and the DU.

1 Midhaul (MH) (connecting DU to Centralized Ur@U) and Backhaul (BH) (connecting CU
to the core network) are estimated at4d Gb/s per cell at full load. However, it is noted that
these values are likely significantly lower in real conditions, potdytiaily a few hundred
Mb/s, based on simulations. The total MH/BH traffic collected by all radio stations in the
entire segment is estimated to be less than 10 Gb/s, assuming one to a few trains in transit
at a given timeand that up to 1dnobile stationgake part of the railway segment

It should be noted that the assumptions on transport requirements reported above (50 Gb/s
maximum for FH, 4 Gb/s maximum for BH/Mét each site) should not vary in the case of 6G
since the available frequencies and bandwidths for this type of service are constrained by the
spectrum assignments to the operators (seection2.4 of deliverable D2 [SeaD2.1]where a
detailed analysis is made for Italy and Spain) and will not vary significantly in the next ten years.
The use of frequencies in the 26 Gb/sdahat could lead to significantly highethaul data

rates (FH > 100 Gb/s and MH/BH > 10 Gh/s) is not suitable for the type of service under analysis,
or would be at most ithe limited parts of the railwajocated inurban contexts with distances
between antennas in the order of hundreds of meters, not a few km as realistic for a railway line
that for most of its developmentrosses long stretches of suburban and rural areas.

4.1.2 Evaluated Network Architectures

The study compared three distinBANnetwork architecturestwo taken from the legacy and
one proposed as alternative whidficludesinnovations proposed by SEASON

The frst one, namedBaseline land shown on top part ofFigure4.1-2, assumesa RAN
architectureemploying sandard BBU and Cell Site Router (G&Rjggregatingandforwarding

the traffic hop by hopfrom mobile sites to the Central OfficeThe second one iBaseline 2
depicted inmiddle part of Figure4.1-2 and relies orenhanced BBU which, thanks to networking
capability added in the BBU (grey caralyoids the use of routers for traffic aggregation and
transpat. A routeris, however, provided at thetail ENDsite to aggregate the traffic of the entire
railwaysegment and exchange it with the central offiddis router could also be avoided if the
BBU networking card had all the necessary capabilities and capacity to handle the entire
aggregate traffic of the segment.

The third andinnovative RANarchitectureis shownin the middle part of Figure4.1-2 and
leveragewirtualizationfor RAN functionand use of systermend solutiongroposed by SEASON
project Onthe mobile sitea ruggedized server hosts the virtualized Distributed Unit (vDU).
Ruggedized servers are particularly robust and suitable to be installed in unprotected
environments such as mobile sites in the open air along the railWieg/serveplaced at mobile
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site includesa NICwith 2x25 Gb/s ports for Fronthaul (FH) connectivity aralDPUs (Data
Processing Unitsyith 2x25 Gb/sardfor Midhaul (MH)flows.
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Virtualized/Open RAN architecture: server hosting vDU with NIC and DPU
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Figure4.1-2 RANarchitecturesconsidered in the analysi®n top Baseline architecturerelying on Cell Site Routers
for aggregate and forward BH trafffoop by hop up to the Central Offide the middleBaseline 2 architecture which
uses BB with enhanced networking capabilitieEhisoption avoidghe use ofa router inmobile sitesexcept the tail
END(S1)where a router is placed to handilee BHtraffic of the wholerailway segment and exchange with the
Central OfficeAt bottom sidethe innovative architecturadopting OperRAN andirtualizedfunctions(cDU and vCU)
onserversand NIC and BJ cards for shaul flows handling

These data rates matches with the requirements-bgwil interfaces reported above (subsection
4.1.7), taking also into account that the traffic collection is hop by hop along the chain and the
last DPU, the one at S1 (end TAIL), must process and route the MH traffic for all the mobile sites.
If the data rate requirements for-Rauling were highethan the one reported in subsection

4.1.1, as it could be in the future for 6G with a reorganization of tleguencybands (for
example 100/400 Gb/s for FH and 100 Gb/s or more for MH aggregated titB&ID sitanay
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be required)an upgrade on the cards would be necess@ards with 200 or 400 Gb/s per port

are already availableso, in fact, implementations with these features are already feasible today.

In the Virtualized open RAN architecture, at the Telco Central Office (CO) a standard server hosts
the virtualized Centralized Unit (vCU) and other functions and physical equipment (i.e., UPF and
IP and optical transport equipment).

The scenario described above has been subjected to three typasabfsishat complement
each otherThe first two type®f analysisareexperiments and concernsamulation of the radio
network to verify the reliability of the data rate values achievable in a system like the one
modeled and daboratorytest whichdemonstrateshe RAN and networking functions relating

to network architecturedepicted in the bottom part oFigure4.1-2. They are reported in detail

in D3.3[SeaD3.3] and briefly summarizbdlowin subsectior4.1.3 The third part of the study

is the techneeconomic evaluation of the solution, and it is reported here in subsedtibr

4.1.3 Simulatiosand Lab Experiments

The simulations of the radio system include stenario setting parameterthe channel
bandwidth (20 MHz, 50 MHz, and 100 MHz), the MIMO configuration (SISO, 2x2, 4x4, 8x8), and
the RU intersite distance. The objective was to assess how these factors influence the
achievable downlink throughput for a single train in motion, undelistic channel conditions

that account for Doppler effects, path loss, and fading. The results demonstrate how increased
spectral bandwidth and MIMO parallelism can compenshite the adverse propagation
conditions typical of higispeed scenarios, albeit with diminishing returns at large ister
distancesIn summary, simulationseveal that with 100 MHz and 4x4 MIMO, the system can
deliver downlink rates exceeding 500 Mbps per RU under optimal positioning, even in the
presence of higispeed mobility

Theexperimentin the labtestbed emplogtwo commercial servers with PCle 5.0 bus and DPUs
was used to evaluate a 5G infrastructure. Tests confirmed that a DPU with DOCA Flow could
operate at maximum throughput for VLAN encapsulation/decapsulation actions, entirely in
hardware, without relying o1 ARM cores. This demonstrated the DPU's capability for efficient
packet processing.

The cetailed descriptios of both experimental parts of the study are includedSaction5.2 of
Deliverable D3.3 EaD3.3] and not replicated hergo avoid content redundanciesamong
project deliverables

The thirdpart ofthe study is the techneeconomic evaluation of the solutipand it is reported
here in the following subsection.

4.1.4 Techno Economic Analysis

A cost evaluation was performed comparing the three architectures, applying a specific cost
model for transceivers, routers, and servers, along with estimated costs for legacy RAN
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components like RUs, BBUs, and RAN softwidre cost parametarusedfor the evaluatiorare
included inTable4.1-1. Values in table argiven in Cost Unind are &ken in part from what
concern transceivers, servers araliters,from cost modetablesincludedin Section6. Routers

are assumed to cost the same as Layer 3 switches, since these devices are assumed to-have non
carriergrade functionality, as they are intended for access use. However, even significantly
increasing the cost of these devices (for example, by afadft2 or even 4), the results do not
significantly change the relative cost differences between the three compared solulibas.
receivers used are of only two types, 10G Extended Reach (L<10km) used between mobile sites
(hypothetically spaced 5km apart) and 10G ZR80km) between the final site (END TAIL) and

the central office (hypothetically distanced 50kndeed, radio simulations show that the
MH/BH throughput of each RU does not exceed values in the order of 500 Mbit/s. Even in the
most extremecase where all 20 RUs in tbensidered railway coverageenario (2 RUs per site,

10 sites) generate 500 Mb/s of downlink traffiach the total aggregate traffic collected on the

last site is at most 10 Gb/s, but it will likely be much lower. For this reasorntydfgeeiverdor
connections between mobile sites and even the one from the last site taeh&al officeare
sufficient to guarantee traffic transport in the masaffic demandingcondition.

Tocarry out a complete cost assessment of the architectural solutions under examination, in
addition to the costs of the compute and H\f the transport, the costs of the radio part (RU)

and the costs of the RAN SW were also considered. Considerations and hypotheses were then
made on how these costs could vary depending on the ecosystem that would be created if the
O-RANframeworkbecame relevant. Moderate savings on the radio component and significant
savings on the RAN SW component are in fact expeictethe case in which the -QAN
ecosystem wasto reach a penetration such as to lead to significant market openingyaiutne

Table4.1-1 Costparametersused inrailway mobile serviceoveragescenario evaluation

Description Cost €.u.)
RU- Active Antenna Unit (AAU) MIMO 4x4, 3.7GHz , 100 MHz 0.800
Standard Base Band Unit (BBU) 1.000
Enhanced BBU with networking capabilities 1.300
Rugyeddized 16 cores CPU server for vDU with 2x88Gand 2x10/25G DPL  1.000
2 x 24 core CPU standard server 2.800
Grey transceiver 10 GbAR 0.005
Grey transceiver 10 Gb/&R 0.080
Router with total of 400Gnterface bidirectionatapacity 0.600
Router with total of 800@terface bidirectionatapacity 0.900
RAN SW legacy (BBU) 1.000
RAN SW @AN (RAN part, vDU+vCU) 1.000

The bill of material for the threRANarchitectureshown inFigure4.1-2 are created taking into
account capacity needss required byRAN »haul interface¥ and distances to be covered by
transceivergaccording tascenariogeotypeparameters.
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A what ifanalyses to understand the impact of price variatiperformed focusing on three
key variational parametes, namelyh 6 | f LIOlo#di'l 0 6 3 I, Wit lthe following
meaning and values

1T h ol fefudfsents the relative cost dfegacy RAN Hardware (BRIdinpared to GRAN
Hardware (servers for vDUyalues considerefbr h are0.5, 1, 1.5Reference case | for T
1.Withh T, the ldegacy BBUod is half the cost o vDU serve(-50%)while forh  I'  m ®p
the Legacy BBldostone and a haltimes the cost oavDU serve(+50%)

T i 6 oclkafattarizeshe relative cost oD-RAN Software (RAN SWgompared to Legacy
RAN SoftwareRANSWcost for the O-RANcaseis expected to be equal to or lowdnan
RAN SWostfor the legacy this becauseO-RAN SW is based dime opensourcemodel
Values consideretbr i are 0.25, 0.5,1. Fori I'  ARBN BWdstis 25% of legacy SW
cost or -75%,corresponding taa significantlower costfor SWin the O-RANarchitecture
comparedwith the legacy. Withi the $W costhe O-RANsthe same as legadyANSW
(corresponding taachieving anyavingwith opensource modelwhich can be considered

rather unlikely. | 5 is codsidered thenore likely andeference value@-RAN SV¢ostis
50% oflegacy.
T + o 3 Isignffiesthe relative cost oO-RAN Radio Units (Rempared to Legacy RUs. O

RAN RUs are expected to be equal to or lotivanthe costof thelegacyRUsdue toalikely
tougher price competitiontypical ofan openenvironment Values considekfor! are 0.7
(-30% reduction optimistig, 0.85(-15% reduction affordableand assumed as reference
valug, 1 (sameRUcost for RUfor both legacy RAN and-RAN rather pessimistic and
unlikelyvalue).
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Benefit of ORAN ecosytem (lower ORAN SW cost 3<1, lower ORAN RU costy <1)

Figure4.1-3 Summary of the cost evaluatioim each diagram the cost of the three RAN architecture is shown
highlighting theh ,i and* parametervalues usedor cost calculation.

The evaluation results are given Figure 4.1-3 where nine combinations of = | I YR
parameters wereappled.

The representation of the figure shows how the benefits of tHRAN ecosystem increase (from
left to right) and as the presumed costs of the legacy HW (aggregatemi@molvendor HW and
SW) increase compared to theRANHW, the O-RANvDUDPU architectur@achievesignificant
cost savingn comparison withboth legacy baselinarchitectures

The reference case is the one in the ceniéFigured.1-3 with the legacy BBU HW at the same
cost with the Oran HW that hosts only the vDW#1) and with moderate advantages on RU (
15%) and on SW50%). In this case, classifiedReference, the EGRAN architecturdasedon
ruggedizedservers equipped with NIC and DP&fdsat the site allows a cost reduction of 19%
compared to the best of the two baseline solutions, baseline 2 that uses the enhanced BBU and
avoids the use of ogite routers.The worst case for the-BAN architecture is when the BBU
costs half theugeddizedserverat siteand there are n@ostadvantages for RU and SW with O
RAN (a very unlikely situation). In this case the penalty on the costRAND compared to
Baseline 2 is symmetrical to tiReference case, i.et+19%nstead of-19%

When all the conditions are favorable teRANj.e.,there are fullcostbenefits from the GRAN
ecosystem for both RU30%) and SW{5%) and even the legasite HWis more expensive
than the ORAN one (+50%), the economic advantages of tRAND solution reaches 41%
compared to baseline 2, #iscan be seen in the loweaight part of Figure4.1-3. In all cases the
baseline 1 solution that uses routers at the site is, even if only slightly, the worst of the 3
solutions examined
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4.1.5 Gounting ofTransceivers and O/E/Qnversions

In addition to the technicabconomic analysis, some simple considerations can be made
regarding the use of transceivers in the cases examined.

Very simplythe upper part ofFigure4.1-2 shows that in the Baseline 1 case, the number of
transceivers used at each sit&iSR transceivers for the FH (10G or 25G, depending on the radio
parameters) and 10G ER transceivers for the BldrBaseline 2 casgniddleFigure4.1-2) and

the one with virtualized vDU -BQAN functions at the site with DPU cards for processing and
networking(bottom Figure4.1-2), the number of 10G ER transceivers is reduced #aoon2.

In the second and third cases, there is therefore a 33% reduction in the number of total
transceivers and a 50% reduction in the number of ER transcetbersiore expensivenes.

If we extend the analysis to the total number of optitalelectro-optical (O/E/O) conversions,

we can observe that in the Baseline 1 case, there are two conversions at each site: one in the
BBU between the optical FH signal coming from the RU and diréctéhe connection to the

router (CSR), and one between the two routerfspthe one receiving th8H trafficfrom the

BBU and the one directed to the next router in the chain.

In the case of the Baseline 2 solution or the virtualized vBRIAN function with DPU cards,
there is only one O/E/O conversion at the site: the one between the FH signal coming from the
RU and the one thagéxchangethe MH sighabn the linkto the next site in the chairt can
therefore be stated that in this scenario, the numbel@E/Oconversions of the Baseline 2 and
O-RANvDUDPUsolution is 50% lower than in a Baseline 1 scenario, corresponding to the legacy
reference scenario
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5 ARTIFICIAL INTELLIGENCE (Al)/MACHINE LEARNING
(ML) SERVICE ORCHESTRATION AND SELF
MANAGEMENT AND SECURE Al

5.1 COORDINATION GBDIOACCESS ANDPTICATRANSPOFROPERATION
TOREDUCKEPTICACAPACITOVERPROVISIONING

The advent of B5G/6G will revolutionize the way RAN will operate. Expected massiveetimall
deployments and features, suchadaptivefunctional splitting, are expected to change not only
the volume but also the requirements of the traffic to be supported by the fixed transport
network. In D2.2, an insight into smart RAN operation, focusing on how such operation will
impact the autonomous operation of the fixed network, was presented. Based on tailored traffic
models, a preliminary numerical analysis was done to highlight that smart wmahdc RAN
operation lead to sharp fixed network tfef changes that require from coordination between
RAN and fixed transport network to achieve efficient use of optical capacity resources while
guaranteeingendto-end €2€) QoS.

In thiswork, we extend those contributions and results with the following novel contents:

1 A contextaware autonomous network operation procedure is presented. This procedure is
based on using contextual information sharing between slice management and fixed
transport domains for an autonomous e2e network operation that coordinates and
encompasss both the RAN and fixed network operation. The main algorithms and models
involved are presented, which include asynchronous context updates and cenvtexe Al
based capacity reconfiguration modules.

T Numerical results to illustrate the benefits of the proposed cord@mwtire autonomous
network operation compared to benchmarking approaches, where slice management and
the fixed network operate independently

5.1.1 ContextAware Autonomous Network Operation

Figure 5.1-1 sketches the architecture and workflows of the proposed contaxare
autonomous network operation. By means of this procedure, the RIC shares with the fixed
network orchestrator the relevant information about the slice reconfigurations that come
before dice changes are actually performed. With this relevant input, the transport network
orchestrator can generate a context for the different agents running autonomous network
control loops. In particular, those agents are in charge of dynamically allocaiagity to the
optical capacity according to the current and predicted traffic [Vel21]. Although the procedure
is focused on the reconfiguration of existing slices, note that it can be easily extended to the
provisioning of new e2e slices, i.e., a fistanfiguration notification can be the provisioning of
the slice.Table5.1-1 introduces the notation consistently used in this section.
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Figure5.1-1 Contextaware autonomous network operation scheme contain{ayjasynchronous context update and
(b) contextaware Atbased capacity reconfiguration
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