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EXECUTIVE SUMMARY

The St AGSNI 6fS 50dox a¢KS {9!{ hb deribexiieNizay F2NJ 51
work conducted in Work Package 3 (WP3) and consolidates the results achieved in the
development andthe validation of advanced data plane technologies within the SEASON

project. This deliverable builds upon the earlier stages documented in D3.1 and D3.2 and
FTAYIEATSa 2toQa O2y(NROGdziA2yad (24 -nmaRaged, 9! { hb QA
sustainable, and highapacity optical networks suited for the demands fature 6Gera

applications and infrastructures.

2to KF&a 2LISNIIGSR G GKS O2NB 2F {9!{hbQa (SOK
investigatingmodelling,developing, prototyping, and validating the data plane subsystems and
components that underpin the SEASON network architecasddfined in WP2nd \erified in

WP35. The work has progressed along a structured and mhhise approach, where conceptual

designs and simulations have evolved into tangible prototypes and experimental validations
conjunction with WP4 and WPEKey achievements indale:

I Finalization of the SEASON Data Plane Prototypes

1 Mid-and LongTerm Solution Mapping and Architectural Cohesion
1 Demonstration and Experimental Validation

1 Advanced Modelling and Optimization of Optical Networks

D3.3 offers a comprehensive account of thessievements summarizing the technological
contributions, presenting the final suite of data plane prototypes, and documenting
experimental and integration activities that validate their functionality and performance in real

world scenarios. It also provides aclé@ar LILIAY 3 2F S| OK Ayy2@01 GA2y G2
objectives, and Key Performance Indicators (KPIs), ensuring traceability and relevance across the
project lifecycle.
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1 INTRODUCTION

The development of SEASON project prototypes and studies, as descritesi Deliverable
D3.3, are deeply rooted in the requirements and architectures specifi?dRA[D2.1-24] and
validated through techneéconomic analyses performedWiP2 P2.225, D2.325]. The SEASON
hightlevel data plane architecture is designed to meet future network demands with two distinct
time frames: mediurterm (by 2028) and lonterm (by 2032 and beyond). Each period is
defined by its own set of technological solutions and requeats, driving the selection and
validation of innovations in the data plane.

Key Achievements and relevant Contributions from WP3 include:

1. Finalization of the SEASON Data Plane Prototypes
Nine physical prototypes were developed in the project, each targeting a specific SEASON
innovation. These include:

T Multiband over Space Division Multiplexing (MBoSDM) switching nodes and Sliceable
Bandwidth Variable Transponder/Transceiver8{g's);

I Smart Network Interface Cards (NICs) and Data Processing Units (DPUs) for midhaul
applications and edge computing;

9 Digital Subcarrier Multiplexing (DSCM) peimmultipoint (P2MP) coherent
transmission over single and dual fibers;

1 Spatial Passive Optical Networks (PON) nodes and filterless-amtess architectures;

1 Integrated monitoring and telemetry systems, including digital signal processing
(DSPYased Rx monitoring and predictive maintenance frameworks.

Each prototype has been mapped to either redm or longterm SEASON solutions and is
linked to defined parts of the data plane reference architecture (e.g., Edge Central Offices (COs),
Cloud COs, Access Nodes), clearly demonstrating applicability andlanmaddtegration
potential.

2. Mid- and LongTerm Solution Mapping and Architectural Cohesion

The deliverable synthesizes the evolution from conceptual SEASON solutions (as defined in D2.1)
to their practical instantiation and integration in WP3. Both the +#eidn (4-year) and longerm

(8+ year) pathways are covered, with a wadfined correspondnce between architectural
segments (Acceddetro, Metro-Backbone) and technology building blocks.

Importantly, the mapping ensures that each data plane innovation contributes directly to at
tSrad 2yS 27F {9 I §uchbaQ increasinglibé& icpaeity Vttlidatdn, reducing
energy consumption, improving scalability through modular designeaabling support for 6G
and artificial intelligence (Abriven service demands.
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3. Demonstration and Experimental Validation

The technologies developed in WP3 have been integrated and validated in several laboratory
environments and in two initial planned systdavel demonstrations (in Berliat HHI) and in

[ Q! ljatEST/UNIVAQThese demonstrations reflect different deployment perspectives:

1 Demol (Berlin, HHI)focused on extendedeality (XR) services over mobile access,
showcasing accessetro innovations including spatial division multiplexing passive optical
network (SDMPON), 5G radio access network (RAN), and digital subcarrier multiplexing
(DSCM) technotgies.

1 Demo20o [ Q! |j WESTIURNIVAR highlighted an operatecentric endto-end
RSLX 28YSyids O2@SNARAy3I ! 00Saa G2 .1 0lo2yS as3ay
MBo0SDM solutions.

In additionto the two initially planned SEASON demos, teavones were added thanks to the

support and irkind contributions of the partners involved.

1 Demo3(Madrid, Telefonica)presents dynamic service provisioning in a disaggregated
Internet Protocol over wavelength division multiplexing (IPOWDM) network using
DSCMbased P2MP XR coherent pluggables. A hierarchical software defined network (SDN)
controller architecture discovers resources, configures the optical layer, and establishes
services automatically. Commercial routers and whiteboxes with 400G/100G plagga
are interconnected through optical splitters. The orchestrator assigns frequencies,
configures channels, and activates digital subcasb@sed services on demand. The
experiment validates feasibility and measures conplaine performance and sethe
required latency. A recorded version of the demo was streamed during OFC 2025 at the
Nokia (INFG) booth. The video has been made available also on the YouTube channel.

1 Demo4 (Torino, Fibercop)netro and access integratioithis demo is hosted at Fibercop
Lab in Torino, and it is a joint experiment with UnivAQ, WEST, CNIT, CTTC-@ndkt INF
demonstrates the coexistence over the same sitiier Access Network infrastructure of
legacy 16Gigabit PON (XBON) services and higgnd Metro services, based on P2MP XR
technology, dynamically provisioned and carried transparently from the Metro segment
network. The results of the activity will be shared with the msdturce ageement (MSA)
open XR optics forum as part of the dissemination and standardization activities within the
WP6.

These validations provide tangible evidence of the maturity and interoperability of SEASON
components and their capability to address realistic network scenarios.

4. Advanced Modelling and Optimization of Optical Networks

D3.3 also reports on advanced modelling and optimization techniques applied to SEASON
architecture. Next generation will be considerably more complex and will require extensive work
to optimize for them and to guarantee their operation under sevaratumstances This
research includes, among others, the following topics:
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I Robust and Adaptive Optical Network Modelinglovel robust optimization (RO) and
adjustable robust optimization (ARO) models that account for physical layer
uncertainties, enabling resilient design of filterless optical networks.

1 Endto-End Latency Modeling:Simulationbased latency assessment of IPoOWDM
architectures using highpeed coherent pluggables, demonstrating ndaterministic
performance suitable for timsensitive 6G services.

1 Energy and Cost Efficiency Tradfs: In-depth analysis of optical versus electronic
aggregation at metro edgesalidatingDSCM as a viable lgpower alternative to
traditional routerbased aggregation.

These numerical studies provide the theoretical underpinning for various of the architectural
choices and serve to desk the adoption of emerging technologies in complex network
environments. Furthermore, the latter provides a tool for establishing theddions that, if
satisfied, can deliver energy saving by deploying P2MP coherent transceiver with respect to
point-to-point (P2P) ones.

5. Integration with Control, Management, and Telemetry Systems

A key aspect of D3.3 is its alignment with WP4, ensuring that data plane innovations are not
developed in isolation but are embedded within a broader ecosystem of programmable control,
telemetry, and automation mechanisms. Several prototypes (e.g., pregichaintenance
systems, DSBased monitoring) interface directly with WP4 systems, enablingnsatfaged
capabilities and laying the foundation for automation and clekmp network operation, in line

with the goals of WP5.

6. Contributions to SEASON KPIs and Horizon Europe Objectives
¢ KNRdzZAK2dzii 0KS RSt AOSNIoO6fS>T Ot SFENItAyla | NB
defined KPls:
1 KPI1c¢ Fiber capacity enhancemen#chieved through multiband and spadesision
multiplexing.

1 KPI2 ¢ Energy efficiency improvemen&nabled by flexible DSCM transceivers, optical
aggregation, removal of transponders, and dynamic bandwidth allocation.

1 KPI3 ¢ Costeffective scalability:Delivered via whiteboxes, coherent pluggables, and
filterless OLS architectures.

1 KPIl4 ¢ Programmability and monitoring:Supported by DSPased telemetry and
adaptive monitoring frameworks.
By addressing these KPIs, SEASON contributes directly to the objectives of the SNS JU and
Horizon Europe, particularly in the areas of sustainable digital infrastructure, open and
disaggregated network solutions, and enabling technologies for 6G. Thisg$dplly covered in
Setion 2.5.
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The structure of the following sections is as follows

Section 2 SEASON Solutions and Data Plane Protofyyférs a comprehensive overview of
SEASON data plane solutions, mapped to both medarm and longterm network
architectural targets. It presents the final suite of data plane prototypes, highlighting their
integration with control, management, and mooitng systems, and shows their mapping
against the higHevel SEASON network architecture. The section also introduces the
demonstrations and experiments validating the developed solutions and theictipal
deployment across various network segmefdiBis section also reports an accurate description
of the project outcomes in terms of KPIs and their achievements.

Section 3, Data Plane PrototypesStateof the Art and Innovative Aspectsf the Developed
Components, Subsystermrad Sgtems, catalogues and describes the physical prototypes,
components, and subsystems developed in SEASON, detailing their capabilities, addressed
technical challenges, and mapping to project solutions and KPIs. Benchmark results and
validation reports are icluded for each prototype, showing integration potential and readiness

for experimental demonstrations and reaforld deployments.

Section 4, Selflanaged Scalable Sustainable Higgpacity Optical Networks, discusses the
future perspectives for fully sethanaged, scalable, and sustainable optical networks, drawing
on lessons learned from prototype integration, automation mechanisarg] closedoop
operation enabled by advanced control and telemetry. It emphasizes the convergence of
programmable data plane technologies with intelligent network management and operational
autonomy, marking the project's roadmap toward truly autonomoesworking.

Section5, Modellingand Eneto-End (E2E)Design of Optical Networksletails the advanced
modellingand simulation activities that support robust and scalable network design, including
filterless architectures, optical aggregation, and latency analysis for coherent pluggables. It
covers optimization models accounting for physical layer uncertaintiesstalk analysis in
multi-band SDM networks, energy and cost efficiency assessments, and transmissieling

of multi-core and multband systems. Thestheoretical studies underpin key architectural
choices and inform the prototype implementation strategies.

Section6, Optical Subsystemss focused on devicelevel advanceslt examines the design and
experimental validation of optical subsystems such as programmable MBoSDM transceivers and
switching nodes. It assesses node architectures for -béglacity and scalable switching,
including multiband transmission and digital twirmodelling Key differences and
complementarities among prototypes are discussed, supported by experimental results that
guide subsystem integration in future network deployments.

Section7, Front/Mid-haul and Access Beyond 5@ dresses the development and evaluation of
advanced transport solutions for froftaul, midhaul, and access domains, with a view toward

6G and beyond. Topics include bidirectional P2MP transmission architectures, smart NICs/DPUs
for mid-haul scenariosigh as railways and highways, and flexible PON architectures for spatial
aggregation and efficient connectivity. The emphasis is onefsttive, powerefficient, and
scalable solutions enabling negéneraton service delivery.
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Section 8, Optical Monitoring and Power Efficiencgemonstrates innovations in network
monitoring and energy efficiency, presenting longitudinal power monitoring (LPM), advanced
DSPbhased Rx solutions, predictive maintenance, and mael@amingpowered anomaly
detection. The section quantifies energy somption savings achieved through digital
subcarrier multiplexing (DSCM) and optical aggregation, illustrating approaches to transceiver
reduction, cost savings, and the dual usefibkr infrastructure br both transmission and
sensing.

Finally,Section 9 Conclusionssynthesizes the overall findings and key achievements of D3.3,
aligningtechnical progressvith SEASON objectives and KPIgighlights the contribution of
developed prototypes, experimental validations, anddellingefforts in advancing the state
of-the-art toward selfmanaged, higktapacity, and sustainable optical data plane networks
designedo supportfuture 6G service ecosystems.
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2 SEASOBDLUTIONSATA PLANE PROTOSYREERVIEWND
KP$ ACHIVEMENT REPORT

The SEASON project proposes a set of data plane technolingies-calledSEASON solutions
to be applied tothe hightlevel networkdata planearchitectureasdefined in deliverablé2.1
[D2.1-24].

{ 9! { Hiphdedel data plane architecture gegmented intdwo domains accessmetro and
backbone and the architecturehas beenspecifiedfor two timeframes,the mediumterm
solution (MTS with a horizonof ~4 yearsfrom now and the longterm solution (LTSyith an
application target of 8 years and beyond from ndlue SEASON solutiohavebeen defined
and mappedon both network architecturedomains(accessnetro and backbonefor the two
targettimeframes(4 and 8+ years)

The first part of thesectionis dedicated tasummarizinghe solutions proposed by the SEASON
project and tolisting the data plane prototypes developed in the project take the
implementtion of these solutiongossible It also mentions the experiments¢luding the two
demos) that demonstrate theiability ofthe SEASOINolutions use therelated data plane
prototypes developed in WP3&nd the developments of WP4 regardinghe control plane
telemetry architecture and SWA second part of the sectiois dedicated to the KPIs
achievement report.

In section2.1, the SASONdata planesolutions for theMTS and LT&sreportedin the previous
deliverable D3.2[)3.224], are briefly summarizedBoth solutions served as inspiration for the
data plane prototypesieveloped in WPand are the references athe two main demosThe
additional demosadded in the last period othe project and other experimental activities
focused on specifiaspectgperformed in the project

Section 2.2 presentsthe final versions oflata planeprototypeswhichintegrate some ofthem
with other components(essentiallyWP4 control, management and monitoring systsrand
related SW and a view of their mappingp SEASO® high-level networkarchitecture are
provided.With respectthe ninerelevantdata plane prototypes presented in D3.2, two new ones
have been added which have been developed in the last period of the project.

For completeness and considering that many prototypes are integrated in the demonstrations,
in section 2.3 the mapping of the demos created in the project within the WP5 on network
architecture has also been displayed.

Section2.4 servesas a synthetic and additionalverview of the project result@and research
topics clustering This allows the SEASON project research and development activities to be
grouped into just five macro topiusters Each topic clusters linked toprototypes ando the
document sections and references in which the cluster tgqaeveloped.

Finally, sectior2.5reports the status of achievement of the KPIs addressed in 8¥#3s at the
end of the WB working period (M32, August 2025)
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2.1 SEASOBRDLUTIONS

In this subsetion the solutions identified by the SEASON projectraported in a conciseform
for the medium- and longterm, separately Their applicationsn relation to the various network
architecturesegments are alshighlighted

2.1.1 Mid-term solutions

Concerning the miderm period(timeframeswithin 4 years}he solutionsproposed by SEASON
Project arethe following ones

MTS1 ROADMfree IPoWDMNetworks and use ofwhiteboxes with Pluggable Transceivers

an architecturebased on IPoOWDM nodes eliminating the use of ROA@MIspacketoptical
switches/routers equipped with coherent pluggable transceiy#hnat allows a costeffective,
low-latency, and simplified network.Open, modular L2/L3 switches supporting up to 800G
pluggable modules promote vendagnostic flexibility and scalabilitlf.involves mainhAccess

Metro segmentbut it can be applied also in the Backbofiis solution is discussed in Sections
4.8 and 5.6, where IPOWDM architectures with coherent pluggables and related latency and
performance aspects are analyzed.

MTS2 DPUs and Smart NICdeployment of 800Gcapable Data Processing UniBPUsyand
Smart NICs for traffic acceleration and monitoratghe Edgeand Far EdgeServers equipped
with suchsmat and high data ratecardssupport Telco and Al service functioimsthe Access
Metro segment Further details on this solution are provided in Sections 4.9 and 7.2, which
describe the SmartNIC/PDU prototype and its application inhraid transport scenarios for 6G.

MTS3 DSCMBased Coherent Transceivers (P2P/P2MR)technologyenabing point to
multipoint networking,allowing400/800 Gb/s transmission and supports fronthaat rates of
100 Go/s and hgher. Use ofBidirectional BiD) singlewavelength singldiber singlelaser
transmissionis possible thanks to interleaved in frequency of subcarrier or intelligent optical
power management of the individual subcarrier to mitigate reflectiomfis technology
optimizes bandwidthreduces power consumptionand latencyby removing components (e.g.,
opticalelectronicoptical conversion)increase spectral efficiencyand reduce use offiber (in
BiDi mode)n the AccessMetro segmenthis solution is addressed throughout Sections 4.7 5.1
5.2, 5.6, and 8€8.7, where DSCM XR devices, optical aggregationtceadd performance
analysis, and poweefficiency benefits are extensively evaluatethis solution has been
awarded as one of the top 10 key achievements of the year from the SNS organization

MTS4 50G PON and Coherent/WDM PO&afggregates traffic efficiently using passive optical
networks(PONSs}¥calingupthe data rate andntroducingcoherenttransmissiorandwavelength
multiplexing whichboostsfiber capacity and access scalabilitythe accessmetro segment.
Details on this solution are presented in Section 4.3, which describes the Spatial PON prototype,
and in Section 7, where P@idsed accesgnetro integration scenarios are analyzed.
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MTS5 Pure Filterless/HybridOLS:enhances spectrum usage and power efficiency using flexible
Optical Line System®[($supporting P2MP and P2P architectures with DSCM transceivers and
multicarrier modulation (MCM) technologigwhich areapplied inthe AccessMetro domainto
provide high-capacity and flexible transmissiomhis solution is analyzed in Sectionscb. 5,
which cover filterless architectures, multilayer aggregation, phydagar impairments,
planning practices, and ultdigh-capacity mulitband deployments.

MTS6 Exploitation of MBTransceivers (e.g., MBoSDMEB/T) extended use of transceivers
operating in the C+bands, with potential extension to thet#nd.Used in the backbone and
potentially also in th@ccessmetro segmentmetro core, in particularfo increase the capacity

and make the network scalabl&his solution is treated in Sections 6.1 and in the modeling
studies of Sections 5.3, 5.4, and 5.8, which evaluate multiband transceiver scalability, crosstalk,
and spectral expansion strategies.

MTS7 Multigranular MBoSDM Switching Nodegxploitation ofMBoSDM Switching Nodes
(C+L+(possibly)Sband) to increasecapacity, enald smooth scalability,and achieve high
flexibility ofthe optical transportinfrastructure altogether. Used in both theaccessmetro and
backbone segmenidut traffic requirementsdemanding their use more likely in tibackbone

The developments related to this solution are described in Sections 6.2 and 6.3, along with the
multiband SDM modeling activities reported in Seas 5.85.5.

MTS8 Advanced Monitoring Systemsadvanced monitoring solutions based on fast fault and
anomalylocalization techniques (e.g., usiata of DSP)Applied tonodes from bothaccess
metro andbackbone segmentd§his solution is covered in Sections@.B, which present DSP
based and predictivenaintenance monitoring prototypes, and in Sections¢8.5, where
advanced optical monitoring functions and telemetry enhancements are investigated.

MTS9 Radio mobile access based on the-RAN architecture.Open virtualized and
disaggregatedolutiors for the RANenablingfunctionalities expected in 5G Advancegstem
(3GPP Releases 18 and X@ncerrs network architecture, SW and transport solutions for X
Haul traffic Mapped to theaccesanetro segment This solution is discussed primarily in Section
7.2, which presents the transport and rdidwul innovations enabling-QAN deployments and
future 6G support.

2.1.2 LongTerm Solutions

For the longterm period (timeframe8 years and beyondhefollowinglist presensthe SEASON
solutionsthat are, in mostcases, enhancemsts of onesdefined forthe mediumterm.

LTSl NextGeneration Whiteboxes and Pluggable Transceiversediumterm systems
evolutionstowards higher rates (up to Bb/s), higher integration, smaller form factor, and lower
power. Applied inaccessmetro in Far Edge and EdgeéOsto handle both telco and service
functions, such aglata-intensive Al tasks Further details on this lonterm evolution are
presented in Sections 4.8 and 5.6, where ngatheration coherent pluggables and their impact
on IPOWDM architectures and end-end performance aressessed.

© SEASON (HorizatdSNS2022Project:101096120 pagel6of170
Dissemination Level Public




S ON

LTS2 Evolved DPUsuse ofinterfaces capable of handling data rates of 800G or higher, up to 2
Th/s Used iraccessmetro segment to suppomtirtualizationand netwokingof 6G RAN but also
provide the computational power needed for running advanced service funcfidns solution

is addressed in Sections 4.9 and 7.2, which examine advanced SmartNIC/DPU architectures and
their applicability in future higltapacity mighaul and acceggnetro scenarios.

LTS3 Coherent/WDM/SDM PON Deploymenf further step ahead with PONsed in the
accessmetro domain to cope with traffic demand growth froRFT>access pointéresidertial,
businessaandradio mobile, with aggregated data rate on a singl®Ntree up to 400 Gb/s The
long-term evolution of coherent and SDlhsed PON systems is discussed in Sections 4.3 and
7, where spatial PON architectures and advanced agoestso integration schemes are
analyzed.

LT$4 Enhanced DSCidased Transceiversadvanced DSCM coherent optics for high
performanceand flexibletransport (P2MPnetworking with total sngle devicaates up to 24
Th/s(maximumdatarate applies for hubs, leavektarates are lowe). Applications in access
metro segmento cary Xhaul traffic or aggregatiorand transportof traffic exchangedy Far
Edye and Edg€X0s. This evolution of DSCM coherent systems is treated in Sections 4,3,5.1
and 8.2;8.7, where their scalability, aggregation edydities, and poweefficiency advantages
are evaluated.

LTS5 Fully Meshed Coherent Fronthaul 8 S 2 F  0O2 Ko®N&tfranscéiers & 460
Gb/s for front-haul (FH)application (with 6G)Use in theaccessmetro from mobile radio
stations to Far Edge or Edgesivhere vDUunctionsare placedaccording ta6GreadyOpen
CloudRANarchitecture The concepts behind fully meshed coherent fronthaul are explored in
Section 7.2, in the context of negeneration front/mid-haul architectures supporting 6@ady
O-RAN deployments.

LTS6 Full MB(oSDM) 8VT Exploitationextended capabilities to operate beyond the C+L band
and achieve aggregated bit rates of 1 Tb/s and higher, potentially scaling up to 10 Tb/s by means
of using additional bands (beyond C+bsa&dsconsidered for migerm). Potential goplication

on bothaccessmetro andbackbone but more likely for thebackbone aglata rateachievable

by these deviceareextremelyhigh.The longterm exploitation of multiband SBVT technology

is examined in Sections 6.1, 5.3, 5.4d&.8, which analyze extenddxhnd transmission,
crosstalk effects, and muifib/s scalability.

LTS7 Advanced MBoSDM Switching Nodesquipment aabing full granularity switching
(band, wavelength, spacand extendel MB use (beyond C+L+®)support ultrahigh-capacity
networks Applicationisin the backbone segmenturther details on this solution are reported
in Sections 6.2 and 6.3, as well as in Sectiong5®3which study multigranular switching,
spatiakspectral routing, and ultrligh-capacity SDM architectures.

LTS8 Predictive Maintenancdor MB amplifiers MB amplifiers will enable the amplification of
signals across multiple bands beyond C+L. Predictive Mainteimapoaves existing monitoring
processes andeduces thenetwork downtime.Multiband amplifiers will be deployed within
both the accessmetro andbackbone segments, accordibtg the strategyfor the introduction
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of MB systemgi.e., MOoSDM nodes and transceivér@nsponder$ in each segmentThis
solution is detailed in Sections 8.3 and 8.%8.5, which describe DSfased monitoring,
predictivemaintenance frameworks, and advanced telemetry for multiband amplification
systems.

LTS9 Advanced GRANBased RN: Furtherdevelopmentf radio access based on theRAN
architecture supporting doubl&plit,2 (MH)and 7.2 (FH)in 6G perspectivdntegration of O

RAN architecture facilitating optimized deployment of vDU and vCU functions in the Access
metro segmentThe longterm evolution of GRANbased mobile access is discussed in Section
7.2, which examines 6Griented mid/front-haul architectures and their integration with
{9!'{hbQa GNIYaLRNI Ayy208FiA2yao

2.2 SEASORROTOTYRRSSETS

The updated list oflata planeprototypesassetsin their final versionis reported in detailin
Section4, shortly listed inTable2.2-1. The table summarizes all the data plane prototypes
developed in the SEASON projeatd includes therototype code, a brief descriptionof the
prototype, the leadng partnerinvolved in prototype developmenthe solution of midor long
term addressed by the prototypand the experiment or demo in which the prototype was
tested, are the data reported in columns ofthe table Please note that not hthe SEASK
solutions are addressed byglata plane prototype as sme solutionsinvolve aspects connected
to control, managementtelemetry, which regards SWarchitectureand codingdevelopedin
WPA4 Figure2.2-1illustrates themappingof the prototypesfor the longterm version othe data
plane architectue. The figure is meant to illustrate in which parts of the architect(wiich
segment, which central office categomyhich equipmentthe prototypes would be used.

Table2.2-1: SEASON data plane prototypes

Prototype/ - Owner SEA.SON Experiment
Short Description solution

Asset partner or demo

addressed

C3.1 MBoSDM node CTTC MTS7 CTTC lab

C3.2 Multigranular node HHI LTS Demo 1

C3.3 Spatial PON node WEST MTS4, LTS3 Demo 2

C3.4 MBoSDM SBVT CTTC MTS6, LTS6 CTTC Ia

C3.5 DSP Rx based monitoring HHI LTS8 HHIlab

Cc3.6 Rredictivemaintenancefor | \rp AN MTSS ADTRANAD
Multi-Band Amplifies

c3.7 Monitoring & Telemetry ADTRAN MTSS HHI and CTTC
system labs

C3.8 Pluggable amplifier ERI MTS1 ERI lab

c3.9 Smart NIC / PDWith coherent CNIT MTS2, LTS CNIT lab
pluggable

C3.10 Dynamicserviceallocation TEF 8NFG MTS3 Demo 3

. . AB, CNIT,
C3.11 AccesdMetro integration WESTINFG MTS3/4, LTA/5 | Demo 4
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Prototypes C3.1 (MBoSDM node) and C3.4 (MBOSBWII'pare described in sec 7.1 and 7.4 of
D3.2 respectively, and the typical application of both could be in the core part of avetss
segment as highlighted iRigure2.2-1. Specifically, these prototypes can be employed in Edge
COs when traffic growth will require capacities not supported #padt or C+L bands only. In
this document improvements in both prototypes are reported. For C3.1 (se6t@nfurther
optimization of the switching device has been implemented to include spectral switching
granularity in the tband. For C3.4 (sectioB.1) further transmission assessment has been
performed to evaluate the transceiver scalability capabilities towards enabling multi Tb/s
transmission. Both prototypes are extensively experimented in CTTC labs.

Prototype C3.2 (Multigranular Node) is described in sec 7.2 of D2.3 and a summary of prototype
characteristics with results of the last validation report is included in seddi@nof this
deliverable. It is similar to prototype C3.1, but for its intrinsic characteristics the typical
application is in the backbone as shownFigure2.2-1, specifically in Cloud CO where huge
amount of traffic belonging to many different flows must be flexibly handled. This prototype is
employed in Demo 1 (Berlin Demo) in the mbkind core network part.

Prototype C3.3 (Spatial PON node) is described in Section 7.3 of D3.2 anubitteen further

developed in the last period of the project. The mapping of the prototype is in the anteiss

part as equipment connected to physical OLTs from one side and with multicore (or bundle of)

fibers on the other towards user OTNs. Prototypep@3 A & dzaSR Ay 5SY2 u 6[ Q!

Prototype C3.5 (DSP Rx based monitoring) is described on section 7.5 of D3.2 and additional
development are included in Si&mn 4.5. It can be applied everywhere the transceivers with this
additional capability are used (backbone and acemefo) to monitor the state of the
transmission over the network. Prototype C3.5 has been developed and tested in ADTRAN lab.

Prototype C3.6 (Predictive Maintenance (PdM) framework for MBdthd Amplifiers) is
described in section 7.6 of D2.3. As it is a framework combining anomaly detection, prognosis,
and diagnosis applied to multiband amplifiers, it can be applied everywhaunttiband
amplifiers are deployed, so both access metro and backbone. PdM prototype developed and
experimented in HHI labs and the fining for the use on multiband amplifier is forecasted

for Q3 2025.

Prototype C3.7 (Monitoring & Telemetry systems) is described in section 7.7 of D3.2 and
enhancements of last pericatereported in sectior8. It is applicable in all parts of the network,
from the accessnetro to the backbone. It is not a single prototype but a set of solutions: how
to enhance monitoring capability, longitudinal optical monitoring, DSP monitoring (covered by
prototype C3.5), M base anomaly detection. They are described in dedicated subsection of
section8 and they are developed and experimented in HHI, ADRTRAN and CTTC labs.

Prototype C3.8 (Pluggable amplifiamplifier gain control) is described extensively in section
7.8 of D3.2. No further development is achieved in last period of the project. Prototype concerns
an algorithm to appropriately adjust the amplifier gain inirrgrwithout additional monitoring
equipment.
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Prototype C3.9 (Smart NIC/PDU with coherent pluggable) is described extensively in subsection
7.9 of D3.2. A development of the prototype has been achieved with an experiment emulating
the use of PDU as card of a system (server) used to suppottidititaffic transportation in a
O-RAN architecture, as reported in subsectib@ The prototype is used in the accengtro

part of the network and has been experimented in CNIT lab.

Prototype B3.10 was not included in D3.2 as it is a new prototype developed in the last period
of the project. It concerns the dynamgerviceallocation for DSCM XR systems, and it is linked
to an additional experimental Demo, the Demo 3 designed and performed within a collaboration
between TIDCTTG@nd NOKIAG.

Prototype @3.11, like @.10, was developed in the final phase of the project and was not
described in D3.2. It is a solution for integrating access and metro segments that applies the
solutions proposed in SEASON. The prototype was developed by Fibercop in collaboration with
CNITand WEST, with the support ofOKIAG, and is based on the architecture described in
section5.7. The prototype is tested in Demo 4 and documented in the final deliverable of WP5.

The prototype implementations demonstrate progressive evolution from individual component
validation (C3.1C3.4) to integratedsystem demonstrations (C3.408.11),supporting both
laboratory validation and reakorld deployment scenarios through DemelXonfigurations

777777777777777777777777777777777777777777777777
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2.3 SEASODEMOS AND EXPERIMBWABPING

Figure2.3-1is an attempt to map the twonainproject demos, Béin and[ Aquik, plus thetwo
additional ones, Demo 3 and Demoahto the longterm SEASON architecture. hsan be
seen, Demo 1, which is oriented towards services (particutamlextended reality¢ XR-
provided over mobile access), involves the acessto segment and the related systems and
equipment (5G RAN and core, SIP@N, metro network), while Demo 2, oriented towards an
operator's vision, concerns all network segments, from access to the backiitheut focusing

on particular services but demonstrating the feasibilitySEEASON MBoSDM solutions with an
endto-end vision.Both Demo 3 and Demo #hvolve use of DSCM XRlevices anchas been
devoted todemonstratingthe capability ofdynamicbandwidth allocatiorand integration with
ODNto achieve a full accessetro integration and infrastructurdiper) sharing.
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Figure2.3-1: Experimentgdemos)mapping orlong-term data plane architecture

2.4 TOPIAQLUSTERING FREGEASORROJIECINNOVATIVEOLUTIONS

Analyzing the innovatiosolutions itemdisted inSection 2.2 it is possible to clustathe study
objects and prototyping activities of SEASON prajeotfive main Topic Qusters Clustering is
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focused on WP3 activities, i,@n data plane aspectso it does not cover the project in its
entirety, although control(WP4)and integration(WP5)aspects are alspartiallyinvolved.The

five topic clusters are listed below along with the relevant elements involved in each of them
for the medium and long terraeparately

TopicQuster 1- TCL: Multi-Band over Space Division Multiplexing (MBoSDM) Technologies
1 Mediumterm Solutions (2.1.1):

Multi-band switching nodes for S, C, L bands

Sliceable bandwidth/bit rate variable transceiversB(&T)

Multigranular switching architectures

= =4 —a A

Filterless network designs reducing OEO conversions

1 Longterm Solutions (2.1.2):
T Spatial division multiplexing with muitore fibers (19:ore MCF)

1 Ultra-high capacity systems achieving-3.6 Pbs switching capacities
T Multi-core/multi-mode fiber systems

TopicCluster 2- TC2Digital Subcarrier Multiplexing and Optical Aggregation
T Mediumterm Solutions:
7 Digital subcarriebased multiplexing (DSCM) for P2MP transceivers
1 Optical aggregation for energy savings
1 Horseshoeand-spur topology implementations
1 Longterm Solutions:
1 Dynamic bandwidth allocation systems
1 Accesanetro integration with fiber sharing
1 P2MP coherent systems for fronthaul/midhaul

TopicCluster 3TC3:Advanced Network Control and Monitoring
1 Mediumterm Solutions:

1 DSPbhased monitoring systems

1 Predictivemaintenance for amplifiers

T Telemetry systems for network monitoring
1 Longterm Solutions:

1 SDN control plane integration

1 Softwaredefined control systems

1 Reaitime traffic adaptation mechanisms

TopicCluster 4TC4Coherent Pluggable and Amplification Technologies

T Mediumterm Solutions:
0 800ZR an@®00G OpenZR modules

0 Pluggable amplifier systems
1 Coherent pluggable transceivers for whiiex devices

1 Longterm Solutions:
1 1600zZR3200ZRstandard alignment systems
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1 Lowpower DSP architectures with frequency domain filtering
1 Multi-band amplifier systems

TopicCluster 5- TG: Spatial PON and Access Network Solutions

1 Mediumterm Solutions:
0 Spatial PON nodes for aggregation/disaggregation

T Smart NIC PDU with coherent pluggables

1 Longterm Solutions:
1 Full accessetro integration

9 Infrastructure fiber sharing mechanisms

The followingcomprehensive mappin@ble relates theive Topic clusters to the prototypes, to
the sections of this document describing the related studies carried out and, in the last column,
the references, among which there are many articles published in the top journals in the field.

Table2.4-1: Comprehensive Mapping Table
TC1: MBoSDM Technologies

Related Prototypes Relevant Sections Related References
C3.1 (MBoSDM node), C3.2 | Section 5 (5.3: Crosstalk, 5.4: | [Moh25], [Cas25], plus
(Multigranular node), C3.4 MCF performance, 5.5: Ultra | references in Section 5 & 6
(MBoSDM 8BVT) high-capacity planning)

Section 6 (6.1:-BVT
improvements, 6.26.3:
switching nodes)
TC2: DSCM and Optical Aggregation

Related Prototypes Relevant Sections Related References
C3.10 (Dynamic BW allocation| Section 5 (5.45.2: filterless & | [Moh25], [Cag25]
C3.11 (Accesgdletro aggregation, 5.6: IPoOWDM
integration) latency, 5.7: Flexible CO

framework)

Section 8 (8.28.7: power
efficiency, transceiver
reduction, anomaly detection)
TC3: Network Control and Monitoring

Related Prototypes Relevant Sections Related References

C3.5 (DSP Fhasedmonitoring), Section 4 (4.64.7: monitoring Monitoring + DSP publications cite
C3.6 (Predictive maintenance for | systems) in Sections 4 & 8

MB Amplifiers), C3.7 (Monitoring | Section 8 (8.43.5: DSP monitoring

Telemetry) LPM, predictive maintenance)

TC4: Coherent Pluggable Technologies

Related Prototypes Relevant Sections Related References
C3.8 (Pluggable amplifier), C3.9 | Section 4.8 (pluggable amplifier) | References in Sections 4.8, 4.9, 5.
(Smart NIC PDU) Section 4.9 (SmartNIC PDU)
Section 5.6 (IPOWDM coherent
pluggables)
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TC5: Spatial PON and Access

Related Prototypes Relevant Sections Related References
C3.3 (Spatial PON node), C3.11 (Aecg Section 4.3 (Spatial PON) PON and accessetro references
Metro integration) Section 5 (Accessetro integration | in Sections 4, 5, 7

models)

Section 7 (front/miehaul and

access systems)

2.5 PROJECKP$RELATED WP3

25.1 KPI 2.1Increase the available bandwidth of the fiber

Increase the available bandwidth of the fiber from actualdand (~35 nm) to O, E, S, L, U bands
(~415 nm) that, together with the usage of SDM, e.g., with >10 fibers / cores, will make the
available bandwidth to grow by a factor x120.

Achieved(see Deliverable D2.3 for details

The actual increase in available bandwidth is influenced by several factors, including
transmission distance, signal impairments, and the number of active channels. Early studies
indicate that this increase can be effectively achieved by combining muidtib@nB)
transmission with spatial division multiplexing (SDM).

The 120x capacity enhancement targeted by KPI 2.2 is primarily enabled hyeS§izdially
through the deployment of multiple parallel fibers (a more practical solution in the medium
term) and multicore fibers (expected to be more viable in the long term). Reaching this level of
enhancement typically requires around 2030 parallel multiband systems or cores.

A comprehensive techreconomic evaluation of the solutions capable of supporting this
capacity increase is presented in Deliverable D&@portedby the studies and frameworks
discussed in this document.

Section5 provides an irdepth analysis of the technologies that enable increased fiber
bandwidth. Specifically, SectioBs3and5.4examine the impact of crogalk between parallel
cores within a fibefan effect that could constrain the number of usable cores and is critical to
understanding the limitations of future SDM systems using multicore fib8exctions.8 and

5.11 present transmission models and compare the optical performance of various multiband
systems with spectral occupation up to 24 THz.

2.5.2 KPI 2.250% CAPEX reduction

50% CAPEX reduction by (1) designing an architecture that jointly leverages on parallel fibers
(where fiber resources are abundant), multiple bands (where fiber resources aregcand
multi-core fibers (where fibers are not present, e.g., for cell densification); (2) limiting
intermediate aggregation in routers thanks to the ultrigh capacity of MBoSDM and by
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exploiting smart coherent pluggable to remove aggregation layers and unnecessary O/E/O
conversions.

Achieved(see Deliverable D2.3 for detailSeveraktudies described in this deliveratderved
as basis for the techneconomicanalysis presenteth deliverable D2.8hat validates this KPI
The modeling of the transmission anglvaluation ofthe performance of multiband systems
(described in sectionS.5, 5.8 and 5.11) helped to select the bands that are more suited for
future deploymentsand should be used on the techi@onomic studieselated to (1)

2.5.3 KPI 3.1Design and implement flexible and modular MBoSDM
node

Design and implement flexible and modular MBoSDM node prototypes able to
switch/add/drop channels in at least 3 different bands (e.g., S, C, L) in an SDM/MCF fiber
infrastructure featuring up to 10 fibers/cores, able to cope with switching capacities dolala

up to between 2.43.6 Pb/s (considering a-degree node with 50% local add/drop and
depending on the number of used bands and SDM cores/fibers) [SRIAtemitevo ~2028],

by approaching (fractional) spacwavelength flexible architectures [Mal5].

Achieved In deliverable [D3.24], initial discussion has been included related to the
achievement of this KPThere,different node architecturesvere presented and evaluated for
high-capacity, MBoSDM optical networkéhese advancedode architectureshased orspatial

optical crossconnects ($DXCs) or MB wavelengsielective switches (WSS), provide advanced
switching capabilitiesand trade-off flexibility/performance versus cost/complexity. Although
these architectures are not yet commercially available, they can be built with mature
components such as band pass filters (BPFjinféan-out devices, OXCs, or WSS operating in a
single or double band (C+L). Each degree of these switches can handle up to several hundred
Tb/s, and a node with a degree greater than four can easily achieegerall switching capacity

in the Pb/s rangeln deliverable [D2.25], discussioron node traffic capacities is performed
considering the reference backbone network topology proposed in section 5.2.2 of SEASON
deliverable D2.1To support the development of a scalable infrastructure that meets these high
switching capacities, SEASON has developed and implemented two prototypes (C3.1 and C3.2
detailed in section }f which enable both spatial (cqréber) and spectral (wavelength/band)
switching. These prototypes are designed to switch, add, and drop channels acrosstatésas
different bands (C+S+L) within an SDM infrastructure, aligning closely with the KPI requirements.
Section 4.”emonstrateghe transmission othree slices of the MB(oSDM}BB/T prototype at

41.3 Gb/s (dand), 45.4 Gb/s (hand), and 34 Gb/s (Band) over 25 km of MCH his multiband

flow is switchedusingthe three-degree node prototype componentC3.1 (Section 7), which
enablesboth band (S+C+L) and core switchimgnploying a 1@ore MCF with twocores
connected to the prototypeleveraging thedll S+C+L spectral range over acb®e MCF can
significantly boost total capacity. Under this sett§50 channels a5GHz(Sband), 175
channels a5 GHz(CGband), and 150 channels 80 GHz(L-band canenvisiona total capacity

of 282 Th's. When extending tdhe spatial dimensiorof the 19core MCF, & Pb's can be
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envisioned For higherdegree nodeconfigurations,target KPI switching capacitiéetween
24 Ph's and 36 Pb/'s would be enabled

2.5.4 KPI 3.2MBoSDM transceivers able to increase the capacity of
SOA transceivers

MBoSDM transceivers able to increase the capacity of SoA transceivers [Nad22] up- #x2x
by exploiting enhanced wavelength/space dimensions while enabling appropriate
slice/band/coref/fiber selection according to the network path.

Achieved In Sectim 4.1, capacity upgrades scenarios with MB and SDM are presented and
evaluated towards targeting this KPIl. The required capacity scaling up ¢o42xcould be
envisioned by expanding transmission intp& and dbands and introducing SDM for additional
spatial paths. In this regard, programable MB(oSDM) sliceable bandwidth/bit rate variable
transceiver prototype (BVT), proposed in SEASON (component C3.4 described in sB¢tion
supports flexible, sliceable bandwidth allocation acr8s<G and Lbands, providing scalability,
improved network utilization and appropriate slice/band/core/fiber selection according to the
network path. The prototype can be dynamically reconfigured using softvaned
networking (SDN) agents, which control and adjust the programmable transceiver components
and other reconfigurable devices according to network requirements and demand. This flexible
trand OSA @SNJ | LILINRF OK Aa&a TFdzZ fe FftA3IySR gAGK GKS
spectral ad spatial resources to achieve target capacity enhancements. Experimental
evaluation demonstratedn Section 4.Jand previousresults indeliverable D3.2showsthat
operating over the complete S+C+L band on a single core ofcar@9M@ could enable an
aggregate capacity of 28Th/s, assuming 350 channels in thb&hd (SSB), 175 channels in the
Ghband (SSB), and 150 channels in thehd (DSB). In comparison, a stafehe-art (SoA) €

band SBVT populated with 175-Gand (SSB) chanisewould reach roghly 7Tb/s. Therefore,

using a multiband (S+C+L) approach allows for a theoretical increase in capacity by a factor of
up to 4, which would further scale with the number of MCF cores. Nevertheless, expanding
transmission across multiple cores and usingtiple bands introduces new challenges, such as
stimulated Raman scattering (SRS) and crosstalk (XT), which can affect and limit the actual
capacity achieved and the scalability factor, as also indicated in section 3.3.

2.5.5 KPI 3.30ptimized DSP for metro/core coherent applications

Optimized DSP for metro/core coherent applications, able to increase 4x gt reaching
up to 1.6Th/s per port with power consumption suitable for future pluggable modules.

Achieved The current work on optimized DSP for metro and core coherent applications is
making strides toward supporting up to 1.6 Tb/s per port, aligning with the demands for future
pluggable modules under the emerging 1600ZR standard. A key focus is the integfatovel
low-power DSP architectures, specifically those employing frequency domain (FD) filtering for
group velocity dispersion (GVD) compensati@acomputationally intense task within DSP.
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In Section 6.5, the FD filter architecture uses FFT and IFFT to facilitate GVD compensation by
handling signal processing in the frequency domain. However, as symbol rates increase, the
complexity and power demands of these DSP operations grow significasplecially for symbol

rates of 120 GBd and higher. complexity analysis quantified by-tmaéal complex
multiplications were shown and presented in an accepted, PTL paper which shows that up to
12% reduction for 120 GBd and up to 18% for 240 Ghbd.

2.5.6 KPI 4.2>50% contribution in energy saving

>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 [SRIA].

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 riale traffic demands. As discussed in D2.2,
simuhtion 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 B@em, characterized 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 activati@®@activation mechanisms explored within SEASON,
thus limiting the achievable power variation at the transceiver. When considering the joint
activation and deactivation of Radio Units (RUs) and Distributed Units (DUs) in the mobile
network together with theoptical access domain the overall saving increases to approximately
8%experimentally measured-urther optimization of radio equipment operation could raise the
total systemlevel energy saving up to 19%. These results confirm the effectiveness and
scalability of the proposed architecture for neygneration energyaware optical and radio
access atworks.

2.5.7 KPI 4.3400Gb/s RAN fronthaul ports capacity.

400Gb/s RAN fronthaul ports capacity.

Achieved Studies indicate that achieving 6G capabilities within the next five years will require
increasing the bandwidth to 40Bbps in the Fronthaul segment. This substantial bandwidth
expansion underscores the growing necessity to adopt coherent optical temintdr efficient

data transmission. As part of the SEASON project, we have chosen to explore and implement a
WDM Mesh Network in the Fronthaul segment. By incorporating @bps transceivers, this
architectural approach allows us to significargiyhance network capacity while introducing
greater flexibility.
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Coherent pluggable 400G transceivers, based on Open ZR+ specs, face challengegdikerlow
output and fixed amplifier gain, impacting OSNR and receiver sensitivitypbwer versions
require fixed attenuators, affecting power budgets. Higéwer versims (+3 dBm) reduce these
issues, enabling longer distances and supporting up to 6 nodes with 15 wavelengths and 21 dB
EDFA gain. At 200 Gb/s, up to 10 nodes are feasible.

2.5.8 KPI 4.4Highaccuracy profile for IEEE 153819

High accuracy profile for IEEE 15881 M 2NJ 0 SGGSNE S@2ft OA¢53 pmdp >
Standalone, aiming to ns with target IEEE P802.1CM A+ networks, demanding an accuracy
better than 12.5 ns.

Achieved To meet tle KPI requirements, Accelleran deployed a Telecom Grandmas@&mT

clock within the CU server, utilizing an Intel E810 NIC card. -G i synchronized using a

GNSS satellite timing signal, and timing information is distributed across the IP netwigrk. T

setup enables the @Us and ERUs to achieve precise time and phase synchronisation with the

T-GM through the PTPv2 (IEEE 1:2889) protocol, in which timing signals are propagated from

the T-GM to the Telecom Time Slave Clock3 $Ts) implemented the O-DU and GRU. In the

{91! {hb RSY2yaiGN} A2y ariGSaz (KAa RSLIX2eYSyid I Of
ns to 11.1012 ns with a confidence level of 99.999%, thereby surpassing the KPI requirement of

12.5 ns accuracy.

2.5.9 KPI 5.1Achieve sulkm €500 m) and suldB (<0.5) resolution

Achieve sulkm (<500 m) and sudB (<0.5) resolution in the estimation of longitudinal fiber
attenuation points and optical amplifier gain, respectively, using D&sed monitoring
scheme.

Achieved The SEASON project aims to enhance optical network monitoring by improving the
resolution and accuracy of longitudinal power profile estimation usingt2SEd techniques.

We useda method based ohinear Least Squares (LLS) mettamthievinga higher accuracy in
anomaly localizationThemethodwas developed ifC3.5] and achiewssub-km (ess than 1k

and subdB (.46 dB resolution in estimating fiber attenuation point§hedetailed work was
published in a JOCN paper and is reported in teiverable under sdion 8.4.

2.5.10 KPI 5.2Performance improvement achievable with an optical
spectrum analyzer

Performance improvement achievable with an optical spectrum analyzer (OSA) embedded in

the amplifier setup and control identified for different link designs and applications.

Achieved Dynamic gain equalization in erbivtoped fiber amplifiers (EDFA) using adaptive
gainflattening combined with spectral measurements in each optical amplifier embedded into
a link has the potential to significantly improve link performance [Rap03]. Howauditional
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cost introduced by the required components made this technique economically unattractive.
Furthermore, an alternative technique based on a reconfiguration stage turned out to provide
similar performance improvement at ader cost. However, cost has changed significantly since
wavelength configurable devices have beealized, and they are nowheaper due to their
large use in modern optical networksd theprogress in photonic integratiorTherefore, the
concept of spectral reconfigurability has beenisi#ted in view of the multband technology, in
particular thuliumdoped fiber amplifiers (TDFA) for theb&nd. Usinga simplified simulation
model forTDFAsleveloped in this projecthe potential of this technology has beewmaluated.

Developing a simulation model based on rate equations would have significantly exceeded the
available time resources and has not been planned in this grodjgowever, it is planned to
confirm the results obtained at a later stage, once the work currently underway in another
project has been completed

2.5.11 KPI 5.30TDR Interrogator for latency / position measurement

OTDR Interrogator for latency/position measurement with 4 ns / < 1 meter accuracy
respectively.

Achiewed. The DOTDR systerhas beerdesigned to meet KPI 5.3 by enabling precise latency
and position measurements in fibeptic transport networks without service disruption. It
achieves 4s latency resolutioand submeter spatial accuracy through a fully digital approach,
avoiding highpower analog pulses and traffic interruption typical of traditional OTDR. Using
complementary Golay coded sequences at low optical power on reserveeftand
wavelengths (160¢1630 nm), the system applies correlatibased processing to reconstruct
event timing with 2ns resolution, mapping to approximately 20 cm spatial precision. The
architecture integrates an FPGA for sequence generation and timestamping with an SFP
transceiver housing the laser, AGC receiver, aptical circulator, enabling orended
activation without remote equipment. Continuous -@&ervice monitoring identifies
discontinuities, connectors, miciioends, and severe faults with high timing fidelity, reducing
MTTD and MTTL. Unidirectional latencyasgrement is supported via owtf-band filtering and

timing anchors, ensuring compatibility with live traffic. Operational features include a detection
range up to 52 km, low power consumptiofil(W), and absence of dead zones or saturation,
eliminating launch fibers. Long coded sequences and robust correlation deliver high SNR for
timing extraction, guaranteeing KPI1 5.3 targets -ofsdatency granularity and position accuracy
below 1 meter. An xtended technical description of the-OTDR system is provided in
Deliverable D5.3. Overall,-OTDR offers scalable, accurate diagnostics for-gemeration
optical networks.

© SEASON (HorizatdSNS2022Project:101096120 page290f170
Dissemination Level Public




SEASON

[ B

2.5.12 KPI 5.4Applicability of modulation format insensitive optical
signaito-noise ratio

Applicability of modulation format insensitive optical signdb-noise ratio (OSNR)
measurement techniques in different scenarios determined, sources of inaccuracy identified,
impact of signal distortions worked out.

Achieved Spectral correlation has been shown to be a promising technique for monitoring
signal quality in agile, disaggregated and open networks [Rap21]. In particular, it has been shown
that the technique is able to capture the impact of all major propagation impents in a
standard single mode fiber. However, the measurement results also revealed that the
measurement parameter reacts with different sensitivity to the different impairments.
Therefore, it has been concluded that aligning the sensitvitthe measurement parameter
should be further investigated for getting a universally usable GSNR value for characterizing link
quality.

For this purpose, further investigations including additional postprocessing of the measurement
results have been conducted in order to get a better alignment of the sensitivities. In fact,
differences in the sensitivities to different effects could beueeld, but the achievements are

not sufficient for qualifying as a universal tool for estimated link quality.

In summary, the KPI has been achieved in tihat applicability of themodulation format
insensitive optical signab-noise ratio (OSNR) measurement techniques in different scenarios
has determined and effects leading to incregs®ccuracy have been identifigld. particular,

the impact of signal distortions has been pointed out.

Building on this, it would be desirable to develop a technology that reduces the influence of the
mentioned effects on the results. Initial work in this direction has been undertaken
improvements have been achieved. However, further improvements going significantly beyond
this KPivere not possible within thavailableprojectrelated effort.

2.5.13 KPI 7.8Configuration of the MBoSDM node prototype agents
for simple operations

Configuration of the MBoSDM node prototype agents for simple operations from the SDN
control plane of O(100n)s

Achieved The activity is related to the integration of the MBoSDM node prototype with the SDN
control plane and related agent#\ detailed explanation for the assessment of this KPI is
provided in deliverable D5.8nd D5.2 There the control plane delégtency for the MBoSDM

node prototype was evaluated based on the time required for the SDN controller to send
configuration commands using the NETCONF protocol and the defined YANG data models for
the node.Under a LANike control plane scenario, the SDbhtroller successfully executed SDM
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crossconnections and multiband (e.g., L+S) cromsnections within the target constraint of
O(100 ms)measuring a latency of 75.19ms
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3 APPLICATION @EASOKEYACHIEVEMENT F8RLF
MANAGEISCALABLBJSTAINABLUAEIGHCAPACITOPTICAL
NETWORKS

This section translates the key technical achievements and data plane prototypes presented in
Section 2 into representative application scenarios. The applications discussed here illustrate
how the WP2developed technologies (detailed in Sectiog¥icanbe combined to support
concrete deployment contexts aligned with SEASON KPIs and dgstadrdemonstrations.

In this section, we present a possible path towards trulyselhaged, scalable, sustainable, and
high-capacity optical networks, as introduced in [Cas25, Fer25, Nap25]. In this context, we
summarize key SEASON achievements, discuss the importancevedrthearried out within

the project, and provide an outlook on the evolution of opticakfioommunication systems
based on some of our key results. Building on these findings, we outline the different
architectures and applications, devices, solutioms tools required to deploy optical networks
capable of guaranteeing the necessary scalability while ensuring full sustainability and flexibility.

Central to the SEASON solution are tH&\F's, which, in principle, can be tuned to operate over
MB and multicore systems and can be also employed to realize P2MP configurations if needed.
We then illustrate several applications based on P2MBVEs in snarios such as metro
aggregation optical networks, passive optical networks and radio access networks, highlighting
the benefits offered by this approach in enabling sustainable, scalable, and flexible optical
infrastructures. Furthermore, we address tlggowing impact of Al, ML, and beyoHé
technologies on traffic patterns and network requirements.

In modern metreaccess networks, Internet Protocol data traffic is increasinglydndsspoke
(H&S), highly dynamic, and shaped by heterogeneous patterns. While Intensity Modulation
Direct Detection (IMDD) systems are reaching their limits even in -sbach scenarios,
coherent transmission is emerging as a strong candidate to provide the necessary reach, spectral
efficiency, scalability, and manageability demanded by new applications. The motivation for
developing truly scalable, sustainable, and flexdgpé&cal networks is therefore strongly linked

to sustainability goals, encompassing optimized power consumption and architectures,
software-configurable operation that adapts to real traffic, seamless migration frorsipeed

to high-speed regimes [Cas24improved spectral efficiency, and architectural simplification
through the elimination of unnecessary OEO conversions, thus reducing required hardware
[Cast25].

In SEASON, weropose using coherent P2MP enabled by DSCM to cope with H&S traffic
patterns The approach is rooted in digital communication, taking the spectrum and the digital
transceiver agundamentalbuilding blocks. Concepts such as 1.6T ZR+ and DSCM are being
considered in severalonferences and industrial eventahile the overall objective is to solve

or simplify issues across multiple network segments. This includes less transceiver, energy saving
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¢ dynamic, PON overlaycompatible, and intergenerational compatibility, aggossiblyg less
router interfaces.

Hereafter, we consider a selected list of applications to explain how B#2cttl P2MP
transceivers can enable scalability, sustainability, and flexibility.

3.1 APPLICATION NEXT GENERATION MOBILE FRONTHABRGIOG

The first considered application focuses on next generation médoilehaul, and it is reported

in next Section7, where a P2P link for fro#itauling applicable to B5G/6G deployment is
illustrated. Crucial factors for the upcoming mobile transport include: (i)-Bmged TRXs; (ii)
BiDi transmission over a single fiber to support lateadtical B5G/6G applicatio$ar24]; and

(i) simplified hardware to eliminate costly ddaker setups such as in [Aca24]. To avoid a-dual
laser, a singléaserwavelergth transmission (visualized iRigure 3.1-1 (b, c)) could be
considered. However, as shown in [Cav24, Her¥s configuration might suffer from high
penalties due to distributed Rayleigh backscattering and discrete reflections from components,
which become particularly detrimental when upstream (US) and downstream (DS) share the
same wavelengthHer24. Figure3.1-1 (d, e) illustrats an alternative method using DSCM,
maintaining a singkaser-wavelength by interleaving digital subcarriers (DSCs) for both US and
DS in the frequency domain [Ras19]. We have shown that this configuratissed on DSCM,
reducesthe penalty caused by reflection to almost zeF®{24 as theflexibility introduced by

the DS®™ enable tousedifferent DSCéor the DS and USAn additional benefit of DSCM for
mobile transport is the ability tprovideUS and DS capacities symmetrically or asymmetrically
according to the conditions of traffic varying over time. This has been investigated and reported
in [Fer25], where DSChhsed transceivers enable the BiDi transmission in half mode, and if
optimized, hey can also enable full mode for some or all DA&BGrute-force optimization of the
individual power of the DSCs has been also carried out.

This application is enabled by the DS8a%ed coherent transceivers (C3.4), Smart NIC/DPU
solutions (C3.9), and accessetro integration prototype (C3.11), as detailed in Sections 4.4,
4.9, and 7.2.

DSCM - Full capacity DSCM - Interleaved

= fr = = fe it DS - Reflection
o MU
e

O US-Signal
Figure3.1-1: Bidirectional transmission over single fiber single laser single wavelength and reflection mitigation using
DSCM. Reflections are caused by fiber because of the distributed Rayleigh backscattering and of the discrete
components such as circulators.
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3.2 APPLICATIORI DYNAMIC TRAFFIC ALLOCATION

The second considered scenario that we address offers two primary advantages: capacity re
utilization [Her23] and energy efficiency [Cas25]. In [Her23], we introdtredfic clustering

using DSCM to facilitate more efficient utilization of the spectruniChis24, we showed that

the spectrum of the network could be better used during low traffic at night. Thanks to the
flexibility provided by the DSCs, this is possible by reallocating spectrum for new services, like a
fiber-asa-service approach and reduces network power consumption by modifying the
operational parameters of coherent DSCM TRXs (e.g., turning off idle DSCs) [Cas24, Cas25].
Figure3.2-1 belowshows the static allocated capacity of 100G SC TRXs (green) and the dynamic
one of 100G P2MP units (violet), with the dashed black line depicting the variations in daily
traffic.

The described dynamic traffic allocation relies on the dynamic service allocation prototype
(C3.10) and the control/telemetry integration described in Sections 5.7 and 8

[I1] Traditional 100G SG-TRX
[k P2mP 100G DSCM-TRX
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Figure3.2-1: Exemplanyof daily traffic variation and provisioned

3.3 APPLICATIOBI ALEXIBLE OPTICAL AGGREGATION

The flexibility enabled by DS@A4sed coherent pluggable can considerably simplify the design

of complex horseshoe networks [CasZ3fure3.3-1 (a, b) illustratean example of a horseshoe
network provided by Telecom Italia Mobile (TIM) that mimics existing urban network topologies.
In this analysis, for simplicity, the leaf nodes (circles) are connected to a single hub (square).
Thanks to P2MP TRX, we can aggeegatltiple horseshoes at the hub, thus reducing the
hardware needed and improving scalability.Aigure3.3-1 (a), we do not aggregate the two
horseshoes, so we need one hub TRX per segment (2x400G), whituia3.3-1 (b) both
horseshoes can be served by a single ‘aigpacity TRX. The optical aggregation can be carried
out as long as there are DSCs availatd the minimum OSNR is above the required threshold.

In case the number of DSCs increases above the available, then a new highspeed TRX will be
needed. It is important to stress that for P2P TRX, the number of TRXs at the hub is equivalent
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to the number of lead nodes and clearly no aggregation between horseshoes would be possible.
Furthermore, a switch would be needed to aggregate the traffic of the leaf nodes. In general,

the higher the level of aggregation enabled by P2MP, the lower tmaben of TRXs needed.

However, as network size increases, aggregation levels decrease because of being constrained

08 (KS ySio2Nl Q&8 YAYAYdzZY h{bwd LYy &/l adup6z (GKS3
of energy efficiency and saving.

(a) Agg. Level 1 (b) Agg. Level 2
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Figure3.3-1: Two-horseshoe network configurations: (a) aggregation (a); (b) with optical aggregationhe
squaresare couplers/splitters

The energy savings achieved by DSCM and P2MP enablomicl traffic aggregation are
investigated also in Secs. 5.2 and 8.2, at the edge between access and metro segments. Optical
aggregation may save energyngry router interfaces strongly contridag to build sustainable
networks [Cas25].

Flexible aggregation is supported by multigranular switching nodes (C3.1, C3.2) and multiband
transmission technologies analyzed in Sectiong®3and implemented in Section 6.
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4 SEASOBNATA PLANE PROTOTYPES

This section reports on the different WP3 components, subsystems and systems developed as
innovativeprototypes withinthe SEASON project in the final version achieved at the end of the
project. In Section 2 of this document, the connection between the prototypes and SEASON's
medium and longterm innovations has been highlightesegTable 2.21). Furthermore, still in
section 2, the prototypes have been grouped into the following five topic clusters:

I TC1: MultiBand over Space Division Multiplexing (MBoSDM) Technologies (C3.1, C3.2)
TC2: Digital Subcarrier Multiplexing and Optical Aggregation
TC3: Advanced Network Control and Monitoring

1
|
I TCA4: Coherent Pluggable and Amplification Technologies
1

TC5: Spatial PON and Access Network Solutions (C3.3)

The association between prototypes and thematic clusters is given in Table. ZHe
subsections of this chapter are dedicated to specific prototypes. Each subsection is dedicated to
a single prototypehat recalls the thematic cluster to which the prototype is associated and
provides the final prototype report. This report specifies the project partner that developed the
prototype, where it was built (a partner's lab), how it was tested (in a single pasttadr'or in a

joint demo), and includes a findéescription of the prototype, its interfaces, and the target KPIs
addressed with their level of achievement. As a summiaigan be said that the development

of all data plane prototypes was successfully completed, and all associated KPIs were fully
achieved, as specified below individually for each prototype.

4.1 MBOSDMNODE PROTOTYES.1)

4.1.1 Description

In the framework ofthe SEASON project, CTTC has developed a multiband (MB) over spatial
division multiplexing (SDM) switching node prototype to advance the capabilities of current
node options.

Beyond the state of the art, the C3.1 prototype demonstrates, for the first time in an
experimentally validated node, the joint exploitation of multiband (S+C+L) transmission and
spacedivision multiplexing with bandwavelength and spaceselective switching capabilities.
While existing solutions typically address either multiband operation or SDM independently,
C3.1 integrates both dimensions within a single modular node architecture, enabling scalable
Pb/s switching capacitiesith reduced filtering comiexity.

This prototype is associated with the topic cluster Ttk architecture is designed to support
both spectral (band and wavelength) and spatial granularities to meet the capacity scaling and
traffic demands of nextjeneration optical networks. It ensures a highly adaptable, modular, and
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flexible switching paradigm with advanced capabilities suitable for evolving network
environments. Spectral granularity, in terms of wavelength, is achieved usingdneé@lexgrid
wavelength division multiplexing (WDM) technology, utilizindpa®d 100 GHz AWG and
programmable WSS devices, respectively. The WSS bandwidth and central wavelength can be
adjusted with 12.5 GHz granularity within theb@nd. The design includes two WSS units with
1x2 ports and two AWG units with 1x5 ports on fixed 100 GHZI'I0O31C35 channels to
leverage WDM. The proposed MBoSDM node prototype has been optimized in the second phase
of the project, as previously detailed in section 4.2. This optimization ensures increased
flexibility in the spectral domain by considering wearggth granularity in the C+#hands. MB
dimension is addressed by incorporating four 1x3 MB filters operating within-th@, &nd L

bands (two units per direction for bidirectional MB transmission). SDM is achieved by utilizing
distinct spatial paths, hancing switching capabilitieand network throughput. To this end,
fan-in/-out devices are included, enabling efficient core switching with-adk® multicore fiber

(MCF) of 25.4 km (two cores per direction). This setup ensures bidirectional SDM transmission,
providing bidirectionatore availability. The prototype supports core switching across four cores
within the available MCF and facilitates add/drop operations. The core structure is built with an
18x18 optical matrix switch, offering multiple adgnamic switching configurations.

MBoSDM node .
n H
prototype njout  Flem/To

n Wb
tostbed H and L band =
(Cotfodgnd) | MB{oSDM) pi . P »
I

From N3 node o

s ADRENALINE

testbed (flexi-
wrid)

Chand

To N3 node of

of ADRENALINE ADRENALINE

tostbed (fxed- testbed (fixed-grid)
grid)

(a) (b)

Figure4.1-1: MBoSDM switching (a) prototype integrated in the ADRENALINE testbed and (b) architecture with the
main updated building blocks.

The node prototype is integrated within the ADRENALINE testbed, establishing different path
connections to two network nodes. Node programmability and flexibility are achieved using WSS
devices, which allow full reconfiguration within theb@nd and tbands for flexgrid operation

and optimized resource utilization, as seenFigure4.1-1. This design also ensures flexibility

and versatility regarding exploited granularities and available resources (both spectral and
spatial). Broader spectrum coverage and the use of spatial channels significantly enhance overall
network capacity, flexibtly, and efficiency. The node solution can be scaled to meet target
capacity requirements by increasing the number of ports in the matrix and WSS modules. These
capabilities create a switching solution that aligns with the anticipated demands ethjstiy

and dynamic network environments.
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Table4.1-1: MBoSDMswitching node prototype parameters and key features.

Parameter Specifications

Operation bands Sbhand (14661530 nm)
Gband (15301565 nm)
L-band (15651625 nm)

Operation cores 2 cores per direction
Insertion loss <3.2dB

Optical power <20 dBm

PDL <0.1dB

Switching speed 20 ms

Table4.1-2: MBoSDM switching node key features.

Key features Specifications
Scalability Limited to the matrix and filters port count
Flexibility WSS (flexgrid operationwithin C+kbandg
Enhanced resources and bandwidth
Programmability WSS initial and final slices, port attenuation and switching port
Operation MB, WDM and SDM

Table4.1-1 and Table4.1-2 specifies the node parameters, including main bands and cores of
operation, insertion loss (IL), maximum optical power allowed, polarizatégendent loss
(PDL), and switching speed.

The node prototype has been implemented, optimized and experimentally validated into a
MBoSDM scenario (segection 7.2). A final demonstration including the integration of the
proposed node prototype with the control plane has been performed at CTTC. The activities are
reported in deliverable D5.2.

4.1.2 Interfaces

The proposed MBoSDM node prototype can be controlled by means of an SDN agent based on
NETCONF, implemented within the project (WP4). A demonstration of the integration of the
node prototype with the corresponding network controller and related agents Ihesn
demonstrated and the main achievements are reported in deliverable D5.2. The MBoSDM node
prototype has been abstracted to define logical, highel operations, as detailed in the D5.1 of
SEASONFigure 4.1-2 shows the abstraction of the MBoSDM node prototype in terms of
input/output ports used to define logical higlbvel operations that will enable the
implementation of the node SDN agent. The considered node operations include: i) core
switching from one o@ port to another core port; i) optical band add and drop; iii) spectrum
switching and iv) spectrum add and drop from/to different cores of theca®s MCF, the
MB(0oSDM) BVT prototype and different nodes of the ADRENALINE testbed. Additional key
programmable parameters have been identified to implement low level interfaces that will
enable the reconfiguration of specific node building blocks and subsystems. Specifically, the SDN
agent maps the higlevel operations to the configuration of the node sggcelements such as
matrices and WSS (in terms of initial and final slices, the switching port and configuration of
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these slices, and the attenuatiorjinally,Table4.1-3 reports the differentmterfacesfor control
and management of the switching MBoSDM node.

Node1
mcr  Port1 Port2 Mcr
cored core 2
- \J
SDM Switching Matrix
‘ 1 Intermnal
1] |
Port10 Port20
Port11 Port21
WDM Swtching Matrix
Node3 Port 100 | mezoo Noded
S-BVT
b — !
=l

1] | [

Figure4.1-2: Abstracted view of the MBoSDM node prototype.

The snippet ofrigure4.1-3 represents the YANG data model for the MBoSDM node, which
defines the structure and semantics of the configuration and operational data exchanged
between the SDN controller and the node agent.

module: season - mbosdmnode

+-- rw node

| + -- rwaddress inet:ip - address

| + -- rwnode_id yang:uuid

| + -- roports
| + - roport* [id]
|+ - roid uint32
|+ -- ro name? string
|+ -- ro direction? season - mbosdmtypes:port - direction
|+ -- ro type? season - mbosdmtypes:port - type
+ -- rw connections

+  -- rw connection* [name]
-- 'w name string
-- rwinput_port  uint32
-- 'w ou tput_port uint32
rw input_core  uint32
-- rw output_core uint32
-- rw band? enumeration
- rwn int16
+ - rwm uintl6
+-- ro info

+-- ro software_version? string
+-- ro hardware_version? string

+ o+ + + + + o+
)
!

Figure4.1-3: Snippet of the MBoSDM node YANG data model.
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Table4.1-3: Interfacesfor control and management of the switching MBoSDM node.

S.No | Interface Description
1 MBoSDM SDN It builds on the CTTC FlexOpt SDN controller, extended to su|
controller multiple switching layers. It is developed in the framework of WP4.
2 MBoSDM node It is developed using the netopeer framework and a SEAGSiNed
agent YANG modelRjgure4.1-3), enabling operations at the SDM/core al
multi-band flexigrid levels. The YANG model serves as the inter
between the SDN controller and the agent, supporti
Create/Read/Update/Delete (CRUD) operations on coassiections
with constraints on portsgores, and switching layers.
2 Identification of A set of node higlevel control operations have been identified to
node control enable suitable SDN control integration.
operations
3 Identification of A set of programmable elements and reconfigurable parameters he
programmable been identified to properly map the higlevel operation to the node
elements configuration.

4.1.3 KPI assessment

The assessment of KPI 3.1 has been assessed, as detailed in section 2.5. This KPI deals with the
design and implementation of modular MBoSDM node prototypes s able to switch/add/drop
channels in at least 3 different bands (e.g., S, C, L) in an SDM/MCRffimsructure featuring

up to 10 fibers/cores, able to cope with switching capacities scalable up to betwe&e2Rb/s.

The presented MBoSDM node prototype (component C3.1) enables suitable spectral (C+S+L
band, wavelength) and spatial (core) switaito properly upgrade the capabilities of future

optical networks in terms of capacity/bandwidth scaling. Key components are used for the node
implementation, including BPFs, WSSes, AWGs and optical cross connects (OXCs). Each degree
of these switches canandle up to several hundred Tb/s, and a node with a degree greater than

four can easily achieve an overall switching capacity in the Pb/s range. In D3.2 and D3.3,
transmission of 44 Gb/s {and), 35.8 Gb/s (hand) and 39.3 Gb/s {&nd) signals have ke

assessed within a 3®res MCF of 25.4 km. This MB flow is switched with tliled@ee
prototype node C3.1 to assess the KPI. By populating the full S+C+L band spectra over one core
of the 19core MCF the total capacity can be suitably scaled. Spelgifieath 350 channels at

25 GHz (®and), 175 channels at 25 GHzb@hd), and 150 channels at 50 GHbdhd), a

capacity of 27 Th/s can be achieved. By considering thmi®MCF, which includes the spatial
dimension, this capacity could be scaled u®t6 Pb/s. With a higher degree node, the target

KPI switching capacities of 234 Pb/s could be envisioned.
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4.2 MULTIGRANULAGPTICANODEPROTOTYKRE3.2)

4.2.1 Description

In the framework of SEASON WP3, we designed a passive MBoSDM node prototype that is
capable of band and space/fiber switching. This prototype is associated with the topic cluster
TC1. The prototype is fully controllable though an SDN agent and suppatdiveelband
switching as well as add/drop functions for the G, and kLbands. The prototype is based on a
fixed and static optical banskelective filter architecture combined with a fully configurable
optical crossconnect (i.e., an optical matrix switc The node functions as a hierarchical
network node, providing a fast rou@nd-select architecture at the band level. While
maintaining backward compatibility with legacy transport schemes and traditional wavelength
selective switching for each band gtiprototype preserves the cost efficiency factor.

Beyond the state of the art, the C3.2 prototype extends conventionabfiliekand multigranular
ROADM architectures by enabling simultaneous ngrlinularity switching across multiple
optical bands. While existing solutions typically support wavelengtHiber-level granularity
within a single band, C3.2 allows dynamic adaptation of the switching granularity (fiber, band,
wavelength) across S, C, and L bands, addressingnetwerk scalability requirements that are

not supported by current ROADM implemtations.

The innovative design incorporates eight multiband multiplexers or splitters/combiners (MB
Mux and MB Demux) and a 12x12 optical matrix switch that allows flexible band routing. So
each input fibers of the four input fibers is demultiplexed into S, C and L band via the splitters,
and then those bands are fed into the 12x12 optical matrix switch pitusesss reversed by

the multiplexers on the other side. Additionally, monitoring ports are integrated at each input
and output port for measurement devicesuch as Optical Spectrum Analyzers (OSA), to ensure
effective monitoring throughout the validation and operational phases of the prototype. A
schematic of the node is depictedkigure4.2-1.

In the assembly process, each four multiplexers and four monitor couplers are integrated in a
single box or chassis, so we end up with two chassis and the optical matrix switch, the assembled
prototype is present in HHI laboratofifigure 42-2a).

© SEASON (HorizatdSNS2022Project:101096120 page4lof170
Dissemination Level Public




SEASON
(a)
Fiber 1
MB
i ) MB } Bundle
s > 12x12 of 2x
2 oy < ;
. Fiber 2 Optical : SMF
SMF MB .
e
Input Port 1 Switch
Fiber 3
“ S-band
Bundle [} a
e =
NN .
e -
Input Port 2 DeMux MB Mux Output Port 2

Figure4.2-1: Multi-granular Optical Node Prototype Architecture.

4.2.2 Interfaces

The switch is fully programmable, allowing for remote operations between the multiple inputs
and outputs. The integration with the control plane is taking place in WP5 and is a part of the
final demo of the project. A set of higavel control operationsdr the nodes havebeen
identified to enable suitable SDN control integration, in the identificapimtessve define the

input ports, output ports and the selected band/bands to enable shétchingprocess based

on the figure above, the work is also bgireported in an OFC demo and will be presented in
San Franciscd.-heTable4.2-1 reported hereafterdescribes the SDN control and management
for the MBoSDM node.

Table4.2-1: Interfacedfor control and management of the switching MBoSDM node.

S.No | Interface Description

1 SDN Control SDN agent implementation for node reconfiguration and
programmability.

4.2.3 KPI assessment

The prototype was characterizday using a polarizatiolependent loss analyzer (PDLA) to
verify insertion loss (IL) and PDL of the multiple paths. An example of the characterization curves
can be observed iRigure 4.2(b), where it is possible to note an average IL below 3 dB and a
PDL below 0.1 dB across all bands for all pathing possibilities of the prototype. These values are
also presented iTable4.2-2 below, where the specifications of the device are summarized. The
gaps observed in the transitions of the bands occur due to the overlap of the distinct transfer
functions of the banespecific filters that compose the MB Mux and MB Demux. Thus, these
transitional regions are out of the specification of operation of the device.
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Table4.2-2: Prototypespecifications.

Parameter
Operation Bands

Specification

Sband: 14601522 nm
Gband: 15271565 nm
L-band: 15741640 nm

Insertion Loss

<3.0dB

PDL

<0.1dB

(a)

(b)

IL (dB)

05
[=——mN1to0ouT1
| ——N1to0uT2
404

PDL (dB)

Figure4.2-2: a) Chassis and the Optical Matrix Switch b) Example of Prototype Characteristics.

We focused on the assessment of KPI 3.1 by designing and implementing flexible and modular
MBoSDM node prototypes able to switch and add/drop channels in at least three different
optical bands (e.g., S, C, and L). Unlike st&the-art optical nodes, with typically support
singleband operation and limited SDM capabilities, the proposed prototype jointly enables
multiband and spacéivision switching within the same node architecture. The prototype was
integrated with an Amplified Spontaneous EmissiolSEA input and a monitoring system
consisting of an Optical Spectrum Analyzer (OSA) and an optical switch after the prototype,
allowing the routing of node inputs and outputs to the OSA in order to experimentally
demonstrate both fiber (SDM) and band (MBJtshing capabilities. The experimental setup is

shown inFigure4.2-2,

TX/MODULATION
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OMFT

ASE WDM GRID

VOA CH

OPTICAL LINE SYSTEM

2x2
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Node
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M1
Optical
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16xd M3
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Output Port 2 i
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Figure4.2-2: Node prototype test setup.

© SEASON (HorizatySNS2022Project:101096120

Dissemination Level

~ Public

page430f170




SEASON

ez 60

g

4.3 SPATIAPONNODHC3.3)

4.3.1 Description

In the framework of the SEASON project, a prototype of a Multicore Passive Optical Network
(PON) node has been developed, showcasing an innovative and flexible architecture designed
to optimize the use of multicore fiber (MCF) technology in access netwdtks prototype
enables efficient management of spatial lanes within the MCF, supporting dynamic traffic
adaptation and energy efficiency while maintaining high network performance. This prototype
is associated with the topic cluster TC5.

The Multicore PON node prototype supports multiple spatial lanes that can be dynamically
aggregated or bypassed using a spatial switch, as depicted in the architecture di&igane (
4.31(a,b,c)). The prototype architecture follows a 2 lanes configuration, where two spatial lanes
can be aggregated/disaggregated over two OLT ports. The spatial switch in the architecture plays
a crucial role, either bypassing the spatial lanes directlyh&rtcorresponding OLT ports (2x2
configuration,Figure4.3-1 (b)) or directing them to a splitter/combiner for aggregation (2x1
configuration, Figure 4.3-1 (c)). The splitter/combiners are essential for realizing spatial
aggregation, allowing multiple spatial lanes to be combined and efficiently transmitted over the
available OLT ports.

OLT Port 1 | O —

Spatial
Switch

a o e ™™
@  [orpotz - <% JT Soate To ODN
~ Switch

Splitters

Power
Meter

OLT Port 1

| o | f—— ToODN
-~ Spatial
o Swich |

(b) OLT Port 2

—

AR
/ape\

Power
Supply

OLT Port 1 e o oo

To ODN
OLT Port2 — 43 Spatial
Switch

ONUs

oLT
ports

Figure4.3-1: (a) 2 lanes spatial PON architecture; (b) 2x2 configuration; (c) 2x1 configuration; (d) Spatial PON
Prototype

In practice, the prototype is implemented with a compact and modular design, as shown in the
photo of the physical setupgF{gure4.3-1 (d)). The prototype shown in the photo includes an
endto-end spatial PON system comprising several functional layers: an ONU layer, a splitting
layer for realizing the ODNs and spatial aggregation, a switching layer to control spatial
aggregation, and arOLT ports layer for the activation and deactivation of transceivers.
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Additionally, the photo shows an energy consumption measurement device that will be used in
the ongoing project for the assessment of energy savings. The prototype's modularity allows for
flexible deployment in various network scenarios, accommodatingreifit traffic demands and
network configurations.

4.3.2 Interfaces

Table4.3-1 below outlines the key interfaces supported by the Multicore PON node prototype,
each playing a crucial role in the management and operation of the system. These interfaces
facilitate communication between the prototype and higHevel network management
systems, allowing for efficient service setup and dynamic control of network elements. The REST
interface provides a nortfbound communication channel for the transport orchestrator,
enabling the configuration of services with specific requirements sa8fLAN characterization,
bandwidth allocation, and prioritization of traffic. The NETCONF PON interface allows direct
interaction with the OLT ports, managing the activation and deactivation of transceivers.
Additionally, the NETCONF SWITCH interfaceei tascontrol the spatial switch, handling the
physical aggregation and disaggregation of spatial lanes. Each of these interfaces is integral to
the prototype's functionality, ensuring flexibility and control in a complex network environment.

Table4.3-1: Interfacedor control and management of the Spatial PON node.

S.No | Interface Description

1 REST This high level nortibound interface allows transport orchestrator to
setup a service with specific requirements in terms of vlan
characterization, bandwidth assignment, time prioritization.

2 NETCONF PON | The prototype supports NETCONF to interact with OLT ports and
control port activation/deactivation.
3 NETCONF SWITC| The prototype supports NETCONF to interact with the spatial switc

and control physical aggregatiatisaggregatiorof spatial lanes.

4.3.3 Status

The status of the spatial PON nogi®totype is described iffable4.3-2.

Table4.3-2: Stausof Spatial PON node prototype.

S.No | Status
1 Status Realized prototype and implemented
dynamic logical association of users to
different OLT ports to be operated in
conjunction with physical
aggregation/disaggregation.
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4.3.4 KPI assessment

The Multicore PON node prototype's capabilities have been evaluated by assessing its
performance in different configuration settings using a controller and the management interface
of the Polatis switch. These evaluations are crucial to demonstrate thandgradaptability of

the system in managing spatial lanes and OLT ports.

17 21
OLT Port 1 18 :;:::----::: 22

PR FX]

- -

19

/ﬁ 20 'S’;:;atial
~ Switch

OLT Port 2

Figure4.3-2: Two lanes setup adopted for testing.

Figure4.3-2 shaws the adopted setup for testing purpose. In the figure, port identifiers of the
spatial switch are reportedzigure4.3-3 presents the configuration of the node in a 2x2 setting.
On the left side of the figure, the controller interface is shown, which is responsible for setting
and managing the configuration. It displays the commands and status outputs as the 2x2
configuratbn is implemented. On the right side, the management interface of the Polatis switch
provides a visual representation of the crasmnects, confirming that the spatial lanes are
correctly routed and aggregated according to the 2x2 configuration setfirfigs.demonstrates

the successful application of the controller's commands and the switch's ability to manage the
spatial lanes effectively.

gl F
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Figure4.3-3: 2x1 configuration demonstration.

Figure4.3-4 illustrates the node configuration in a2 setting.Likethe first figure, the left side

shows the controller interface managing the configuration process, while the right side displays
(KS t2tFGAa aA6AGOKQA YI yI 38 Y goifiguiaod Bueles O S @
aggregating two spatial lanes into a single output, demonstrating the system's flexibility in
adapting to different network demands. The visual feedback from the switch's interface
confirms that the configuration is applied corrgctwith the spatial lanes being managed and
routed as intended.
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These assessments highlight throvative prototype's capability to dynamically adjust to
different configurations, ensuring optimal network performance. The-ti@a monitoring and
control provided by the integrated interfaces are critical for maintaining the efficiency and
reliability of the sgtem, showcasing its potential for deployment in advanced optical networks.
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Figure4.3-4: 2x2 configuration demonstration.

4.4 MBOSDM)SBVTPROTOTYKE3.4)

4.4.1 Description

A MB(0SDM)-8VT prototype has been proposed and developed in the framework of SEASON
project. This versatile and innovative solution enables us to enhance network efficiency,
resilience, and sustainability [Nad23]. This transceiver prototype supportsgdition within

the S, C, and L bands, offering capacity scalability. It features a flexible and adaptable structure
composed of various bandwidth/bit rate variable transceivers (BVTs), which can be based on
different technologies, operate beyond theb@nd, and be activated or deactivated according

to traffic demands and network requirements. This prototype is associated with the topic cluster
TC1.
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Figure4.4-1: MB(0SDM)-BVT prototype architecture.
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The proposed transceiver architecture is showRigure4.4-1. A highcapacity flow is generated

and distributed over the network using an optical aggregator/distributor with bpass filters
(BPFs). Additionally, programmable filters such as wavelength selective switches (WSSes) or
tunable filters (TFs) can be Inded to perform SSB modulation, enhancing resilience against
chromatic dispersion. Thanks to its modular architecture, both pairoint (P2P) and point
to-multi-point (P2MP) connectivity are supported, reducing cost and complexity while
enhancing effiency. The sliceable architecture allows for the dynamic allocation of available
MB bandwidth into smaller, manageable portions that can also be transmitted through different
fiber spatial channels.

The developed prototypesée Figure4.4-2) leverages advanced modulation formats, such as
orthogonal frequency division multiplexing (OFDM), and is based on intensity modulation (IM)
and direct detection (DD). Adaptive loading is implemented to further enhance overall flexibility
and performancgNad232]. Digitatto-analog conversion is performed using a digitaknalog
converter (DAC) operating at 64 GSa/s. Details on the implemented adaptive digital signal
processing (DSP) can be found in [Nad23]. At the transmitter side, external moduwiétfion
MachZehnder modulators (MZMs) and tunable laser sources (TLS) per band are adopted. An
external cavity laser (ECL) is used for tHead contribution. At the receiver side, suitable
amplification options are targeted for each band based on dopedr famplifier (XDFA)
technology. Specifically, erbium DFA (EDFA) is used for the C and L bands, while thulium DFA
(TDFA) is considered for theb&nd. The receiver frortnd also includes a filtering stage for
amplified spontaneous emission (ASE) noise mremhcand simple PIN photodiodes. An
oscilloscope operating at 100 GSal/s is used for aralafigital (ADC) conversion.

L= STDEA. ORA.

PRl ,,_E‘PINVS 2

Figure4.4-2: MB(0SDM)-8VT prototype at CTTC premises.

The transceiver prototype has been successfully implemented and experimentally validated
within an MBoSDM scenario es&:ction5.1for updated transmission results). The transceiver
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prototype has been successfully integrated with M8(oSDM) SBVT agen{developed in the
framework of WP4). D5.2 reports last validation result of integration of the transceiver
prototype (WP3) with the SDN control plane (WP4), and corresponding SDN agents.

4.4.2 Interfaces

The programmability and interoperability of the proposed MB(0oSDM) transceiver can be
facilitated by the effective implementation of open SDN agents [Nad23]. These agents
reconfigure various system parameters and optical elements according to the network
requirements. The SDN paradigm provides the flexibility needed to automatically satisfy the
stringent and varying demands of the network. This is achieved by dynamically adjusting the
transceiver components and their parameters appropriately. SpecificalyOpenConfig open
data model can be implemented to suitably reconfigure the transceWafious programmable
transceiver parameters and elements have been identified for the effective configuration and
modification of the proposed MB(oSDMPBYT. Primarily on the transmitter side, it is possible
to adjust the central frequency and power ofethTLS, as well as the DAC channels. On the
receiver side, the OSC can be reconfigured. Additionally, an activity related to evesgy
routing computation has started including specific and relevant power consumption attributes
of the underlying transpdardevices (8BVT) to extend the current TAPI Context information (see
Section 4.4) [Nad24].A summary othe interfaces and their descriptions is providedTiable

4.41.

Table4.4-1: Interfacedor control and management of the MB(oSDMB\&T prototype.

S.No | Interface Description
1 MB(oSDM) SDN | Implementation of SDN agents, based on OpenConfig, to suitable
agent program the MB(0SDM}BVT. A dedicatedBVT SDN agent has bee

developed, leveraging the netopeer framework to implement the
NETCONF protocol and support OpenConfig Terminal Device and
Platform Optical YANG models.

2 Energyaware Extend current TAPI Context information to include specific and
routing relevant power consumption attributes of the MB(0SDMB&T.
computation

In the Figure4.4-3, we report the successful reconfiguration of the three different slices of the
MB(0oSDM) 8VT prototype.
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1 [2025-01-22 12:41:30,860] DEBUG in sbvt_agent.py: Optical Channel channel-182 configured with freq: 199861639 and power_laser: 0.0 i
:[2625»61-22 12:41:30,860] DEBUG in sbvt_agent.py: TX configured i

[2025-01-22 12:39:39,928] DEBUG in sbvt_agent.py: [[23.26014706333533, 135.30451359836064, 169.84801620772288, ...—»SNR
101.92921814384474, 124.39639320839169, 134.21130448217986],0.003547159830729167] ) —_, e S-band

[2025-01-22 12:39:39,936] DEBUG in sbvt_agent.py: RX configured —

1 [2025-01-22 12:45:31,936] DEBUG in sbvt_agent.py: Optical Channel channel-101 configured with freq: 193399516 and power_laser: 6.5 |

[202> 91-22 12:45: 31 Q36] DEBUG in sb»t _agent.py: YX conflgured |

[2025-01-22 12:48: 17 258] DEBUG in sbvt agent py: [[15.776882817480226, 247.80455979021878, 193.8646735696744, ... —»SNR
196.73920885667175, 130.02644593666975, 181.72520004736833], (901901132080120370 C-band
. LN s g
[2025-01-22 12:48:12,266] DEBUG in sbvt_agent.py: RX configured

[2025-01-22 12:59:14,216] DEBUG in sbvt_agent.py: Optical Channel channel-183 configured with freq: 187370286 and power_laser: 0.0
[2025-81-22 12:59:14,216] DEBUG in sbvt_agent.py: TX configured i

e

[2025-01-22 13:04:53,505] DEBUG in sbvt_agent.py: [[45.33745650162614, 49.431525634207595, 49.76801958980613, «.- —» SNR

31.116465565298864, 47.18617697039038, 57.78113019486882], 0. 003253173828125]
[2025-01-22 13:04:53,512] DEBUG in sbvt_agent.py: RX configured

Figure4.4-3: MB(0SDM)-BVT reconfiguration by means of SDN agents.

4.4.3 KPI assessment

The MB(0oSDM) transceiver has been experimentally assessed to validate SEASON KPI 3.2 related
to the implementation of MBoSDM transceivers able to increase the capacity of SoA transceivers
[Nad22] up to 2% 4x by exploiting enhanced wavelength/space diniens while enabling
appropriate slice/band/core/fiber selection according to the network path. Specifically,
MBoSDM transmission after &®res MCF of 25.4 km has been assessed. By leveraging SDM,
the spatial dimension can also be utilized, providing nesources to further increase overall
network capacity. Using a single core of thect®e MCF and fully populating the S, C, and L
bands, an aggregated capacity of 28t#s could be envisioned after 25.4km of MCF by only
considering MB transmission overcbre. This translates to a capacity scaling factor of 4
compared to the SoA-Band transceivers, which can be further improved by including the
spatial dimension. However, transmission impairments such as Raman scattering (SRS) and XT
can limit the overdlachieved capacity. Hence, the corresponding KPI 3.2, targeting 4>X2x
capacity scaling factor is achieved.

4.5 DSHRXBASED MONITORI{G3.5)

4.5.1 Description

Stateof-the-art optical performance monitoring solutions typically rely on dedicated external
hardware modules or optical taps, which become impractical in multiband and SDM systems
due to cost, complexity, and scalability limitations.

In previous projectsi.e., B GOPEN), the relevance of the technique based on correlation
method wasrealizedby utilizing the proposed link tomography for two different wseses:
longitudinal power profile monitoring and anomaly detectiffen22.Sen2%. In SEASON, the

goal is to implement the Linear Least Squares (LLS) approach version of the scheme to have
better accuracy in anomalies detection and localizatibigure4.5-1 b) illustrates the RSP
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processing chain employed in this work. After analgligital conversion (ADC) and
resampling, the signal undergoes matched filtering followed by chromatic dispersion (CD)
compensation. Next, polarization demultiplexing (Pol. demukigure4.5-1 b)) is applied to
correctthe random polarization rotations introduced during transmission. This is followed by
carrier frequency recovery to compensate for any frequency offset betweertréresmitter

laser and the local oscillator. Subsequently, blind carrier phase recovery is carried out using a
blind phase search algorithm to mitigate phase noise originating from the linewidths of both the
laser and the local oscillator.

Once preprocessed, the signal is duplicated into two tributaries, labeled as | and~igume
4.5-1b), in preparation for the proposed Longitudinal Power Monitoring LPM scheme. The LPM
extraction method used in this study follows a distinct but conceptually similar approach to that
proposed by T. Sasai et al. in [Tak2®owever, it is important to note that detecting physical
layer attacks is not an exclusive capability of our implementation. Rather, this functionality can
be achieved using any ®SP algorithm capable of visualizing optical power variations as a
function of distance, such as LLS or CM.

This prototype of DSP Rydsed monitoring system is associated with the topic cluster TC3.

Beyond the state of the art, the C3.5 prototype demonstrates how receiicker DSP can be
reused to perform optical performance monitoring without requiring additional optical
hardware, even in multiband and spad&ision multiplexed transmission scenayioThis
approach enables scalable, cadffective monitoring and provides retime performance
indicators directly at the receiver, supporting fast and autonomous network control loops that
are not achievable with conventional external monitoring solusion

a) b) .
. Booster In-line Stokes ' - ' Matched filter
S amplifier ~ ] space = cDC
a =R — N ratation = o Pal. demux
| 3 . — L 5
8 8 g— S a1 sHE 8118 CFR
2% o [ o 5 <] g CPR
1 £
5 x4 8 | (g (0]
“» CDreload | Decision |

o [ Calculate A, | [ Calculate Gy, |
i ¥ S v

Calculate
Laser Local ¥k = (Re[G,. TG, ]) 'Re[G,TA4)
oscillator

Figure4.5-1 a) Schematic of the transmission model used in the numerical simulations of this papeD$8P Rx
structure based on the proposed algorithm.

4.5.2 Interfaces

The interfaces of this component are reported and describethinle4.5-1.

Table4.5-1: Interfacedor control and management of the DSP&¥ed monitoring system prototype.

| S.No | Interface Description
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1 Correlation Old interface was based on the correlation method with lower
Method resolution
2 LLS New interface based on LLS technique pursuing a higher resolutiol
accuracy.

4.5.3 KPI assessment

We considered in our simulation in the woskhichwas accepted in JOCN, KPI 5.1 validation
where we seek a sub dB and sub km fault localization. The schematic of the simulation is shown
in Figure4.5-1(a) and with the help of the LPM engine that we used we achieved the results
shown inFigure4.5-2. InFigure4.5-2(b) we can see that we could detect up to a sub dB [dB
resolution verifying part of the KPI for nowhese capabilities directly support SEASON KPIs
related to network automation, scalability, and energy efficiency by reducing monitoring
overhead while enabling seffianaged operation

a)

Power [dBm]

100 150
Distance [km]

100 150
Distance [km]

0 a0 200 0 50

C)- - Actual LPM— Rx-based LPM---LPM w/o loss @) -~ Actual LPM— Rx-based LPM--~LPM w/o loss
5F i j 5 N !
\n
g Or g 0 - k !
=) J 12508 @75km =l \1\ 3.00dB @ 75km |
- ‘.\ .\ v — | _ v .\
3 N \J N N V \
D? =T X 4 D? o W
L
. - — — I~ — . — N o — J—
B de >85> > B DsE >8> 8>
_1 0 H L H -.] D 1 r H H
0 50 100 150 200 0 50 100 150 200

Distance [km]
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Figure4.5-2 (a) Actual LPM vs estimated LPM. Actual LPM vs estimated LPM with emulated power drop at 75 km with
a value of(b) 0.46 dB(c) 1.25 dB, andd) 3 dB.
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4.6 MULTIBAND AMPLIF(EE8.6) ENSURING AVAILABILITY BY PREDICTIVE
MAINTENANCE APPLIED TO OPTICAL AMPLIFIERS

4.6.1 Description

In today's digitalized society, communication is essential for various forms of communication,
including messaging and social media. Telecommunication networks, such as access networks
and datacenterinterconnections, use lorgaul optical transmission links with optical fiber
amplifiers for repeatedly restoring signal power. Performance of these amplifiers is subject to
ageing effects. Over time, pump lasers may degrade, requiring replacement. \tadbo&gues

have been developed to monitor pump lasefscusing on high pump power and injection
current values [Rap33 However, these methods have weaknesses, as they only detect
degradations at high pump powers. Predictive maintenance (PdM) is an essential component in
Industry 4.0, combining anomaly detection, prognosis, and diagnosis into one framework.
Applying PdMo optical fiber amplifiers can enhance current monitoring and reduce network
downtime risk. Ever higher data transmission rates are becoming necessary, particularly because
of constant technological development. One approach is to widen the bandwidtbhwehitails

the use of multiband amplifiers. PdM for optical multibaathplifiersis therefore of great
importance as the number of amplifiers in the optical network increases and consequently also
the failure rate.

This prototype of DSP Rydsed monitoring system is associated with the topic cluster TC3.

Early production PPrediction horizon N Later (final}
phase J 'L production phase

{Maximization
Reference Models for
Anomaly Detection

during modeling)

b

On-Line
process data from
{multi-)scnsors

Quality Criteria
(QC)

measurements

Modeling from past
data (Batch Proccss)

Feadback loop

Forecast models amﬂ‘ r Self-Adaption and Feedback loop
prognostics methodsj' L Evolution of models

Predicted
QC values

{momitoring)

Suggestions for
changes
{at an early stage)

Diagnosis and l Feedback loop
reaction compnnentJ‘

Figure4.6-1: Generalized PdM framework [Lug19].

The PdM framework, proposed by [Lug&@d shown irFigure4.6-1, consists of system models
used for anomaly detection, prediction, forecasting, or diagnosis. These models describe system
behavior under normal conditions and are adapted to the existing use case of multiband
amplification. Advanced signal processingigques are required to build robust models, which
detect anomalous behavior and trigger prognosis and diagnosis components.
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A PdM based prototype for improved supervision of optical fiber amplifiers has been developed,
which can access higjuality historical data and monitor load and usage of components in
combination with condition monitoring at the system level, and therefenable (1) Anomaly
Detection, (2) Prognosis and Forecasting and (3) Diagnosis and Fault Identification. This
prototype accesses the system parameters of the multiband amplifier at defined inspection
intervals and triggers the proposed PdM pipeline withsomponents (1), (2) and (3).

4.6.2 Interfaces

The interface and its description is reportedTiable4.6-1.

Table4.6-1: Interfacedor control and management of prototype for predictive maintenance in multiband amplifiers.

S.No | Interface Description

1 REST REST interface is used to acces the current state of the parameter
the amplifiers card.

All subcomponents of the PdM system are merged into one large
learning model, to minimize the model management efforts.

The current version of the PdM prototype was trained on EDFA da

4.6.3 KPI assessment

Investigations of the three subcomponents of the PdM system are presented below. Anomaly
detection uses a fuzzy clusteridbgsed method for identification of atypical behavior in time
series of EDFA systems, combining fuzzy clustering procedures witipyminalysis (EA) and
principal component analysis (PCA). EA is used for dynamic feature selection, reducing feature
space and increasing computational performance. PCA extracts features from the raw feature
space for generalization capability. Three difer fuzzy clustering methods are evaluated in
view of performance and generalization. The change detection framework (CDF) can detect
changes in pump current time series at an early stage for arbitrary points of operation,
compared to stateof-the-art predefined alarms in commercially used EDFAs. Experimental
measurements of drifting pump currents show significant generalization under arbitrary
operational conditions, detecting anomalies in time series with up to 4.9% drift from typical
operating conditionsThe algorithm can robustly detect anomalies in degenerative features and
noisy data streams resembling normal operating conditions, as shown Big2¢Sch24. The

CDF triggers downstream models for Prognosis and Forecasting as well as Diagnosis and Fault
identification.
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Figure4.6-2: Anomaly identification test on different datastreams [Sch24].

Remaining is an essential parameter in predictive maintenance techniques, ensuring reliability
and safety. However, modern systems operate under complex conditions, making forecasting
difficult. This PdM approach uses a novel RUL prediction method cpHesesowranked sekl
attention transformer (SLAT)SEh®B]. SLAT uses encoddecoder architecture, extracting
features for sensors and time steps using a-atntion mechanism. The model reduces
overfitting and increases generalization. Experimental application to optical fiber amplifiers
shows that SLAT outgerms stateof-the-art methods. The run to failure (RTF) plot, shown in
Figure4.6-3, demonstrates the RUL prediction capability of SLAT for different failure types and
degradation scenarios.

RTF for EDFAs

D1 - 117
— FD2-73
— FDi- 14
— FDd - 121

1201
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B0 4

RUL

S

a0

20 4

0 20 40 60 8() 100 120 140
[napection intervals

Figure4.6-3: RTF for different faults and units of EDFchB].

The diagnosis component of the PdM prototype focuses on identifying fault cases (FC) when
system degradation has occurred, allowing for corrective measures to be initiated. Diagnosing
FC is a classification task in the context of PdM, using system datstahe. Datadriven
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models have evolved from statistical models to ML algorithms, with the most efficient using the
attention mechanism. Recent transformbased models use convolutional layers for feature
extraction, embedding with parallelization of three differegranulaed feature maps. A novel
transformerbased architecture, inverse triplespect seHattention transformer (ITST), is
presented for diagnosing FC in optical fiber amplifi@shfb]. ITST uses a triple aspect self
attention mechanism in three domains, extracting time, sensor, and frequency dependencies
for improved generalization and performandeigure4.6-4 indicates that ITST has a reliable
classification capability for the FC with a worst misclassification rate of 15%, therefore the
method is valid for diagnosing FC in complex systems like optical fiber amplifiers.

CM for EDFAs
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Figure4.6-4: Confusion Matrix (CM) for FC in EDIS&&B)].

This evaluation of the PdM prototype on the use case of an EDFA irBAedshowed potential

for early detection of degradation processes, prediction of RUL, and diagnosis of FC in optical
fiber amplifiers, increasing the availability and reliabilityoptical communication networks.

This work laid the foundations for the generation of a PdM for multiband amplifiers. Further
investigations must be carried out with regard to adaptation of the deep learning models onto
amplifier working in the MB and, ilecessary, extension or fisfening of the individual models.

4.7 MONITORING SYSTEM AND TELEKEIRY

4.7.1 Description

Fiberoptical networks are crucial for digital transformation, but guaranteeing their permanent
availability requires continuous monitoring and fault localization [Eur23]. Most fibers are buried
in the ground and susceptible to damage from human activiffeaffic interruptions are often
caused by excavation and rodents [FujOl]. Power levels monitored continuously for amplifier
control can be used for detecting a faulty span, thus avoiding the installation of new hardware.
The exact position of the cut vhiin a span is determined using a mobile optical time domain
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reflectometer (OTDR) [Kum12]. This method saves equipment costs but delays restoration of
data transmission. nsive.

Therefore, afault localization technique that significantly reduces repair time at almost no
additionaHowever, equipping networks with permanent OTDRs keeps repair time small but is
expeequipment cost has been conceived and verified. Using the concept, the side of the fiber
span closer to the cut is determined for reducing travel time and repair flinanks to low cost

and in most cases anyhow available hardw#nes technology can be deployed across an optical
network on short notice.

@ (_Before fiber cut ) @
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Figure4.7-1: Reflected power a without traffic interruption and b with traffic interruption. ¢ Evolution of reflected
power over time during a fiber break.

The demonstrator set up in the laboratory uses data signals propagating in the fiber without
requiring additional auxiliary lightwaves. Power components propagating back to the
transmitter due to distributed reflections caused by Rayleigh backscattersndetected by a
power monitor along the fiber axis. The total power measured at the fiber input represents the
total power of all power components reflected from different locations over the total length of
the transmission fiber, as shown Figure4.7-1. When the fiber is cut, the measured power
drops to a smaller level, and the position of the cut can be determined from the measured
reflected power and the attenuation coefficient known from system installation.

This monitoring system is a prototype associated with the topic cluster TC3.

The main goal of the invention is to provide an estimate of the location of a fiber cut at low cost.
This becomes possible since the required hardware is present in almost all commercial amplifiers
offering gain or output power control. In some cases, alsmodification might be required,
namely implementing the output monitoring capability by a xditter in contrast to the
frequently used 1x3plitter. Since the conceived technique is to be implemented into an optical
amplifier card and only requires backward monitor comprising a splitter and a photodiode
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connected to a signal processing system, the demonstrator setup comprising only components
required for verifying the technique is quite simple, as illustrateBigure4.7-2.

Trans- L.
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Figure4.7-2: Demonstrator setup for demonstrating fault localization in fiber optical networks at low complexity by
using optical components that are already implemented in most commercial amplifiers.

fiber cut

4.7.2 Interfaces

The interfaces and its description of this component is reportetiainle4.7-1.

Table4.7-1: Interfacedor control and management of prototype for monitoring system and telemetry.

S.No | Interface Description

1 VISA The photodiode for power measurement is implemented in a
measurement deviceyhereasthis device is controlled remotely usin
a VISA interface.

4.7.3 KPI assessment

The demonstrator has been verified by launching data signals into fibers of the same type but
different lengths, with attenuation coefficients of 0.19 dB/km and 0.20 dB/km. The power
reflected back to the fiber input is measured and normalized to the paleégrmined for the

fiber with maximum length.
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Figure4.7-3: Experimental results showing reflected power versus fiber length.

The results ifFigure4.7-3 show an expected decrease in reflected power with decreasing fiber
length. For an initial length of 60.9 km, the output of a photodetector monitoring power
reflected back to the input of the fiber span is showrrigure4.7-4 versus time for a fiber cut.
After the fiber cut, the length of the fiber segment connected to the transmit equipment is only
10.3 km, resulting in a power ratio of 61.6%.
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Figured.7-4: Output of the photodetector used for monitoring the reflected power with a power cut happening at zero
on the time axis.

The demonstrator for fast fault localization in fiber optical networks is described, offering cost
effective and permanent monitoring, and ensuring high network availability by reducing repair
time.

The proposed technology represents a significant advancement in enhancing the reliability and
availability of optical networks. Achieving higher reliability requires comprehensive network
monitoring; therefore, the coseffective provision of appropriate amitoring devices is of
critical importance. In contrast to conventional solutions, the developed approach is available
at virtually no additional cost, enabling rapid and widespread deployment across the entire
network.
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4.8 RESEARCH ACTIVITIERMGGABLE AMPLIFIGREATELR3.8)

4.8.1 Description

EDFAs integrated into pluggable modules are-¢mst amplifiers used mainly for optical
connections at fixed distance between datacenters. Its lack of variable gain makes it more
suitable for applications with a fixed gain, where transmission conditioessiablished and
predictable. Despite this limitation, the EDFA amplifier is advantageous in network access as it
can be implemented to increase signal range without significant investment. With our
architecture Figure4.8-1), we were able to establish an optical ring that comprises four nodes,
using six channels via WDM. This ring allows the transmission of multiple signals through the
same optical fiber, thus optimizing the use of existing infrastructure and increasirayénell
capacity of the system.

Pluggable lowcost amplifiers are associated with the topic cluster TC4.
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\’k‘_
Figure4.8-1: WDM horseshow mesh.

The network topology designed for the Fronthaul network segment presents a sophisticated
infrastructure where vDUs and RRUs are seamlessly integrated with packet switches and OLS,
utilizing 400G QSHPD transceivers to facilitate higgpeed data transmissin. The schematic
diagram illustrates the network's core, where vDUs are connected to adjacent packet switches
via shortreach optical or copper interconnects, signifying their proximity within the network.
Each of these packet switches boasts 400G linkthé OLS, which serves as the network's
backbone, providing highandwidth data paths.

To optimize the network's performance in fibecarce regions, the OLS units are interconnected

to create a fully meshed topology, extending over long distances as indicated by-86k20
duplex fiber links that ensure bidirectional communication overuastantial reach. The
network's periphery features RRUs connected to packet switches, which are in turn linked to the
OLS, maintaining the consistency of the ksgleed 400G connections throughout the network's
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architecture. These connections form a physical ring, as shown by the red and blue lines in the
diagram, which also corresponds to a logical mesh network, offering redundancy and robustness
for network reliability.

A key component of the network's design is the use of @HPFRIO0G tunable transceivers,
capable of adjusting both transmission and reception parameters for-fange, high
throughput applications. This approach indicates a deliberate effort to ensubeldgigdwidth

and adaptability for advanced telecommunications systems, such as those required by 5G
networks. The entire network infrastructure is engineered for efficiency and scalability,
particularly in environments with limited fiber resources, therebgximizing network efficiency
through a full mesh connectivity approach in sparsely populated areas.
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Figure4.8-2: Filterless OADM node.
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Figure4.8-3: Filterless Terminal node.

The images depicted abovEigure4.8-2 and Figure4.8-3) are a zoomedn view of an OLS,
providing a detailed look at the internal configuration of the system, which includes splitters and
couplers essential to support a ring topology. This clgseshows the strategic design choices
made to facilitate efficiat signal propagation through the network. The OLS depicted in the
diagram is an integral part of the network infrastructure, with direct and-selective splitting
mechanisms indicating its reliance on simple but robust signal distribution methods. The
presence of pluggable EDFAs within the system illustrates the inherent flexibility of the design,
allowing for the dynamic addition or removal of channels as network demands evolve.
Wavelength management is handled through precise tuning of the lasersnwiitiei 400G
transceivers, ensuring the network can scale and adapt to a variety of requirements.

¢KS 3a8aiGSY FNOKAGSOOdINES KAIKEAIKGSR 08 dAmMYHE
system's capacity for higpeed data throughput, while interfaces labelled 400G highlight the
high-capacity nature of the connections. The diagram effectively canmicates the complex
interaction of components within an advanced optical network, optimized not only for rapid
data transfer but also to maintain signal strength and provide flexible wavelength allocation.
Overall, the scheme captures the essence of aistigated optical network design that is both
adaptable and scalable, capable of meeting the complex needs of moderssgegd data
communication.

The comparative analysis table showcases the distinct capabilities of Dual and Single Amplifiers
within a network system. Dual Amplifiers are designed to manage up to 8 channels, while Single
Amplifiers can handle a significantly wider range, from 16 toch8nnels. Both types of
amplifiers are equipped with features like AGC and APC, which provide the necessary
adjustments for consistent performance, irrespective of the variations in input levels. A key
differentiation is that Single Amplifiers have an addadvantage of flatness control, ensuring
uniform gain distribution across all channels, a feature not available in Dual Amplifiers.
Furthermore, in terms of output power, Single Amplifiers have the flexibility to offer a slightly
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higher range, adjustable from 15 to 17 dBm, whereas Dual Amplifiers maintain a constant output
of 15 dBm. This comparison clearly outlines the functional distinctions between the two
amplifier types, highlighting that Single Amplifiers offer a higher degfeontrol and a broader
operational range, making them suitable for more demanding applications that require fine
tuned signal management and greater flexibilFurther details are reported ihable4.8-1.

Table4.8-1: Comparisometween Dual and Single Amplifier.

Dual Amplifier Single Amplifier
Channels 8 1648
AGC Yes Yes
APC Yes Yes
Flatness Controll No Yes
Output Power 15 dBm 1517 dBm

4.8.2 Interfaces

The interface and its description is reportedTiable4.8-2.

Table4.8-2: Interfacefor pluggable EDFA Amplifier.

S.No | Interface
1 Command line

Description

The architecture of WDM horseshoes is developed in WP3. Is desi
the OLS (optical line system).

The OLS features splitters, couplers, and pluggable EDFAs for effif
signal distribution, supporting a ring topology. It uses precise laser
tuning in 400G transceivers for scalable and adaptable wavelength
management

4.8.3 KPI assessment

EDFA amplifiers are fixed gain, while being-effsctive and easy to implemerthey introduce
constraints on network scalability. This is because the preset gain requires that the signals have
a welkdefined input power to avoid oveamplification or insufficient amplification. As a result,

it is often necessary to adjust the lengtt the optical path for example, adding additional

fiber cables to fit this fixed gain, a process that can increase the cost and complexity of the
infrastructure. A signifiaat improvement could come from the adoption of variable gain
amplifiers. These devices allow for gain adaptability in response to dynamic changes in network
conditions, such as changing the input power or adding new transmission channels. With the
use of ariable gain amplifiers, the network gains flexibility, as it is no longer necessary to adjust
the length of the optical path for each specific signal. In addition, the use of apbigér
transceiver that can operate at an output level of at least 0 dBmcchelp to increase the
efficiency of the system. A higifower transmitter can compensate for line losses and interact
more effectively with the amplifier.
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However, the amplifiers used within the SEASON project offer gain variability but lack a flatness
control system, which is essential to ensure homogeneous amplification across all channels.
Without this capability, some channels may be amplified more tlodmers, leading to
suboptimal signal balance apdtentialtransmission quality problems. To meet this challenge

and in line with KPI 8.1, which targets improved performance and reliability in-omaltinel

optical transport systentsit would be advisableatintegrate a flatness control mechanism that
automatically adjusts the gain for each channel. This ensures a consistent and reliable signal
over the entire bandwidth.

4.9 RESEARCACTIVITIES GBVWARNICWITH COHERENT PLUGGABLE
(C3.9

4.9.1 Description

In the SEASON project, we propose the use of SmartNIC, also called Data Processing Unit (DPU),
equipped with P2P and P2MP coherent transceivers as an innovativeftexiveedge solution
providing converged packet, optical and computing resources in a single platform. DPUs with
coherent transceivers enable reduction of telecommunication equipment (e.g., aggregation
routers / gateways) with benefits in terms of latency, power consumptiond reduction of

O/E/O conversions. Furthermore, they enable new advanced optical and packet monitoring
capabilities (as preliminarily investigated in D3.1 and D4.1 respectively).

Pluggable modules used in SmartNlIEJ are associated to the topic cluster TC4.

A relevant use case of an edge node equipped with DPU encompassing coherent transceivers
refers to the implementation of Distributed 5G Units (DU), as reportdéignre4.9-1. On the

left, we present the current scenario where the DU needs to biocated with the RUs since

the cell site is too far from the central office (e.g., rural areas, coverage of railways/highways).
In this scenario, the cell site gateway manages oely few connections: the one from the
central office to the server hosting the DU and the two/three connections towards the RUs. In
SEASON, as shown in the figure on the right, we present the proposed scenario where the cell
site GW is removed thanks tbe use of network interface cards (NIC), equipped with P2MP
coherent pluggable transceiver.

The NIC is hosted in the server running the DU. Indeed, NICs/DPUs with up to four interfaces can
be also exploited to directly reach the-tmcated RUs. This way, the Cell Site Gateway can be
avoided, with significant benefits in terms of management arichipdity, power consumption

and latency (one less standalone element to power on, manage, monitor, and traverse).
Introductionof the DPU.
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Figure 4.9-1: (left) stateof-the-art solution leveraging a standalone Cell Site Gateway router; (right) proposed
approach within SEASON, eliminatqignder specific conditiorsthe Cell Site GW.

To support this innovative scenario, SEASON is proposing as innovative component a NIC/DPU
supporting coherent pluggable module$irée main aspects need to be addressed.

The first aspect refers to the limited power provided to transceivers by current generation
NICs/DPUs which does not allow power on current generation of coherent pluggable
transceivers. Such limitations require technological evolution which is beyonutdfect scope.

The second aspect, assuming the first one is successfully addressed, refers to the proper control
of the transceiver. In SEASON this latter aspect is specifically addressed. A lightweight SDN Agent
has been implemented to support the configuration of thatioal transceiver equipped within

the DPU, enabling the configuration of output power, frequency, and operational mode.
Furthermore, in the case of P2MP transceivers, additional parameters need to be considered,
such as specific hdeaf configurations othe OpenXR modulelThis aspect is addressed in
SEASON WP4.

The third aspectaddressed by WR3ee Sedbn 7.2), refers to thedesign and implementation
of the data plare technology within theNIC/DPUusing the DOCA flowolutions leveraging
hardware acceleration

4.9.2 Interfaces

Table4.9-1: Interface for pluggable optical transceivers controlled by a DPU card.

S.No | Interface Description

1 OpenConfig A lightweight SDN Agent has been implemented in WP4 to suppor
configuration of the optical transceiver equipped within (*) the DPU
Specific parameters to be configured are the standard ones for a
coherent P2P transceiver: output power, frequency, and operationd
mode.

In the case of P2MP transceivers, additional parameters include
specific hubleaf configurations of the XR module.
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(*) As of today, coherent transceivers cannot be directly inserted into DPUs due to electrical and
heating constraints. For this reason, in SEASON, we insert them in jogtioat switches, but

their control is performed as if they are plugged in the DR, by software modules running
within the DPU.

4.9.3 KPI assessment

The C3.9 prototype was experimentally evaluated in a representative 5G/6G testbed based on
two commercial servers equipped with NVIDIA BlueReldPUsperating at100 G/s. The
evaluation focused on the node experienchath passthrough trafficbetween the TWO DPU
ports as well as termination towards the host servéiccelerated VNF offloading was
implemented using DOCA libraries (v2.9), enabling packet classification and forwarding to be
fully offloaded in hardware. Traffic received from the centrdiocaf was processed through
hardwareaccelerated switching and DOCA Flow pipelines, steering packets either toward local
termination or pasghrough interfaces without involving the DPU ARM cores. This architecture
allows highthroughput processing while pserving compute resources for additional VNFs.
Performance was assessed using both stateless (VIAVI) and stateful (iPerf3) traffic generators to
emulate downstream traffic. The results demonstrate that the 100 G DPU sustains fuditéne
throughput (upto 90 Gb/s total) for packet sizes of 512 B and above, while only a limited
throughput reduction is observed for small packets (128 B) due to paaketprocessing
overhead. These results confirm that C3.9 meets the targeted KPIs related toapgbity

traffic handling, efficient VNF acceleration, and scalability toward future 6G edge deployments.
Further details are reported in Sémh 7.2
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5 SEASONPTICANETWORKRRCHITECTURMODELING AND
E2HDESIGN

5.1 ROBUSTOPTIMIZATION §F9 | {SRUTERLESPTICANETWORKS
WITHPHYSICALAYERJNCERTAINTIERELATED 1€3.10,C3.11)

Designing efficient and reliable optical networks is crucial, but they are vulnerable to various
factors like unpredictable traffic, performance fluctuations, measurement errors, aging, and
potential failures. These uncertainties can compromise networlgtssf not addressed during

the design phase. Traditional Deterministic Optimization (DO) methods, which often use large
margins or heuristics, can ensure quality but may waste resources anwbtdguarantee
feasibility under the worst conditions. Whiladreased flexibility and monitoring can reduce
these margins, they also add complexity and operational costs. The core challenge in optical
network design lies in dealing with uncertain input data and the high dimensionality of
problems, which demands coragationally efficient solutions.

To overcome these challenges, techniques like Stochastic Optimization (SO) and Robust
Optimization (RO) are employed when uncertainty information is availableof@itnizes for
expected outcomes using probability distributions but doesn't guarantee performance in-worst
case scenarios. RO, on the other hand, focuses on optimizing for-gasstperformance,
ensuring reliable design across a range of uncertaintiesveider, basic RO can be overly
conservative, assuming all parameters hit their warase vales simultaneouslyBer03] To
address this, more advanced approaches dk®bustnessin SEASONMs a novel contribution,

we propose to use thédjustable Robust Optimization (ARO). ARO, which allows for decisions
to be made after some uncertainties are revealed, has shown promise in operations research
[Talo4] but has seeniinited application in optical network design. We propose an ARO
methodology using a Mixebhteger Linear Programming (MILP) model to consider a wider range
of uncertainties and compares its performance agaénsbbustness and baseline DO methods.

In the studies we carried out in SEAS@IRO akieves a reliable, fully protected network with
16.6% less optimality loss compared to tBe), significantly outperforming conservative
standard Robust Optimization (RO)

We exemplify DO, RO, and ARO methods using a simple linear program (LP) where only the
coefficients of the variablé are uncertainas shown irFigure5.1-1.

Deterministic Optimization (DQ)This method uses only the nominal (average) values of the
uncertain parameters. In our example, DO yields an objective value of 0.5. While it provides the
best possible outcome if the parameters are exactly as expected, it doesn't account for any
deviations.

Robust Optimization (RO)To ensure feasibility across all defined uncertainties, RO considers
the worstcase scenario. This approach leads to a tighter feasible region, which, while
guaranteeing a solution regardless of the uncertainty within the specified range, results%m a 37
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loss in optimality compared to the DO solution. Essentially, RO prioritizes robustness over a
potentially higher objective Vae.

Adaptive Robust Optimization (ARORARO offers a more sophisticated approach by allowing
some decision variables to "adapt" once the uncertainty is revealed. In this case, variable v can
adjust after the actual value of the uncertain parametdrelated to u's deviation) is known,

even though u is still a "her@and-now" decision. This adaptability significantly improves the
outcome, leading to a fully protected solution that incurs only a 16.6% loss in optimality
compared to the DO case. This is bstantial improvement over RO's 37% loss, showcasing the
benefit of adaptive decisiemaking. For practical purposes, v is modeled as an affine function
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Figure5.1-1: RO, and ARO variations of a simpleaPiable and &onstraint DO problem

We investigated optimization of a filterless horseshoe network in phesenceof links
attenuation uncertainty [loh25]. We showed that the reliability of design can be improagd
the cost of optimalityoss,assuming the network configuration cannot be changed later when
the uncertainty has been revealeHowever, it is not always the casend somedecisions can

be readjusted.

We proposea P2MP filterless horseshoe optical network designed for resilience, connecting leaf
nodes to hubss shown irFigure5.1-2. It can bebuilt to handle unpredictable span losses and
launch power variations. The network uses singlade fiber pairs for each link, and designers
can strategically place optical amplifiersither as "express amplifiers” before the leaf nodes or
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as pre and postamplifiers within the hubs. A key part of the design involves selecting specific

couplerratio at each leaf node, whichasdefined add/drop and express losses.
The design process involves making two types of decisions:

1 "Here-and-now" choices:These are fixed upfront and include selecting ttwipler
typesfor each leaf node and direction, as well as determirngplifier locations

1 "Wait-and-see" choicesThese are adaptive, primarily focusing on setting glaén of
the deployedamplifiers or adding more amplifieiss needed.

All these decisions are subject to critical constraints to ensure the network functions properly:

1 Transceiver sensitivitySignals must be strong enough for the transceivers to receive

them.

9 Linear operation:The launch power within each span must be limited to prevent signal

distortion.

1 SCpower imbalance:Differences inSCspower in the upstream direction, caused by

varying path losses, need to be minimized.
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Figure5.1-2: Twoleaf horseshoe, and a sample constraint in DO that is reformulated for RO and ARO
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This study investigates P2MP networks using 400G modules-fdizaization 16QAM, 16
subcarriers at 4 GBaud). The system operates under specific constraints: a minimum receiver
power of-24 dBm/SC, a launch power-&2 + 0.2 dBm/SC at leaf nodes and b nonlinearity
threshold of-8 dBm/SC, and a maximum SC power imbalance of 14 dB at the hub receiver.

The research evaluated twentyl@f networks, each with a typical loss of 0.24 dB/km and an
average length of 12 km. To test for feasibility, link attenuation uncertainty was modeled using
a uniform distribution. The study considered a range of couatgos, from balanced (50/50) to
various unbalanced ratios (10/90 to 50/50 in 10% increments), and amplifiers with gains ranging
from 10 to 30 dB.

Figure5.1-3 illustrates how increasing uncertainty affects the number of amplifiers and power
imbalance in Robust Optimization (R@) ( p) and Approximate Robust Optimization (ARO)
designs, comparing balanced and unbalanced @rsgfFigure5.1-3(a) shows that RO generally
requires a sharper increase in amplifiers as uncertainty grows, especially with unbalanced
couplers. ARO with unbalanced couplers, however, uses significantly fewer amplifiers and
handles higher uncertainty, demonstrating bettgeerformance and resiliencéigure5.1-3(b)

reveals that RO consistently results in higher SC power imbalance than ARO. Interestingly, ARO
with unbalanced couplers reduces the SC power imbalance as link uncertainty increases. This is
likely due to the added flexibility provided by more ampliier

-
N

(b)

(a) RO - Balanced couplers
—8— ARO - Balanced couplers
9} —8— RO - Unbalanced couplers
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Figure5.1-3 (a) Number of amplifiers and (b) SCs power imbalance versus uncertainty for RO and ARO methods.
In conclusion, ARO can help to have a tratfdetween complexity and optimality when dealing
with uncertainties in network design.

These resultontribute to KPIR.1 and 2.2by showingthat simplified network architectures
based on filterless horseshoes with P2MP end nadespovide sufficient bandwidtto Metro-
Access nodes at reduced cost dndh-power efficiency.

5.2 SEASOMULTLAYERAGGREGATIOOPTICAL ANBLECTRONIC
DOMAINSRELATED 1€3.10C3.11)

Within the SEASON projedaptical aggregation enabled by DSCM has been investigated as a
cost and energyefficient solutionCas25] e.g, for accessnetro edge nodesin this section, we
will presentnode architectures enabling optical or electronic traffic aggregatiod we will
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show analysis on transmission performanEeradditionalstudies on energy and cost efficiency,
the reader may refer t&ection8 and D2.3.

Such an investigation is driven by the fact that a large contribution to the emeggyrements
is caused by router interfaces and by operatipasformed in the electronic domain (e.qg., traffic
aggregation).For instance, different network segmengssuch as access amdgional¢ are
interconnected by routers or electronic switché. an edge node, lowenate traffic flows are
aggregatedelectronically and then routed in the metmegional or nationalsegment.
Performing traffic aggregation in the opticalomain may strongly reduce the energy
requirements at the edgeodes.

In thiswork, we analyze digital sutarrier multiplexing DSCM) to albptically aggregate traffic
at the edge nodeof a metroregional/national segment to avoid energyngry electronic
(router) interfaces. This requires that optical flolansparently i) traverse access segments, ii)
are aggregatedthrough a passive optical coupler, iignd then, traverse the metro
regional/national segment. The Quality of Transmission (@b%uch flows is here estimated,
resultingg as expected; in a negligible imact (about 2%in transmission performangelue to
the propagation in the access segment and duehi® optical traffic aggregatianThisminor
drawback is negligible when compared twetbenefit of significantly redirg the amount of
devices which consequently conderably redee the power consumption thanks to albptical
traffic aggregatiorand P2MP

5.2.1 Optical aggregation enabled by P2MP and DSCM

DSCM offers an additional layer of multiplexitiéel21} i.e., the digital sutzarriers (DSCs). One
of the key advantages @SCM is the possibility of optically aggregating traffic. fiaig pave
the way to relevant changes in traffic aggregationllastrated inFigure5.2-1. Here, several
transceivers are associatedth different access segment traffic collection points, esgryving
traffic from optical line terminals (OLTSs) collectiraffic from several passive optical networks
(PONSs) for fixedccess, a baseband unit (BBU) or a cell site router for mrdiie site. The
gathered traffic is allocated to a DSC osubset of available DSCs. The signals flow over the
accessegment and then enter the passive coupler where the 2E€aggregated athptically.
An Erbiumdoped fiber amplifie(EDFA) might be needdo compensate for the loss due tioe
propagation from the access to the edge and for the logshes to the coupler. Finally, the
aggregated signal flows withthe metro-regional or national networksuch an architecture can
be referred to a2MP and it contrasts with the poktb-point (P2P)architecture reported in
Figure5.2-1.

With P2P¢ and electronic aggregatiopeach trafficflow from access is received by a dedicated
transceiver at theedge; then, a router aggregates the traffic, and another (highes)
transceiver (maybe even installed into a transponder) generates the signal that is routed over
the metro-regional/nationalsegment. The comparison of the two architecture$igure5.2-1
shows thatwith optical aggregationi) transceiver interfaces can be saved at #uge since
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signals are bypassed and not terminated; ii) routerterfaces are saved at the edge since traffic
is aggregated athptically.

In the case of optical aggregation, QoT estimasibauld account for i) signal propagation within
the accessegments, ii) the losses due to the passive coupler, and iipritgagation within the
metro-regional/national segment. DSGHginating in different access nodes are aggregated in
a singleDSCM signal and terminated at a single destination meggional/national node,
where a router will distribute the subraffic flows to other segments.

In the nextsub-section, QoT estimation results gpoeesented for a specific network scenario.

Fixed/mobile Metro-regional/ Fixed/mobile Metro-regional/
access  Optical aggregation national access Electronic aggregation national
SO
e —
Q. DscM
N\
. EDFA
P —— Passive
(a) coupler

Figureb.2-1: (a) Optical and (b) Electronic aggregation approaches.

5.2.2 Results for QoT estimation

The network scenario dfigure 5.2 depictsametreNBEAA 2y I t k Yy F GA 2y G211t 23
a LJ y & Q (sourte8 JfamiSEASODR.1[D21-24]. DSCM is assumadith 16 DSCs for a

maximum overall capacity of 40Q¢&r transceiver. Each metm@gional/national node serves

four fixed or mobile access segment collection points with lwfks0 km, allowing a maximum

capacity of 100G per 1Ikm link. DSCs are generated in the access segments, aggregated all

optically in a metreregional/national node, andthen terminated to another metre
regional/national node, am the illustrative example (in orange) kiigure5.2-2.

The QoTestimation is based on opticalgnalto-noise ratio (OSNR) computation in a linear
regime. OSNR is computed per pdthg., assuming the worst wavelength channel). A fiber
attenuation of 0.2 dB/km is considered; DSCs aggregation (i.theatoupler) is assumed to
introduce a loss of 6 dB; metmegional/national node architecture is switch&select and each
node introduces 10 dB loss (5 dB per wavelength selestiteh). In the edge node, an EDFA
compensates for fibeattenuation within the accesand for the coupler loss. Launpbwer is
set to-1.0 dBm. Then, an EDFA is placed aftesh link or fiber span compensating for fiber
attenuationand node loss. OSNR requirements are retrieved fromXtReOptics specifications
[XR-24] and are 24 dB for 400G ABQAM, 20 dB for 300G EBAM, and 15 dB for 2000P
QPSK. A variableumber of operational margins@hr19, ranging from 0 dB to 5 dB, are
considered to account fasther effects such as aging and QoT model inaccuracieOTNR is
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computed for all routes starting from an accessgment and terminating at a metro
regional/national node asn the example ofFigure5.2-2. As a benchmark, the QoT in the
scenario of electronic aggregation of traffic is estimatedhis case, the OSNR is computed for
all routes starting ina metroregional/national node and terminating in differemhetro-
regional/national nodes.

Fixed/mobile
access

. Metro-regional/
aggregation national

Figureb.2-2Figureb.2-2 Considered network scenario

1o P2P m—— 100 P2P s 100 P2P
400G DP-16QAM "° 300G DP-8QAM

P2MP P2MP

200G DP-QPSK

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Margins [dB] Margins [dB] Margins [dB]

Figure5.2-3: Percentage of routes where the most speeéfiicient modulation format is BE6QAM, DFBQAM, or
DRQPSK.

Figure5.2-3 reports the percentage of routes supporting channels using the most spectral
efficient modulation format (DR6QAM, DRBQAM, or DRQPSK), as a function of the
operational marginsThe analysis dfigure5.2-3 shows that using P2MP (opticadigregation)

or P2P (electronic aggregation) lead to simiksults. Thus, having an optical-pgss (which
includes thepropagation from the access, the coupler loss for trafiggregation, and the
related amplification noise) has onlynainimal impact on the Qofat least in the considered
scenario) so that the same most spectedficient modulation format can be selected with P2MP
or P2P. Focusing on 400G-D&QAM, around 80% of routesipport it when considering no
operational margin (in botiP2MP and P2P approaches). However, the percentageubés
suppoting 400G DA6QAM decreases as the marginsrease since, in this case, some routes
cannot reach theOSNR requirement of 24 dB. Consequently, 300&8@®M should be
transmitted instead. This effect is particularly cledren increasing margins up to 3 dB. If even
higher operationalmargins are considered, some routes that were previously feasible with
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8QAM modulation format become infeasible (thube percentage of 8QAM routes may
decrease for specifioperational margins) and the use of QPSK modulation fonapidly
becomes necessary. Since P2MP leads to slightly w@odethan P2P only, the difference
between the two is visibléor a few cases of operational margins (1.5 dB, 4 dB, and 6ri{g)
Moreover, the resulting difference in the percentagerofites supporting 400G BFSQAM is
very small (2%Jinally, 200G DRPSK is considered for all reamiag routes, when high margins
are required.

5.3 QROSSTAIANALYSIS MBOSDMOPTICANETWORK®ITH
PROGRAMMABIRANSCEIVERELATED 1C8.1ANDC34)

In this section a crosstalT)analysishas been performed in a MBoSDM optical network
scenario XTis a majodimitation in SDM transmissioover multicore fiber (MCERps it results
from unwanted coupling betweeradjacent cores leading totransmission performance
degradation Hence,an experimental validation andnalysisof the impact ofXT usinghree
building blocks of the SEASON MB(0SDRYE prototype enablinull S+C+loperation has
been assessed overl®-cores MCF spanning@5.4 km[Nad25] In SEASON, we alsonfirmed
that the L-band exhibits the higheskKT, which might become thdimiting factor for high
performance wavelength assignmein future MCFbased systemsMore detaib and the
architectureof the MB(0)SDM BVT(SEASOKomponent C3l) can be found irsection 7.4 of
deliverable[D3.224].

The experimental setufor the XT assessmeonbnsiderghe three transmittersoperating at 40
Gb/s 4 QAM uniform modulation is considered for all the orthogonal frequency division
multiplexing (OFDM) subcarriers composing a 20 GHz electrical sfgrdigitatto-analog
converter (DAC) with a sampling rate of 64 GSa/s performs the digiitadalog conversion. The
generatedOFDM signals are externally modulateith Mach-Zehnder modulators (MZMs),
biased at the quadrature point, and driven by tunable las®mirces (TLgpnfiguredat different
wavelength covering th&, G, and kbands. After modulation, the signalare amplified with
erbiumdoped fiber amplifiers (EDFAs) with fixed output power of 0 dBmthe C and L
bandg, while a thuliumdoped fiber amplifier (TDFA) is used for thb&hd The TDFAutput
poweris maintained at 0 dBmwith automatic current control by adjusting the pump currents.
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Figure5.3-1: MBoSDM setup for XT validatimetluding transceivgicomponent C3.4nd switchingcomponent C3.1)

SEASON solutions.

Eachtransmitter is connected to core 1 of a 25.4 WCF ofl9-cores, as seen inthe setup
schematic ofigure5.3-1. Power levels at both the output core and adjacent cores (cores 2 to
7) are measured to evaluate the resulting XT, as showkigare5.3-2. We have considered
different wavelengths within the-SG, and Lbands in steps of 5 nmiccording taFigure5.3-2
the L-band exhibits the highest XRlueg NJ y3Ay 3 FNRBY b Hn dand KT
0SU6SSY b H githamd sSRowdowey R impaatHvitho
R. ®

gl t dzS a
gl t dzS a

Figure5.3-3 (a) presents simulation results based on ¥quations from referencesFgil4
Fa4], using the MCF specificationfthe experimental setupNad23. In the simulations, up
to six adjacent cores are populated, which leads to an increase in XT of up to 7.8 dB compared
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Figure5.3-2: XT experimental results from core no. 1 to adjacent cofgés 2

to the singlecore case.
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Figure 5.3-3 (a) XT simulation results considering up to 6 populated adjacent cores, and (b) simulation and
experimental results comparison.

Finally,Figure5.3-3 (b) compares simulated and experimental XT values for a configuration
where only core 1 carries an OFDM signal. Both trends exhibit consistent behavior across
wavelengths, validating the proposed analytical XT mdiak will be used in the project for
further XT analysis including network studigse Section 5.3). This information can assist an
SDN control plane in making appropriate decisions, such as wavelength band selection, to
ensure an efficient operation and management of the network resoyraeduding spatial
channels (cores) allocatioaccordingo the required capacity/performance requirements.

These results are closely related to the KPIs 3.1 and 3.2 by helpamglyze the impact of XT
when transmitting over MCF

5.4 IMPACT OINTERCORH.OSS ANGAINEQUALIZATION ON
TRANSMISSICRERFORMANCESEASOMULTCCORESYSTEMS
(RELATED 1€8.1,C3.4)

To cope with the request for improved energy efficiency and reduced cost, futureHany
systems based on multiore fibers (MCFs) will rely on MCF amplifiers as key elements. These
objectives are mainly achieved by using maoitide pumps in a cladding puimg scheme.
Major challenges resulting from this pumping scheme are gain imbalances between the cores
and transient control, since this pumping scheme does not support individual gain control in the
different cores. Therefore, hybrid pumping schemes ptamenting the highpower multi

mode pump with singlenode pumps have been proposed. Launching the pump power emitted
by each of these pumps into one core of the erbidoped fiber (EDF) allows for independent
fine tuning of the gain in each core. In view of amplifier noigeré, launching the singlmode

pump power countetdirectionally to the transmit signals into the cores of a MCF connected to
the input of such an amplifier is a compelling alternative solution. In this configuration, gain
balancing ischieved by means of distributed Raman amplification in the transmission fiber.
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Stimulated Raman scattering (SRS) is a major nonlinear fiber effect limiting capacity of multi
band systems. Due to this nonlinear fiber effect, power is transferred from shorter wavelengths
to longer wavelengths. In consequence, shorter wavelength charraele smaller power at the

fiber end than the longer wavelength channels if all channels are launched at the same power
into the fiber. The increasing power differences among the channels also affectcorger
crosstalk from one core to another core. Digethis reason, numerical investigations revealed
larger crosstalk power levels at longer wavelengths as compared with shorter wavelengths.
However, this does not necessarily lead to performance degradation since longer wavelength
channels propagating inoth cores experience similar Raman gain. Thus, the power of signals
affected by crosstalk from another core is also increased. In consequence, degradation of the
signatto-interference ratio (SIR) is avoidexhd the potentially detrimental effect of ineased
crosstalk power isancelledout.

In contrast to the previous scenario, equalizing gain and loss among the different cores by
making use of distributed SRS in the transmission fiber induces Raman gain only in the cores
with higher attenuation. The impact of Raman assisted gain balancingramsmission
performance caused by ICXT in a MC scenario is investigated in the following. For the analysis, a
trench-assisted fcore fiber is consideredn SEASON, we investigated detrimental effect of
Ramanassisted loss and gain equalization Xhin MCF and «perimentally quantified that
Raman amplification for loss compensation increases thadiced OSNR penalty ByB0%

(e.g., from 1.7 dB to 2.5 dB), guiding design limits for rspkin multicore systems.

More details and references are provided in an article published in IEEE Photonics Technology
Letters[Rap25].

5.4.1 Scenario and theoretical model

Increase of ICXT by Raman assisted loss equalization is explained on thefFigaied#-1. In

the considered scenario, crosstalk power resulting from channels propagating in core 1
accumulates in core 2 along the fiber axis. In particular, crosstalk contributions from two
positions along the fiber axis, one close to the beginning of the fither pfopagation distance

L1 (left column) and one close to the fiber end at lengttright column), are illustrated. For the
following numerical calculations and explanations, the cowleder theory (CPT) is used that
has been shown to provide sufficiently accurate results in view of crosstalk power
characterization. In the considerestenarios, signal power in the center core is not altered by
the following parameter variations. In consequence, the SIR relevant in view of transmission
performance redues in the same proportion as the ICXT power increase.

For describing contributions to the total crosstalk power in core 2 at the fiber end, a
mathematical model has been derived that revealed to following aspects. With identical
attenuation coefficients in both cores, each position along the fiber axis boés equally to

the total crosstalk power at the fiber end. In other words, attenuation that is not experienced
by a lightwave before the coupling point is present after the coupling into the other core such
that the total attenuation is independent of & coupling point. However, contributions
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occurring closer to the fiber input are larger if the attenuation coefficient is larger in core 1 as
compared with core 2.

Power transfer at Power transfer at
beginning of fiber fiber end
s Crosstalk
c9 o — 2 (]}
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tribution from fiber end

Figure5.4-1: Schematic drawing illustrating crosstalk increase due to counterdirectional Raman amplification

The situation changes if lightwaves propagating in core 1 experience Raman amplification close
to the fiber end due to counterdirectional pumping as illustrated in the lower paffiglire

5.4-1, whereas there is no distributed amplification in core 2. Power components coupled into
core 2 close to the fiber input at distancedo not experience Raman gain. In contrast, power
components coupling over close to the fiber end at positipare enhanced such that the total
crosstalk power increases with loss balancing across the cores.

In the following, crosstalk in the center core is analyzed theoretically based on a constant
coupling coefficient along the fiber axis characterizing coupling from the outer cores to the
center core. Total signal power in the outer cores is assumed toydexponentially with
optional amplification by countedirectional Raman amplification, as illustratedrigure5.4-2

for a fiber with 50 km length, an attenuation coefficient of 0.2 dB/km in the center core, and 0.3
dB/km in the outer cores. The coupling coefficient is fitted to the experimental results presented
in the next section. Adjusting the Raman gain to 5 dBompensate for the loss differences
between outer cores and center core, ICXT power accumulated in the center core is represented
in Figure5.4-2 by the blue curve. For comparison purposes, ICXT power without Raman
amplification is indicated by the red curve. In contrast to the other curves, the green dashed
curve takes signal depletion by ICXT into account, but apparently this effect can be edglect
Power levels for ICXT are normalized to the total input power into the outer cores.
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Figure5.4-2 (a) Power distribution of signals in the center core and the outer cores (b) Accumulation of ICXT power in
the center core.

The increase of ICXT power with increasing Raman gain in the outer cores is illustFagendan

5.4-3, revealing an ICXT reduction with increasing loss in the outer cores, wherein the legend
indicates the total loss difference between outer cores and center core for each curve. As
apparent from the dastdotted line, total crosstalk power in the center eodecreases with
increasing attenuation difference, even when exactly compensdtinghe loss difference by
Raman gain in the outer cores. The dashed curtguare5.4-3 indicates ICXT power versus this
loss difference without Raman gain. For generating the red solid curve, it has been assumed that
the Raman gain in the outer cores is exactly adjusted to compensate for their higher loss. This
scenario is identical with thscenario represented by the dadbtted curve inFigure5.4-3. In
addition to the loss difference, there might be the need to compensate for gain differences
between the outer cores and the center core in the optical amplifiers. Therefore, the Raman
gain is further increased in steps of 1 dB with the results repiteskein different colors that

show a further increase of ICXT with increasing Raman gain.
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Figure5.4-3: (a) ICXT power versus Raman gain for various attenuation differences (b) ICXT power versus attenuation
difference fully compensated with Raman gain for different levels of the excess Raman gain (fiber length 50km).

5.4.2 Setup of the testbed

The experimental setughown inFigure5.4-4 is designed for evaluating the BER impact of
counterdirectional Raman amplification in individual cores of a treastisted MCF with seven
cores and a length of 50 km. Crosstalk power measured at the output of the center core has
been by 46.2 dB smalldran the equal power launched into each of the outer cores. The Raman
gain is adjusted to either just compensate for insertion loss differences between the cores or for
additionally balancing gain differences in the different cores of a subsequent EOFBWwip
sharing used in a data communication link. The following investigations focus on ICXT
accumulated in the center core, which experiences the largest ICXT.

e
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Figure5.4-4: (a) Multi-core fiber loss and gain equalization testbed configuration, {fmré fiber schematic

With the noise loading apparatus coupled to the output of the center core, the effect of ICXT on
BER is demonstrated. Therefore, variable ASE power is added to the detected signal by means
of an ASE source and a VOA. Before directing the output sigria t@t¢eiver and an OSA for
measuring the actual OSNR, the power of the signal in the center core is increased by a
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preamplifier. The following attenuator adjusts the receive power such that it is in the optimum
range of the coherent receiver. After signal reconstruction with a commercial DSP, th&@re
BER is determined.

Different scenarios are characterized by determining BER versus OSNR. First, only the center
core is connected to the faim device, such that no ICXT from other cores occurs. Next, the outer
cores are connected to the fain device for revealing the impeof ICXT from all outer cores on

the performance of the center core without inducing Raman gain. In a further step, the Raman
pumps are switched on, and the gains are configured to compensate for loss differences of the
cores, requiring an average Ramaringof 5.7 dB, with the individual Raman gains ranging from

4.4 dB to 7.0 dB in the different outer cores. In the last scenario, the Raman pumps are set to
their maximum output power. In addition to the loss differences of the MCF, this scenario
accounts ér the gain differences of a subsequendiime MC amplifier installed in a typical muilti

core transmission link.

5.4.3 Experimental results and discussion

Measured BER values are depicteigure5.4-5 versus OSNR for the four scenarios explained
above. As expected, the lowest BER is obtained without ICXT and all OSNR penalties presented
in the following refer to this reference case. Adding ICXT from the outer cores, the BER degrades
significantly withan OSNRenalty of 1.7 dB for a BER®1&s illustrated inFigure5.4-5 and of

0.4 dB for a BER of 10Activating countedirectional Raman amplification in the outer cores,

the corresponding power levels at the fiber end increase in these cores, which is accompanied
by an additional increase of ICXT in the center core and a further decrease of theiSigsults

in a BER increase with an additional OSNR penalty of 0.8 dB for the loss compensation case and
1.2 dB for the max. Raman gain case at a BERIOF*3For a BER of #Qlose to the FEC
threshold, this penalty amounts to 0.1 dB only. Thussloompensation increases the 1E€EXT
induced OSNR penalty by around 30%, as illustrated in the inset showing the relative increase of
ICXT penalty due to loss compensation versus BER. In aspauitiscenario, such small OSNR
values will arise after severgpans with ICXT accumulation and enhancement in several spans,
such that the Ramainduced OSNR penalty becomes relevant. Dividing the BER values of the
three curves with ICXT shown kigure5.4-6 by the respective BER values for the reference
scenario at equal OSNR reveals that gain equalization by Raman amplification leads to a BER
increase by 15 % at the highest OSNR of 24 dB.
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5.5 PLANNINGRACTICES FMBOSDMULTRAHIGHCAPACITY
NETWORKS

5.5.1 Introduction

Modern optical backbone networks face continually increasing demands driven by 5G, future
6G, largescale cloud computing, and higfandwidth applications such as artificial intelligence
and global data center interconnects. As capacity requirements dscéhe traditional Gband
spectrum is no longer sufficient. Recent advances have highlighted two complementary
approaches to further increase the usable optical channel count and overall throughput: (i)
spectral expansion into adjacentand Sbands (mui-band operation), and (ii) space division
multiplexing (SDM), particularly using mwdbre fibers (MCFs). The combination of these
techniques multi-band over space division multiplexing (MBoSDMas become a compelling
architectural strategy for nexgeneration ultrahigh-capacity networks.

However, planning practices for MBoSDM deployment are challenging due to the complex
interplay of physicalayer impairments across bands and spatial dimensions. Telecom operators
require robust methodology and quantitative insight into the opportunitiesl dimitations of
MBoSDM to inform migration strategies, investment, and the choice of network element
technologies such as amplifiers, multiplexers, and programmable transceivers. Importantly,
performance depends not only on fiber length and modulationmfat but also on spectral
location and intefcore interactions, necessitating frequencyand coreaware design
optimization

In the context of SEASON, weveloped a novel physicallayeraware planning methodology
and dynamic simulation framework teasily compare C, C+L, C+S, and C+L+S spectrum
expansion strategiedVe conclude thathe C+L+®and scenario provides the highest absolute
throughput (up to 175% greater thant@nd) and the lowesbandwidth blockingprobability
(BBP) under dynamic load.

5.5.2 Simulation framework and scenario

To thoroughly assess MBoSDM performance, this study establishes a detailed ghysieal
aware simulation environment. Four representative spectrum expansion scenarios are
evaluated:

 GCband: 80 channels over 6 THz
 C+kband: 160 channels over 12 THz

1 C+Sband: 188 channels over 14 THz

1 C+L+%and: 268 channels over 20 THz

All scenarios employ a channel grid of 75 GHz spacing with a symbol rate of 64 GBaud, supporting
adaptive modulation formats from PMPSK to PM4QAM (10Q600 Gbps per channel,
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dependent on the GSNR achieved). The analysis is applied to a realisttmldrtigpology
modelled on the US backbone network, comprising 60 nodes interconnected by links with
detailed bandspecific fiber parametersincluding frequencydependent attenuation,
chromatic dispersion, effective area, nonlinear coefficients, Raman gain spectrum, ampiifier ga
profile, and noise figures.

5.5.3 Physical layer impairments and performance modeling

A core contribution of this work is the advanced modeling of linear and nonlinear impairments
endemic to wideband and SD®habled propagation. Key impairments included are:

1 Amplified Spontaneous Emission (ASE) nokesing from cascaded optical amplifiers,
it accumulates along the path and degrades signal quality.

1 Nonlinear Interference (NLI)Stemming from Kerr effect nonlinearities, especially
under high power, and modeled using a sesioised form enhanced generalized
Gaussian noise (EGN) model to accurately capture wideband system dynamics and the
effect of interchannel stimulated Raman scattering (ISRS).

T Inter-core Crosstalk (ICXThhis crosstalk, particularly prominent in strongly weakly
coupled MCFs, depends on core pitch, treaslsisted design, and operating frequency,
and is modeled using a frequendgpendent formulation validated in previous work.

I Transceiver noise and filter/aging penaltiesAdditional degradation sources from
hardware characteristics.
The aggregate quality of transmission (QoT) for any given lightpath is evaluated using the
generalized signdb-noise ratio (GSNR) metric, which quantifies the effective SNR combining all
impairment contributions. This is mathematically defined as:

oYY s pw i CYOY o YOY  CYOY Y OY S

, S Eq.1

Where each SNR term represents the contribution of a distinct physical impairmefiti¢hiag
and system aging penalties ( h, ) are also included for realism.

The key performance indicators (KPIs) targeted in this planning study are:

1 Network throughput: The cumulative traffic successfully transmitted across all source
destination pairs, considering all cote-core connection permutations.

1 Spectral efficiency: Gauged as total supported bit rate per unit frequency, often
normalized by the utilized spectrum.

1 Bandwidth Blocking Probability (BBP): The fraction of total requested bandwidth that is
blocked due to unavailability of free spectral slots, insufficient cores, or modulation
format reach limitations.

For throughput and BBP calculations, the following methodology is used:
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1 Paths: For the 91 possible datacenterdatacenter (core) pairs, the three shortest
paths are considered, reflecting realistic routing choices.

1 Traffic modeling: Connection requests arrive according to exponentialantal and
holding time distributions, simulating dynamic service provisioning.

1 Demand distribution: Requested traffic is uniformly distributed betweenc800 Gbps,
in 100 Gbps increments.

I Simulation runs: For statistical reliability, each simulation comprises 150,000 requests
(for the four-core configuration) and continues until either a 95% confidence interval is
reached or 50 simulation seeds are completed.

9 Blocking calculation: BBP is determined as the total blocked bandwidth divided by the
total requested bandwidth during the simulatiorcapturing the fundamental limits
imposed by spectral, spatial, and modulation availability.

The scenarios reflect a hierarchical optical network architecture, where only the 14 principal
datacenter nodes feature full add/drop capability, and the remaining nodes operate in transit
mode without such functionality. This distinction is significanteiraluating routing and
provisioning limitations encountered in real deployments.

5.5.4 Resultaand discussion

Figure5.5-1 depicts the distribution of modulation format level (MFL) for all etirecore
connections, segmented by spectrum band. This enables network architects to visually correlate
spectral position with modulation reach, informing placement strategies for-pigirity or
hightthroughput connections.Figure 5.51 compares total network capacity and average
blocking probability as a function of scenario, spectrum allocation, and offered load, quantifying
the realworld consequences of spectrum expansion.
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band network under different traffic loads.

A central insight from the simulations concerns the distribution of modulation formats across
channel index, band, and lightpath length:

1 Gband and C+band: The modulation format profiles are relatively stable, with many
coreto-core connections sustaining higherder modulation (e.g., PM6QAM to PM
64QAM), thanks to low loss and highality optical amplifiers in these bands.

1 Shband (in C+S and C+L+S scenarios): Higher attenuation and increasediftuoann
power tilt result in a more pronounced degradation of signal quality, leading to the
adoption of lowermodulation formats and a sharply reduced reach for Fogter
modulations.

1 C+L+$and: While this scenario enables the largest spectrum (20 THz, 268 channels),
the GSNR distribution is the most heterogeneous. ISRS effects andamempower
imbalances create substantial variation, with throughput gains concentrated on short
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and mediumlength connections (2000 km), as shown by the cumulative bit rate and
distance distribution per channel.

The figure of merit for each spectrum expansion scenario is their total supported throughput
under dynamic service request load, as well as the probability of bandwidth blocking under full
load conditions:

1 C+L+%and: Delivers up to 175% higher throughput than thlea@d, 34% higher than
C+kband, and 42% more than Gh&nd, validating its capacity gains for both
datacenter and core backbone applications.

1 Comparative performance: Although the @3&hd scenario presents more channels
than C+L (188 vs 160), attenuation in théa®d and ISRS effects result in lower
throughput for longhaul links; however, for sub000 km paths, -Band resources
perform well.

T Blocking scenarios: As traffic and distance increase, especially beyond 3000 km, C+L+S
experiences a sharper cumulative throughput drop due to amplified ISRS effects.
Nevertheless, it shows the lowest average BBP due to expanded spectral space,
outperforming both C+L and C+S under Higid regimes.

The normalized capacity per Hz, as shown on the right axiégafe5.5-2 (top), supports a
nuanced interpretation. While the C+L+S approach offers maximum absolute throughput and
minimum blocking, the C+#hand scenario provides the highest bit rate efficiency per unit
bandwidtht an important consideration for operators prioritizingetral resource utilization

over raw capacity expansion.

Impact of Physical Layer Effectehe studyshowsthat while intercore crosstalk (ICXT) increases

in the Lband (and can be a dominant factor in some SDM system configurations), for the
evaluated trenckassisted weakbkgoupled fourcore MCF with statef-the-art design, ICXT is

not the limiting factor m wideband operation. Instead, performance is predominantly
constrained by the loss coefficient, ISRS, and the amplifier noise profile. This is a significant
planning insight, guiding both the selection i type for multiband use and the prioritization

of amplifier and Raman gain flatness engineering over further ICXT suppression at moderate
core counts.

Network Planning and Operator GuidelineSradeOffs and Recommendations

1 Migration Path: Operators with substantial deployedb&hd infrastructure may
consider incremental migration to Gbland as a risknitigated strategy for neaterm
expansion that option already benefits from commercial deployment and robust
component matuity.

1 Maximum Capacity: For scenarios demanding the lowest blocking and highest overall
throughput, full C+L+S deployment is favored, recognizing that additional system
complexity (notably around ISRS management, component compatibility, and control
plane algotihms) is also incurred.
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1 ShortHaul Versus Lorgaul: While spectrum expansion tédb8nd is beneficial for short
to intermediate ranges, its use for loigul paths is less advantageous without parallel
advancements in amplification and power tilt correction.

1 Efficiency Focus: Where operators prioritize maximal spectral efficiency instead of brute
capacity, C+L systems appear optimal, based on normalized bit rate per Hz analysis.

The simulation workflow ensures statistically significant, reliable results through thousands of
connection requests, mulBeed evaluation, and strict convergence criteria (95% confidence
intervals). This methodology not only supports internal planningisiens but provides a
foundation for vendor specification, standardization contributions, and regulatory submissions.

In conclusion, his study delivers a comprehensive, physlagerinformed evaluation of best
planning practices for MBoSDM networks, combining spectral (C, L, S) and spatiab(our
MCF) design options within a realistic-hkgkbone topology. The findings highlighat C+L+S

band expansion achieves the highest total capacity and the lowest bandwidth blocking
probability, positioning it as the preferred configuration for futtpeoof, highgrowth, core and
inter-datacenter transport.lt further shows hat efficiency and implementation practicality
favor C+L for neaierm deployments, with solid performance and mature commercial support.
For each scenario, physidayer impairments must be carefully considered, with ISRS and
amplifier noise presenting more significant constraints than ICXT within the studied operational
regime.Finally, phnning must explicitly account for the interplay between network topology,
add/drop architecture, spectral properties, and cespecific impairment handling.

This studywas invited for a presentation at EC@@25 under the title "Best Planning Practices
for UltraHigh-Capacity Networks based on MuBand over Space Division Multiplexing", and
has been further invited for a special issue at JOCN.

5.6 END-TOEND LATENCY MODEL IFO®DMWITH COHERENT
PLUGGABLBE YONH00GE/S(RELATED ¥€3.8,C3.10C3.11)

Recent advancements in coherent optical technology, particularly the development of pluggable
coherent transceivers operating at 400 Gb/s and above, present an opportunity to transform
network architectures and improve multiple performance characteristicsoss various
dimensions (cost, simplicity, bandwidth and laten¢gug20] In fact, rew standards like
OpenZR+ MulBervice Agreement (MSA) have accelerated the adoption of coherent technology
by producing standardized specifications for coherent pluggable transceivers operating at 400G,
800G and above, offering low cost and energy eifficy [Cug202, Dic24. These transceivers

can be directly integrated into higtensity routers and switches, eliminating the need for
separate transponder shelves and leading to simplified network nodes and architecameks
potentially enabling flatter architectures with more deterministic latency properi@23,
Han24]

In parallel with these technological advancements, there is increasing research interest in

deterministic networks that can provide guaranteed performance characteristmsever, the

© SEASON (HorizatdSNS2022Project:101096120 page890f 170
Dissemination Level Public




S O_N

impact of highcapacity coherent transceivers on network determinism remains relatively
unexplored from a queuing theory point ofview. Indeed, higkcapacity transceivers
dramatically reduce variable latency and jittallowing for nearly deterministic network
behaviourand performance.

We developed in SEASON, a new a simulation framework for E2E network latency in IPoWDM
architectures using high LISSR O2KSNBy (i LJ dZaA3FoftSa ox nnan
data rates make variable latency components (queuing/transmission) negligitabling near
deterministic network performance without complex scheduling

5.6.1 Coherent pluggable transceivers evolution

The first generation of coherent optical systems emerged in the late 2000s, primarily targeting
long-haul and submarine applications requiring maximum distance and capacity. These systems
were complex, powehungry, and expensive, making them suitable ofdy the most
demanding core network applications. Over the subsequent decade, coherent technology has
undergone continuous advancement, with successive generations delivering higher capacity,
smaller form factors, lower power consumption, and reduced £ds2020, the creation of the
OpenZR+ MulBervice Agreement (MSAJmed to produce standardized specifications for
400G coherent pluggable transceivers initially targetingtalCenter Interconnect (DCI)
applications This initiative has proven successful, with numerous manufacturers now producing
interoperable 400G transceivers that meet the technical requirements while offering low cost
and energy efficiency.

These 400G coherent pluggable transceivers, available in formats such aBRQSRE OSFP,
can achieve data rates of 400 Gb/s over distances up to &R0@skng DuaPolarization 1éary
Quadrature Amplitude Modulation (BBBQAM) at a symbol rate of 69 Gigabaud. More
advanced variants like 400G ZR+ offer additional flexibility, supporting multiple modulation
formats (DPL6QAM, DRBQAM, and DI)PSK) and enabg) transmission over distances up to
500km with amplification.The roadmap for coherent pluggablesrtmues to evolve rapidly. In
March 2025, Coherent Corp. announced general availability of their 800G coherenDQSFP
transceiver, leveraging advancedTBOSA optical engine on proprietary Indium Phosphide (InP)
chip technology. The industry is also paeipg for the release of 1.6T (as 8x200G) and even 3.2T
(as 16x200G) transceivers with similar features concerning reach, cost, energy efficiency, and
programmability.

The emergence of such higipeed coherent pluggable transceiversablesnew architectural
approachesased onPoWDM (IP over Wavelength Division Multiplexing) architectures where
grey interfaces and the Fleswitchponder are replaced isaggregated loveostpacketoptical
boxes equipped witlenergyefficient 400GZR/ZRtransceivers. The most disruptive approach
involves removing ROADMSs entirely, with paetptical boxes connected exclusively with
point-to-point coherent pluggables. This approach digantly simplifies the Optical Line
System, leading to architectures that are easier to control, operate, and manage.
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5.6.2 Latency analysis of IPOWDM architectures build with coherent
pluggables

Network latency in optical networks consists of several components: propagation delay,
transmission delay, processing delay, and queuing delay. Understanding these components is
crucial foranalysinghe overall network performance and determinism.

t NP LI I GA2Y RSfFr&@ NBFSNBR (2 G4KS GAYS GF1Sy ¥F2N
perkmin standard silica fibers (or 3.38a  Krd% Nbllow-core fibers). This delay component
is fixed and directly proportional to the physical distancer¢rsed.

Transmission delay is the time required to serialize a packet onto the physical medium,
calculated as the packet size divided by the link capacity. For example, aNi@0Geeds
approximately 30 ns to insert 8618byte Ethernet framénto the physical media. This latency

is reduced tdl5ns at 80@, 7.6ns at 1.6T, and just 3.8ns at 3.2T.

Processing delay occurs within network equipment and includes tasks such as Forward Error
Correction (FEC) processing. For 400G coherent transceivers, FEGmydgpeslly introduces

few microseconds (5> aof delay per hop. Different FEC implementations can affect both
performance and latency. For instance, a concatenated RS(544,514) + BCH(126,110) FEC offers
approximately 10.3dB net coding gain for 16QAMalg with a latency of about 52 ASIC clock
cycles.

Finally, qieuing delay is the timehat packets spend waiting in buffer queues before
transmission, which varies depending on network load and traffic pattgta1] This is the

only variable component in the latency budget and has traditionally been the main source of
latency uncertainty in networkdBha0§.

Deterministic network dimensioning aims at providing predictaldguaranteedperformance
characteristics, particularly in terms of latency and jitter (delay variatibppssiblewith upper
bounds for a large majority of packetSuch networks are essential for tirgensitive
applications that require precise timing and predictable performanks.shown next, the
emergence of higitapacity coherent pluggable transceivers creates new possibilities for
network determinism, since at speeds of 400 Gb/sl @above, queuing and transmission
delayg traditionally variable components of network latertchhecome negligible compared to
fixed components like propagation and processing delays. This fundamental shift potentially
transforms the nature of network perforance from probabilistic to deterministic without
requiring complex schedulers or synchronization mechanisms.

5.6.3 Methodology and simulation framework

The following network scenarios aim at simulating the total latency (both fixed and varidible)
different network topologies with IPOWDM architecture, that is, assunpagketoptical
switches with 400G and above coherent pluggables. This architecture does not have
intermediate ROADM&nd all packets have to travel hdgy-hop suffering O/E/O conversion at
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eachintermediate node. This has a benefit of inhereageneration(i.e., for links below 6680
Km no optical amplification is needed) and reduces the network complexitynaiti-layer

designs of IP over ROADM architect

ures.

In terms of latencysuchIPoWDM architecturesuffers from O/E/O conversion and latency
additions including processing and queuing but as observed next, this is negligible at multi

Gigabit/s speeds.

| 2y OSNYyAy3a FAESR
propagation, andn > a

RSt @

LINE O S & Régyirding A Y

transmission and queuing delayge applythe generalKingman's equation for G/G/1 queues

(seeEq.1), which approximates the average waiting time in a queue with general arrival and

service time distributions Y R A &

I OO0dzNJ G S

where E(W) is the average waiting time in queug(X)A a
the link load, and £ and Géare the coefficients ofariation of packet intearrival times and
packet service times, respectivéBha08 King1].

Fa GKS ySiaz2N]

Eqg.1
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By analyzing thesdéatency components across different transmission capacities, we can

determine their relative contributions to the overall latency budget and assess how the latency

characteristics of networks evolve as capacity increases.

For the simulation scenarios three different Metropolitan Area Network (MAN) topol@gies

consideredshown inFigure5.6-1):

1. Tokyo MAN: A network with 24 nodes representing a medsaimad metropolitan area.

2.

3.
complex urban network scenarios.

Node Types
Lco
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Milano MAN: A larger network with 53 nodes covering an extensive urban area.

MAN157: A largecale topology consisting of 157 nodes and 166 links, representing

Figure5.6-1: MAN, topologies used in evaluation: Tokyo (left), Milano (cendAN157 (right)
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These networks include different types wddes, including both Aess(Grey) Metro-Access
(Blck, and MetraCore(Blue)nodes simulating the classical hierarchical network architecture
that most telcodollow in the design of their MANs for mediusize and large cities

For trafficmodelling we adopted a realistic approach based on empirical observations. Traffic
loads were adjusted to represent different operational scenarios: 30%Aéoess 50% for
Metro-Accessand 40% foMetro-Core nodesThese configurations simulate varying levels of
network stress acrossach MANopology.

The packet size distribution follows the empirical distribution observed at-BM3Bmsterdam
Internet Exchange), with an average packet size of 1019 bytes and a standard deviation of 1162
bytes, resulting in a coefficient of variation@f=1.3 for service times. This distribution reflects
realworld Internet traffic patterns more accurately than simplified models.

To implement our analysis, we developed a comprehensive simulation environment using the R
programming language, integrating advanced ogenrce libraries such as igraph and simmer

to model network topologies, simulate traffic flows, and analyze queuwigyd. The igraph
library is used to define the network topologies, including the tH¥&N layouts described
above. The Discrete Event Simulation (DES) library simmer enables the generation of individual
packets, routing them through defined paths, andlecting delay statistics at each hop. Our
simulation framework accounts for transmission, queuing, and processing FEC delays, allowing
for a comprehensive evaluation of packet latency. The simulation focuses on five distinct
capacities: 400G, 800G, 1.2T6T, and 3.2T, providing insights into how increasing transmission
rates affect network performance.

For each simulation scenario, we collect detailed statistics on the different latency components
and their contributions to the overall erb-end delay. This includes average values, percentiles
(particularly the 99th percentile for assessing wesase grformance), and statistical
distributions. The simulations run for a sufficient duration to capture stesdte behavior, with
multiple independent runs to ensure statistical significance. This approach allows us to analyze
how increasing transmission gacities affect network performance, particularly in terms of
latency determinism, across realistic network topologies and traffic conditions. Thesopgoe

nature of our simulation framework also promotes reproducibility and extensibility for future
research.

5.6.4 Results

Table 5.6-1 overviews the averagdatency results obtained on each topologypr multiple
bitrates. The table shows both thgueuinglatency only and the total latency that includal
latency components, that isjueuing transmissionpropagationand processingAs shownthe
queueing latency component is ridiculously small compared to the total latency, especially at
high speeds800G and above) and for larg&ze network diameterdike MAN154Avhose end
to-end paths are between 10 and 20 Km

© SEASON (HorizatdSNS2022Project:101096120 page930f170
Dissemination Level Public




SEASON

Table5.6-1: Average latency between Access CO and National CO for different topologies anebptckeswitches
with highrspeed coherent pluggables.

Tokio Topology
Bitrate 400G 800G 1.2T 1.6T 3.2T
Queuing 0.27ns 0.13ns 0.09ns 0.07ns 0.03ns
latency
Total latency 12.62ns 12.48ns 12.44ns 12.42ns 12.38ns
Milano Topology
Bitrate 400G 800G 1.2T 1.6T 3.2T
Queuing 0.27ns 0.13ns 0.09ns 0.07ns 0.03ns
latency
Total latency 5.27ns 5.15m8 5.12ms 5.10ms 5.07ns
MAN157 Topology
Bitrate 400G 800G 1.2T 1.6T 3.2T
Queuing 0.32ns 0.16ns 0.11ns 0.08ns 0.4ns
latency
Total latency 76.51ns 76.35ns 76.30ns 76.28ns 76.241s

Thus, the contribution ofjueuing delay to total latency is almost negligible in all cdsesonly

the average latency is negligible, but also the 99th delay percemtiieshown ifFigure5.6-2.

This figure compares thaveragetotal latency (in red) with the worstase latency (in blue)
calculated aghe upper Chebychev bound. As shown, the variable latency contribution due to
queueing is negligiblesince the majority of latendg due to propagation and FEC processing

Milano *Ratio D.99 VP / average delay
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D [ ] [ ]
= *1.014x - - [N
.OZg( o]
H I— —
[ ==
1x 2x 4x 10x
Diam = 4.6 km Diam = 9.2 km Diam = 18.4 km Diam = 46 km

av_link_dist = 0.56 kmav_link_dist = 1.13 kmav_link_dist = 2.26 kmav_link_dist = 5.64 km
Link distance

Figure 5.6-2: Comparison between average etwend latency and worstase eneo-end latency for Milano
topology.
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5.7 SEASORRAMEWORK FOMETREACCESELEXIBUNTEGRATION
(RELATED 1@3.9,C3.10(3.11)

5.7.1 Motivationand architecture

The flexible central office architecture proposed in the following subsection responds to one of
the most relevant goals of SEAS@Nject, namely the implementation of an integrated metro
access network segment, able fidfil the challenges that network operators are facing due to
traffic that is continuously growing in terms of volumes and dynamicity.

Moreover, this goal is pursued also taking into account the need to minimize the cost of the
physical infrastructure, by relying on high capacity longer reach working technologies (coherent
DWDM transceivers) thaallow the reduction of the number of central offices, and by
introducing an element of flexibility in the architecture (a spatial optical matrix) that enables the
implementation of a payasyou-grow mechanism, almost hitless in terms of disturbance of the
already existing services.

The presence of the spatial optical matrix, in this innovative node architecture, enables to
implement a Spatial Division Multiplexing paradigm (SDM), that presently relies on the usage of
parallel fibers, but in future could also be applied to multicabers (MCF).

Furthermore, the proposed solution enables the-demand adding of capabilities needed for
reconfigurable and automated new services: indeed, the spatial matrix not only allows fiber
switching, but introduces a new degree of flexibility thanks todemand amplification
functions towards the access and adaptation between single and double fiber systems fer point
to-point and point to multipoint services. The introduced automation reduces human
intervention, with a significant improvement in the time it txkto deliver a service thatvolves

both the access branch and the optical transport branch. All this using an optical matrix that
enables flexibility with very low additional energy expenditure.

This flexibility element responds to the important requirement of keeping at minimum the
power consumption of the node, also allowing to keep turned off some of the active elements
of the node, and turn them on when needed, following the dynamicity oftthatfic demand.

Thefulfilment of these objectives requires to efficiently exploit innovative technologies that are
progressively becoming available, as evolution of consolidated transmission technologies typical
of the access and of the metro network segments, and to enable theiristeexe in a
converged and integrated metraccess infrastructure, optimizing the usage of the fibers
available in the field.

More in detail, this solutiorproposed in SEASCOdéfine the Flexible Central Office (FCO)
framework, and it enabks true converged metreaccess using DSCM P2MP coherent
transceivers.lt is based on the usage over the same fiber infrastrucirgpassive optical
networks (PON) access transmission technology and coherent digital subcarrier multiplexing
(DSCM) point to multipoint metro technology (also known as XR technokgyhermore, this
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enablescoexistence and transparent transport of legacy PON andédmghMVetro services over
a single shared fiber, minimizing electronic conversions and maximizing flexibility.

The bidirectional transmission of DSCM channels over traditional single fiber point to multipoint
Optical Distribution Network (ODN), typical of the access network segment, is enabled by the
adoption of fiber optical circulators, while their coexistenceélmlPON signals over the same
optical fibers is made possible by the introduction offext band filters named CoeXistence
Elements (CEX); amplification is added when needed.

A detailed description of the node architecture is reported in the following subsection.

5.7.2 Flexible central office

This paragraphdescribesthe architecture proposal to enable flexible provision of high end
services, carried out by Coherent point to point transmission or by configurable XR subcarrier
multiplexing point to multipoint transport system whose hub is located in the metro network,
over the same traditional singléber Access point to multipoint ODN (Optical Distribution
Network).

This solution, thanks to the use of an optical matrix, allows to enable the provision of the high
end service by minimizing the impact on already active retail services without the need to know
a priori on which ODN the need to offer this service willaaris

Figureb.7-1 illustrates the basic scheme of the proposed architecture

Metro Network ‘r\

)
Metro System 50km
By

Optical Matrix

{
Access System 2T 10km 1:8
I

W
2x CEX A 3e==- 5km

CEX

xPON

Single Fiber
A -> Access System (es. GPON,XGS-PON/...)
M -> Metro System (es. XR, ...)

Figure5.7-1: Flexible Central Office architecture scheme and operational principle

As can be seen from the diagram in the figure, in addition to the optical matrix, the CEX
(CoExisting Elements) have also been inserted into the reference architecture to allow the
sharing of the same ODN between the traditional XPON systems and thet&iRssgperating

AY baAiAy3atS FTAOSNI Y2RS¢é O6F2N) 0KAA LidzZN1IR2 aSs
foreseen).
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Furthermore, to comply with the power budget specifications of the XR systems, the use of
optical amplifiers (Downstream/Upstream) is foreseen before the circulator both to recover the
attenuation encountered in the metro network and to deal with the attetion of the ODN
network in the access network.

The operating principle of this architecture is that when a High End customer requests the
service at one of the terminations of one of the ODNs underlying the optical exchange, that
particular ODN is directed by means of the optical matrix towards otfeeo€EXs connected to

the matrix so that the combined optical signal of the xXPON system and the XR system are
directed together towards the interested ODN.

This operation performed with the optical matrix, with an automatic and remote procedure,
allows to minimize the effect of the interruption of the optical signal on the existing services,
minimizing the disruption for xPON customers and reducing the OPEXowisioning the
requestedhighend service, thanks to the remote configuration of the flexibility elements.

Not knowing a priori where the need may arise (on which ODN) to offer the High End service,
another advantage of this architecture consists in the possibility of sharing the transmission
capacity of a single multicarrier system (HUB) on different ODNisniaptg their use with clear
advantages both in terms of CAPEX (pay as you grow) and in terms of OPEX (minimizing the
power consumption). This, together with the potential use of different wavelengths for Hubs in
case of a strong customer demand, allonsignificant safe of fibers in the primary segment of

the acces network.

A tradeoff design between the achieved flexibility in configuration and the number of optical
matrix ports involved in the scenario is advisable according to the available link budget and the
control model of the switching architecture.

5.8 PERFORMANCE AFIRANSIENRESILIENCGSOMPARISON (3-ANDE
BANDUPGRADES OICA-EBANDSYSTEMRELATED 1C8.2)

Multi-band transmission (MBT) has emergesione promising solutiorto the ever-increasing
demand for capacity in optical networR#/in18]). Among the potential candidates for MBT, the
Sband is particularly promising because of its fiber characteribgisgsimilarto those of the

G and = bands. Several studies have demonstrated the benefits of incorporating-taadb

into C+L systems to enhance capad®em20, Ham19]However, the expanded spectral
footprint of an S+C+hand systenm(exceeding 13 THintensifiesstimulated Raman scattering
(SRyinduced power transfer between channels, posing significant challenges to service
survivability and network management.

To address these issues, some researchers propose usinghihedBnstead of the -Band
[Sam22] By introducing a Hz guard band between the C+L and E bands, wavelength
interdependencecan be reduced, simplifying network operations. This approach, while forgoing
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some spectral regions with the lowest fiber attenuation and limiting the use of Raman
amplification in the C and L bands, offers potential advantages in operational stability and
manageabilitf Sou25].

In SEASONve use numerical simulations to explore the advantages of enhancing-ba@eL
optical system by incorporating theliand, instead of the -8and, or by implementing Raman
amplification. Building upon the findings [Bou25] we assess network performance with and
without Raman amplification of C+4IS+C+land E+C+hand systems, offering new perspectives
on optimizing spectral efficiency (SE) and improving the resilience ofgeeeration optical
networks.This study is important becaugeprovides operatorsvith asolution based owritical
realworld robustness datandwhichmovesbeyond static capacity analysisdnableinformed
practical choice betweekinds ofultra-widebandupgrades.

5.8.1 Simulation Setup

We assume each amplification band spans 6 THz (as shovalieb.8-1) and 126GBd signals

are transmitted within a 15@GHz spectral grid, resulting in 40 channels per band. We evaluate
three MBT systems: C+L, S+C+L, and E+C+L. Each system can utilize up to 20 backward Raman
pumps spaced by 1 THz. For the-Baihd system, &nan pumps are placed within the 199 THz

to 218 THz range, while for the S+@uahd system, they are placed between 205 THz and 224

THz. In the E+C-land system, all twenty Raman pumps are positioned between 219 THz and

238 THz, with none placed in theegral gap between the C+L aneb&nds to avoid $Band

power depletion. This configuration follows the findings[®bu25] which demonstrated that

placing pumps in this intermediate region results in suboptimal system performance.

Table5.8-1: Frequency bounds of each amplification band.

Band Start Frequency [THz] Stop Frequency [THz

L 184.2 190.2
C 190.7 196.7
S 197.2 203.2
E 210.7 2167

Optical fibers are characterized by a dispersion parameter of 16.7 ps/nm/km @ 1550 nm and a
dispersion slope of 0.058 ps/rifhm. Additionally, the frequencygependent loss and nonlinear
coefficient of this fiber type are shown kigure5.8-1 and based on [Sou28. We consider the
normalized Raman gain profile [Bou252] to calculatethe RS effect. Additionally, input and
output connector losses of 0.25 dB and splice losses of 0.01 dB/km are assumed. After each fiber
span, a band demultiplexer (with adB insertion loss) separates the transmitted bands and
delivers them to the respective optical amplifier. We consider a band demultiplexer based on a
band filter and assume its insertion loss will be slightly higher than current commerciba@aL

filters. The lumped optical amplifiers are moldel by a constant noisegfire of [6, 6, 7, 7] dB

for the L, G, S, and Ebands for gain values Higr than 20 dB. For gain values smaller than 14

dB, the amplifiers' NF is assumed to be 2 dB higher. The NF is linearly interpolated for gain values
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ranging between 14 and 20 dB. Power losses are assumed to be pectatihpensated foin

each fiber span (considering the impact of the SRS effect and the gain provided by the Raman
amplifiers). Additional system parameteasetransceiver OSNR of 38 dB, add/express OSNR of
38 dB/37 dB and a 0.05 dB GSNR penalty pimeramplifier.

Figure5.8-1: Frequencydependent fiber loss and nonlinear coefficient

5.8.2 Power Optimization

Effective optimization of launch power and Raman pump settings is essential for maximizing the
performance, especially in MBT systems due to the frequelependent behavior of
component characteristics and the impact of SRS. To assess transmission geatipmpute

the Generalized Signtd-Noise Ratio (GSNR) for each transmitted channel. The nonlinear
interference component of the GSNR is estimated using the Generalized Gaussian Noise (GGN)
model, as implemented in GNPy, which numerically solves thei@Ed\als via the composite
trapezoidal rule. SRS effects are evaluated by numerically solving the Raman equations (both
algorithms are available in the opeource Python library GNPgur23).

We employ a multbbjective genetic algorithm to jointly optimize the launch power and design

of the Raman amplifiefSou252] in a singlespan configurationl{  x 7km). The algorithm

targets two simultaneous objectives: maximizing the ideal capacity of the sipgle system

and minimizing the total GSNR variation across bands. The ideal capacity is calculated as the sum
of the capacities of all transmitte channels, where the capacity of chanf@6 given by
¢Ya® p "OYO Ywith'Y representing the symbol ratfPog14]

5.8.3 Network Simulations

To estimate the network capacity of each transmission system, we perform simulatimgs us
the Spanish national reference networfEigure 5.8-2), as published by Telefénica in
[IDEALISTS3]. For simplicity, all network spans are assumed to be 70 km in length.
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