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DISCLAIMER

Thisdocumentcontainsinformation whichis proprietaryto the SEASONonsortiummembers
that is subjectto the rights and obligationsand to the terms and conditionsapplicableto the

GrantAgreemeninumber101096120Theactionof the SEEASOMonsortiummembersisfunded
by the EuropeanCommission.

Neitherthis documentnor the information containedherein shallbe used,copied,duplicated,
reproduced,modified,or communicatedoy any meansto anythird party, in whole or in parts,
except with prior written consentof the SEASONonsortium members. In such case,an
acknowledgemenof the authorsof the documentand all applicableportions of the copyright
notice must be clearly referenced.In the event of infringement, the consortium members
reservethe right to take anylegalactionit deemsapproprite.

Thisdocumentreflectsonly the | dzii KvieNdn@doesnot necessarilyeflect the view of the
EuropeanCommissionNeither the SEASOMonsortiummembersas a whole, nor a certain
SEASONonsortium member warrant that the information contained in this documentis
suitablefor use,nor that the useof the informationis accurateor free from risk,andacceptsno
liability for lossor damagesufferedby anypersonusingthis information.

Theinformation in this documentis providedasis and no guaranteeor warranty is giventhat
the informationisfit for anyparticularpurpose.Theuserthereof usesthe informationat its sole
riskandliability.
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EXECUTIVE SUMMARY

This deliverable reports the activities of WP3 during the second year of the SEASON project. The
work is structured in two main parts. The firsik chapters are dedicated to the data plane
architecture technology mapping, key performance indicatqisPIs)alignment and the
development of optical subsystems, focusing aneas such as network design, transmission
modelling optimization, optical monitoring, and powefficient solutions. The latter section
describesthe innovations/prototypes/components implemented within WP3, which are key
elements in fulfilling the objectives and goals of thesrallSEASON project.

The document first introduces a summary of the proposed novel network architecture designed
to address the increasing demand for higher bandwidth and network capacity, as discussed in
more detail inWP2 éeedeliverableD2.1[D2.1-24]). The proposed architecture is segmented
into two main domains: Acceddetro and Backbone andt supports various levels of
decentralizationFurthermore, we define awo-phaseapproach, with aMedium- (4 years) and
Longterm (8 years) reference periods for implementing the proposed architecture and solutions
are envisioned, introducin@nd discussingey technologies such agw fiber types ananulti-

band transmission technique®ata plane technologies are mapped within the envisioned
SEASON architecture also discussing KPI alignmedeastbpmentpath.

To this end and &sedon WP2 outputs, SEASON project proposes innovative solutions for the
optical data planeincluded in this documentin particular, the modelling of an exd-end
design of optical networks is investigatadd presentedfocusing on energy efficiency increase
and power consumption reductiorin this regard, optical versus electrical aggregation and
network optimization with digital subcarrier multiplexing (DSCamablingboth point-to-point
(P2P) and pointo-multipoint (P2MP) transceivers are analys8dich solutionsillow for more
flexible and scalable network designs, reducing overall costs and energy consuniption.
addition to DSCM, ROADIee IP over wavelength division multiplexing (IPOWDM) networks
are also exploredThis approacteliminatesthe need for traditional reconfigurable optical
add/drop multiplexers (ROADMandis driven by recenadvancesn coherent transceivers and
packetswitching ASIC§ heseoffer a more coseffective and efficient solution fahe Access
Metro segment Initialperformancestudiessuggest that ROADHee networks can significantly
reduce capital expenditures (CAPEX), particularly in scenarios where the traffic demand is lower
than the available transceiver capacity.

In addition, in this documentarious scenarios for upgrading network capacity using both
multiband (MB) and space division multiplexing (SDM) technologies are investigated and
proposed While MB transmission is currently the most cesffective solution for increasing
capacity over existing fiber infrastructure, SCl4o offers significant longerm benefits. To
support MB over SDMoperation andmanagethe increasing demands of future networks,
different node architecturesand transmission solutionkave been proposed andanalysed.
Furthermore for supporting MBoSDM operation over C+®&#ahds suitableoptical subsystems
includingnovel optical transceiver and switching solutions are implemented and preliminary
assessedThese subsystentsave been desigd, in view offurther enhancing performance,
efficiency, flexibility and scalability of the network. Efficient network designs for power
optimized P2MPsolutions in MBoSDM scenarios aaso investigated for next generation
optical networks The investigation also includeatastbenefitanalysis.
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Activities related to the front/miehaul and access segment beyond 5G ais® considered,
analysing theadio access networlRAN fronthaul network and promoting P2MP technology
for next generation mobile transport, also proposing a spaiadsive optical networkPON
architecture which ensures high performance and scalability by the exploitation of the spatial
dimension.

Optical monitoring and power efficiency strategies are crucial topics that are also investigated
in SEASON and reported in this document. Various approaches to reduce power consumption in
optical networks are studied, emphasizing the role of pluggablestreivers and advanced
monitoring techniques.

Finally, the document  reports the main SEASON data plane
prototypes/components/innovationgcomponentsC3.1to C39) proposed as key solutions to
meet the project objectives, goals and network requirements. These include:

1 Advanced node and transceiver architectuesmponentsC3.:C34)

Digital signal processing (DSP) receiverif@ge¢d monitorindcomponent C3.5)

A predictive maintenancéPdM) systemfor MB amplifiers (C3.6)

Optical monitoring and telemetry systenimomponentC3.7

Research activities opluggable amplifiers and SmartNIC with coherent pluggable
(C3.8C39).

= =4 —a

The proposed SEASQ@hIutions willplay a crucial role in ensuring an efficient operation and
management of higitapacity MBoSDM optical networks, while addressing critical network
challenges and requirementall thisWP3technologies and achievements will be key towards
fulfilling SEASON objectives and KPls, in particular those relatebviding i) a sustainable
network architectureable to scale up network capacity and cope with challenging user needs
through improved power efficiency, reliabilitynd selfmanagement capabilities; ii) a scalable,
ultra-high capacity, and power efficieMBoSDMnhetwork infrastructurespanningfrom access

to cloud iii) novel optical systems and subsystems KéBoSDMtransmissbn; iv) a pervasive
monitoring infrastructure for secure and truly seffanaged networkingand v)a control plane,
monitoring and streaming telemetrsolution

WP3 componentand resultswill be used inWP4 and WP5 activitidacilitatingthe integration
with the control plane and final demonstrations.
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1 INTRODUCTION

¢KAa RStAOGSNIOGES 50®dH -highOh LDIOK (& e & ODBEH aBY B a NR y

describes the activitiegluring the second yearelated towork package 3WP3 in the SEASON
project. It defines thdrameworkfor the desigingand operathgof multiband (MB) and spatial
division multiplexing (SDM) optical networks across mulingvork segments addressinghe
increasingdemand fordata and capacity/bandwidth. To meet these challenges the document
summarizesvariousinnovative SEASON data ptatechnologies and solutior{teveraging on
MB, SDM and poirti-multipoint (P2MPransmission)with a clear focus on minimizing power
consumptionand providing the requirednetwork capacity scalingrhemain objectives of this
workinclude

1 Designing a highapacity, scalable, and flexible optical network architecture leveragidg
over SDM(MBoSDM technology

1 Transmission entb-end (E2E)modelling for MBoSDM and2MPsystems

Exploring power efficient solutions for P2MP and MBoSDM scenarios

1 Design, prototyping and experimental validation of novel optical network defggstems
for switching, amplification and transmissicsolutions capable to enable MBoSDM
operation

1 Explore advanced network and switchiogtions based on P2MP and SDM for front/mid
haul and access

1 Design and implementation of advanced monitoring solutions to enable efficient and
flexible use of the network/fiber infrastructure.

]

This documentreports onthe progress of WP3 during the second year of activity of SEASON
toward the abovementioned objectives and is structured as follows:

Section2 provides a comprehensive overview of the SEASON network architectlse,
including themappingof SEASOS$blutionsinto the overall proposed architecture aatignment
andpath towardsfulfillingthe projectobjectives ankey performance indicators (KPIs).

Section3 includesmodelling, scenarios and design considerations of MBoSDM networks. It
outlines the key challenges the project addresses, such as the increasing demand for bandwidth,
network capacity, and energgfficient solutions. It also includes activities on network
optimization.

Section4 covers the development and implementation of optical systems and subsystems,
including advanced optical transceivers and switching soluti@ecifically, innovative
transceiver and node architectures for higbapacity MBoSDM optical networks are
investigated.This section provides a detailed analysis of the subsystems that support the
MBoSDM networks, with a focus on energy efficiency, performance enhancement, and
scalability. It also discusses powsgtimized P2MP solutions highlighting their role in
enhancing network capacignd efficiency

Section5 examines the front/miehaul and access segments beyond 5G, focusing on network
design for mobile transport systems. This section presents innovative architectures, such as
spatial passive optical networks (PONSs), and promotes the use of P2MP technaloditgré

© SEASON (HorizatySNS2022Project:101092766) page9 of 136
Dissemination Level Public




o

[
»
(e}
z

mobile networks. It highlights how these technologies ensure scalability and high performance,
critical for handling the increasing demands of 5G and beyond.

Section6 focuses on optical monitoring and power efficiency strategies. It explores methods for
reducing power consumption in optical networks, including the use of pluggable transceivers
and advanced optical monitoring techniques. This section emphasizes theamp® of energy
efficient solutions to meet the growing demands of future optical networks.

Section7 details the data plane prototypes/components/innovations developed as part of the
SEASON projedtlere, wedescribethe components, their interfaces and initial experimental
activities, including for example advanced node and transceiver soluti@ngredictive
maintenancgPdM) systemfor MB amplifiers, monitoring and telemetry systenand solutions
researchactivitieson pluggable amplifiers an8martNIC with coherent pluggable transceivers.

Section8 provides the conclusions to the document.

1.1 EXPERIMENTAL VALIDATIOORIFCASYSTEMS ANBROTOTYPES

The main SEASON data plane prototypes and componentse used in final project
demonstration include:

1 Theadvanced node and transceiver architectuesmponents C3-C3.4)that include:
a. The MBoSDM node prototype (component C3.1)
b. The MultiGranular Optical node (component C3.2)
c. The Spatial PON Node (component C3.3)
d. TheMBoSDMSBVT prototype (component C3.4)
1 The digital signal processing (DSP) receivert@ad monitoring (component C3.5).
1 MBamplifiers with availability assurance via predictive maintenance (component C3.6)
9 The optical monitoring and telemetry technique developed in the project (component
C3.7)
1 Pluggable Amplifiers (G3.
1 SmartNIC with coherent pluggable (83.

The components developed will be used in the final projerhonstrationsFigurel-1 displays
the tegbed andinfrastructure tobe used The demo will deploy an open virtual museum in the
City of L'AquilaThe transmission from the edge to the euaser of reattime profiled contents
requires high throughput for mukstream transmission of rendered content. Such a high
throughput can be offered by densifying radio access points which in turn require dadse
high-capacity optical transport. In the demo, tlievelopedoptical node prototypes will be
employed as well adata planecomponents C3.7 to CBto exploit coordinated SDNontrol of
high-density radio solutions ¢pen RAN (O-RAN), celHree) and highcapacity optical
technologies (SDNPON, MBoSDM, etdopr the radio fronthaul/midhaul and the metro
connection with service instance at the edge
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The demo will go beyond the state of the art by deploying an AR solution which will exploit
computation offload from the user side to the edge.
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2 PHYSICAL LAYER NETWBRKITECTUREDDATAPLANE
SOLUTIONS MRING

2.1 NETWORK ARCHITECTURE OVERVIEW

The firstdesignof the innovativearchitecture for the SEASON project was done in WP2 and
reported in D2.1This includedthe definition of a general framework that defines the network
segmentation and the tygsof central office, the definition of the reference time periods for the
studies and the definition of the network architectures for the meditemm andthe long term.

The proposedhighlevel framework provides a segmentation of the network into just two
domains, Acceshletro (considered and optimized as a whole) and Backbone. Telco and service
functions can be placed at three levels of decentralization (Cloud in the backboneakdd&r

Edge in the Accesdetro) which also correspond to three classes of Central Office (CO). The
most peripheral type of CO is conceived to accommodate the Far Edge functions and is expected
to be of low cost and low power consumption (micontainers or reinforced cabinets are
possible practical implementations). They could replace all or part of the current aggregation or
access legacy COs allowing considerable savings.

Many Access-Metro areas
collected by the backbone

B @ Service Cloud
i ﬁ Telco Cloud

National CO

5G-Adv./6G Typical Access-Metro Area

Macro cells X people
Y Macro cell sites (many 3 sect. Layers NR 5G/6G)
Z Small cell sites

Edge CO

Far Edge CO
25G to = 800G flows
100/400 km

5G-Adv./6G
Small cells

FH <= 200G

Cloud CO
=ten(s)

architecture, topology, size

of area etc. to be defined

Backbone

Access-Metro Domain ) "
slightly impacted

heavily impacted

Figure2.1-1: Overall higHevel view of the SEASON architecture for the Medierm.

Two reference periods are defined farchitecture andsolutions to be implemented in the
project, the medium term, thought of 4 years from now (the late twenties) and the long term, 8
years from now, therefore beyond 2030. There are good reasons for this choice that are
reported in D2.1 where the general dlaateristics and requirements are listed and argued for
the reference architecture in the two periods. For examplee expected traffic growth in
comparison tothe current one is x5 for the medium term and of x10, and even up to x30, for
the long term. Regarding mobile technology, howeveis assumed that in the medium term
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the system deployed will be 58dvanced (3GPP Rel. 18 or 19) while in the long term it will be
6G (Rel. 20 or later). Furthermoneith respect tothe use of fiber and related multiplexing and
transmission techniques, in the medium term a limited use of new fibers, few bands (C+L with
at most one additional band) and muftber as basic SDM technique is expected. In the long
term, technologies wilhave to consider the use of neypes of fiber (multicore, hollowcore)

with the exploitation of all bandsral SDM extended to fiber or core switching. Taking into
account everythingll the above the diagrams of the two medium terrfrigure2.1-1) and long

term (Figure2.1-1) architectures are provided with the main characteristic data, i.e., typical
distances in the domains, data rates at the interfaces at the various network levels, probable
positioning of the telco functions for the data plane (e.g., UPF, BNG) and more.

As indicated inFigure2.1-1 and Figure2.1-2, an AccesdMetro area (grey multiple areas
encompassing Access, Far edge and Edge) can extend from about 1084@03068 and can be
characterized by flows ranging between 25 Gb/s and 800Gb/s in medium term, and between
100 Gb/s and 18.2 Th/s in the long term. Suchhigh variability of unitary flows could be
effectively managed with a suitable mix of high capacity P2P¢arrier multiplexing P2MP and
SBVT. Higher data rate flows are expected between Far Edge CO and Edge CO or between pairs
of Edge CO3.heBackbone Segmens shown on the right side éfigure2.1-1 and Figure2.1-2
(yellow area including the Cloud)he capacity requirements for nodes interconnection in
backbone segmens estimated to b@f the order of Th/sn medium termand up to ten Tb/s in
longterm. From an architectural point of view, tHimckbonesegment envisages a technological
upgrade of nodes and transmission systems in the direction of the introduction of-inaund

and SDM solutions.

Many Access-Metro areas
collected by the backbone

6G Typical Access-Metro Area Ej ﬁ Service Cloud
Macro cells X people ﬁ Telco Cloud
¥ Macro cell sites (many 3 sect. Layers 6G NR) s
((( ))) 2 Small cell sites
National CO
R

Edge CO

Far Edge CO
100G to = 2T flows
100/400 km

FH <=400G
6G

Small cells

Cloud CO
=ten(s)

architecture, topology, size

(coh.) PON of area etc. to be defined

(/(%2)

Access-Metro Domain . Baclfbone
heavily impacted slightly impacted

Figure2.1-2: Overall higHevel view of the SEASON architecture for the LHieng.

The architectures are to be considered as a reference both for the systems and subsystems
developed in the project and to define the case studies of planning and dimensioning and
technicatleconomic evaluations. The architectures in question refer to areefie framework

for the data plane and must be completed with the physical topologies inspired by those
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provided by the operators (also included in D2.1 and made available as a shared dataset within
the project) Important innovations are foreseen in the control plawe, with the introduction

of pervasive telemetry and massive use of AlI/ML solutions to support network opeiaithn

the coordination of the cloud resources of the Backbone with those of Addet® (Edge and

Far Edge)This lasfeature can be obtainedvith an overreaching orchestrator that coordinates

the control entitiesthroughoutthe varbus network domains.

2.2 SEASOBDLUTIONS TOWARDSSHASORRCHITECTURE

This sectiomprovides adetailedmapping of thedata plane technologies andlsitionsproposed
in SEASOBNd described in the following sections of this documietd the highlevel SEASON
network architectureln deliverable [D2.1] an initial mappiy@pnsideringlifferent time periods
(medium term and long termyvasincluded Asdenotedin the previous sectionthe SEASON
architecture consideredis segmenta into two domains: Acceslletro and BackboneThe
evolution of SEASON architectumnsiders bothmediumterm (4 years) andongterm (8+
years) with progressively advanced technologiemddressing theexpected traffic and
requirements of future networksSo here, we alsdifferentiate and map the propose8EASON
data plane technologies considering therdied two reference time periods.

2.2.1 Mediumterm

In the medium-term, SEASOfdcuses on leveragingchnology advancement® enhance the
performance, efficiency and flexibility of the data plai@e following key technologies will be
consideredn different segments 0SEASON architecture.

2.2.1.1 AccessMetro and Backboneegmens

1 ROADMTtree IPOWDM networkgseerelated work in Section 3.3). SEASON focuses on
the evolution of metreaggregation networks based on cadtective IPOWDM nodes
eliminating the use of ROADMI.e, packetoptical switches/routers equipped with
coherent pluggable transceivemnhancing cost efficiencgnd providing simplified
network management

0 Mapping to SEASON architectur@OADMree IPoWDM networks can be
effectively implemented in the Accedéetro and Backbone segments where
cost efficiency, simplified management, and Katency communicatiorare
critical.

1 Use of DPU/Smart NI€omponent G.9 detailedin section7.9 and related work in
Section 6.6): The integration ofdata processingunits (DPUs) andmart network
interface Cards (Smart NICs) featuring interfaces capable of supporting data rates up to
800G will play akey role in enhancing network performancehile supporting
monitoring capabilities These technologies will enable botR2P and P2MP
communication, particularly at thEdgeand Far Edge of the network.

0 Mapping to SEASON architecturire deployment of DPUs and Smart Nl
enablecreatinga highly efficient network infrastructure. By positioning these
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units at the Edge and Far EdgeccesdMetro segment) SEASON enhances its
capability toprovide Telco functions (e.g., vDU) and Service functions (e.g., Al
tasks) closer to end users, thereby minimizing latency and maximizing
bandwidth utilization.
Whiteboxes and Pluggable Transceivers: The use of L2/L3 switches and whiteboxes with
pluggable transceivers (up to 800G) will érevisionedin the Accesdletro segment.
These whiteboxes, compliant with standards such as OIF and OpenROADM, are critical
in creating flexible, open line systems that accommodate modules from different
manufacturersandthey can be easilypgraded withtechnologicabdvances

0 Mapping to SEASON architecture the SEASON architecture, thetements
will be placed at Far Edge and Edge Central Offices (@& Accesdetro
segment supporting both telco and service functions such as the vDU and vCU
(virtualizeddistributed andcentralizedunits).

Coherentdigital subcarrier multiplexingSCNlbasedP2MP and P2fansceiverup to
800G (related work insections3.1, 5.2 and 6.2): Implementation ofDSCM based
transceiversupporting data rates up to 800&sofacilitatingthe transport offronthaul
(FH flows (<=200 Gb/s) in thedio access networlRAN.

0 Mapping to SEASON architecturthe deployment of coherent DSChased
P2MP and P2P transceivers will enable to optimize bandwidth utilizetile
enhandng power efficiency and performande the Accesdletro domain.By
leveraging the capabilities of these higapacity transceivers, the growing
demands of fronthaul traffic can be effectively managed, particularly in
scenarios that require low latencglso resulting in power savings

50G PONsand coexistencewith coherent DSCM based P2MP and Rikiygable
transceivers(see deliverable D2.1 andections 3.2, 4.3, 5.3 and 6.5): SEASON also
considers the use of 50G PON for aggregating endpoints within the access selgment.
addition, itconsiderstoo, the introduction of coherent PON at 200G and wavelength
division multiplexing (WDM) POBNnd DSCMbased transceiverso enhance fiber
capacity andeffectivelyaccommodatdhe increasing traffic.

0 Mapping to SEASON architecturéhese technologies will be envisioned in the
AccesadMetro segment where higldensity traffic aggregation is required. PON
technologies will be used at Far Edge COs and aggregation points to efficiently
connect access points and users, helping to hangéeraipid growth in traffic
while optimizing the use of existing fiber infrastructure.

Pure filterless or hybrid filterefilterless optical line system®©LS)seerelated work in
Sections 3.2 and 4.3): The use of pure filterless or hybrid filterdidterless optical line
systems will be integrated with DS@Mnsceiversand multicarrier modulation (MCM)
technologies to support botP2MP and P2Brchitectures This will facilitateefficient
transmissiorand optimizespectral efficiency and resource utilization

0 Mapping to SEASON architecturAdvanced OLBased on filterless or hybrid
filteredHilterless architecture in the AccessMetro domain with flexible and
high-capacity transmission capabilities.

Exploitation of MB transceivefsuch as th&ViBoSDMSBVT proposed within SEASON)
operating in the C+bands with potential extension to the-Band(componentC3.4 in
section 7.4): Adoption of MB traisceivers (C+S+it) enhance network capacity
scalabilityand spectral efficiency
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0 Mapping to SEASON architecturglB(oSDNM SBVTawill enablethe extension
of the capacity ofthe existing fiber infrastructure andiccommodag the
growing data demands in both the Accédstro and Backbone segmentie
proposed SEASON MB(0SDM) receiver is designed using direct detection (DD)
technology. However, coherent detection can also be implemented to
significantly extend the transmission reach, making it more suitable for long
distance, higkcapacity applicatios within the Backbone segment. This
flexibility allowsSEASON architecture to support a range of use cases, from
shorter metro links to extended backbone connections, ensuring optimal
performance across the network.

1 Partially exploitation of the multigranular MBoSDM modular and flexible node
(Components C3.1 in sectidnl and C3.2 in sectior.2 and work included irgaction
4.2).

0 Mapping to SEASON Architecturdhe use of MB technology in both the
AccessMetro and Backbone segments will require advanced switching node
capabilities and granularities including band and wavelength switchinghé&o
proposed MBoSDM switching solution can be partially usdobth segments

1 Advanced monitoring solutiorfsomponents C3.7 in sectiah7and component C3.i
section 7.5 and related work inSections 6.3, 6.6 and 6.7): Advanced monitoring
solutions based on fast fauétnd anomaliedocalization techniqueshat use current
digital signal processing (DSRxeiver (RXxpased transceiver®r even simplified
schemes/systems included dlifferent network nodes.

0 Mapping to SEASON Architecturadoption of advanced monitoring solutions
in different network node$rom both Acces$letro and Backbone segmertts
identify possible link faults omonitor different target figures of merit to
efficiently allocate resources anestablishoptical paths accordingly

1 The implementation of radio access based on thRRAN architecturg@roviding double
split 2 (MH) and 7.2 (FH) with open solutions (distributed or centralized) regarding the
positioning of the vDU and vCU functioriBhe design aligns with the advanced
functionalities expected in 5G Advanced (3GPP Releases 18 and 19), ensuring the
network is prepared for future developments in mobile technology.

0 Mapping to SEASON architecturéite adoptionof Gw! b Qa R2dzof S & LJ A
for Split 2 (MH) and Split 7.2 (FH) is mapped to the Addes segment
where efficient, flexible, and scalable deployment of radio access functions is
essential.

2.2.2 Longterm

In the long term, SEASON envisions the deployment of even more advanced technologies in the
data plane to handle extreme traffic demands and enable future network use cases such as 6G,
metaverse, and Adriven services.

2.2.2.1 AccessMetro and Backboneegment
1 NextGeneration Whiteboxes and Pluggable Transceiwemsection 3.3): Whiteboxes

and pluggable transceivers will evolve to support data rates of up to 2 pv/#ow
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preferably with the same form factor as today's 400G; evolution of other type of
pluggable, EDFA and VOAs, with their higher level of integration and lower cost power
consumption and footprint

0 Mapping to SEASON Architectur€hese solutions will be deployed in the Far
Edge and Edge COs to handle both telco and service functions, such as massive
Al tasks at the Edge.

Extensive deployment of DPU (or its evolutiagturinginterfaces capable of handling
data rates of 800G or higheup to 2 Th/s(seeComponent C3.detailed in sectiory.9
and related work in sectio8.6).

0 Mapping to SEASON ArchitecturAt the Far Edge, these DPUs will not only
support essential Telco functionsuch as the vDU in tHRAN it also provide
the computational power needed for running advanced service functions. This
includes massive Al tasts supportservices aligned with the Compute Power
Networking (CPN) paradigm, where computation is distributed across the
network and performed closer to the data sour(@ the usel) to minimize
latency and optimize resource use.

Deployment and coexistence obherent PON operating at 200G, WDM PON @b/
PONto addressscalability andhe increasing traffic demands of future networgegork
related to Section5.4and componentC3.3 in sectioid.3).

0 Mapping to SEASON ArchitecturAdoption of SDMPON node in the Access
Metro domainto cope withtraffic demand growtHrom access points

Adoption of enhancedoherent DSCMNvased P2MP and P2P transceivesspporting
data rates of 800 Gb/s and up to 2 Th/s of total capacity (related woBdtions3.1,
5.2and6.2).

0 Mapping to SEASON ArchitecturBeployment ofadvancedcoherent DSCM
based P2MP and P2P transceivarsosshoth the Far Edge and Edge COs within
the Accesdvletro segment

Fully meshed connectivity in the fronthaldveraging coherent optical technologies and

optical layerflexibility, to enableindependent processes within the network to be
dynamically and flexibly managedoviding optimization in theloud RANsection5.1).

a8 2F O2KSNByld atAidSé GNXryaOSAOGSNE |G BT

0 Mapping to SEASON Architectur&ronthaul Optimization(reattime traffic
management and resource optimizatian)Accessvietro segment.

Full exploitation of MB(oSDM}BB/T<or future evolutions(component C3.4 in section
7.4): MB(oSDM)SBVTwith extended capbilities capable to operatbeyond the C+L
band and achieve aggregaleit rates of 1 Tb/s and higher, potentially scaling up to 10
Th/sby meansf using additional banddeyond C+L+8ands)or evendifferent spatial
channelgin the Backbone domain)

0 Mapping to SEASON Architecturkdvanced MB(oSDM)BB/Twill be adopted
and used withirboth the accesdvletro and Backbone segments to dynamically
allocate network resources, ensuring optimal performanddéanks to its
flexible, modular and scalable architectuthe transceiver can be adaptead
maximize performancaccording to the target network domain.

Full exploitation of the multigranular MBoSDM modular and flexible nodets
evolution(Components C3.1 in section 7.1 and C3.2 in section 7.2 and work included in
section 4.2)
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0 Mapping to SEASON Architectur@doption in the Backbone segment of the
advanced MBoSDM switching nodevith full capabilities enabling band,
wavelength and spatial granularitiescope with the target network capacities.

1 Exploitation of rmultiband amplifiers with availability assurance via predictive
maintenanceand pluggable amplifierécomponent C3.6 in sectiof.6): Multiband
amplifiers will enablghe amplification ofsignals across multiplbandsbeyond G+L
Implementing predictive maintenance (PdM) for optical fiber amplifisrid be
investigated within SEASONitoprove existing monitoring processes and minimize the
risk of network downtime.

0 Mapping to SEASON Architecturdultiband amplifiers will be strategically
deployed within both the Acceddetro and Backbone segment3epending on
the network segmentthey will be designed to coveextended operational
bands.

1 Implementation of radio access based on th&R@N architectureThe implementation
of radio access based on theRAN architecturesupportingdouble split 2 (MH) and
double split 7.2 (FH). This architecture allows for both distributed and centralized
solutions regarding the placement of critical network functions, including the arialJ
the vCUReference to functionality available with 5G Advanced (3GPP Rel. 18 and 19)
ensuring compatibility with advanced services and improved operational efficiency.

0 Mapping to SEASON Architectuiiategration of GRAN architecture facilitaig
optimized deployment of vDand vCUunctions.

2.3 PROJECDBJECTIVES AKP$

A Obj. 1 Design austainable networkarchitecture able to scale up network capacity and
cope with challenging user neettgsough improved power efficiency, reliability, and
selfmanagement capabilities

A Results Design of acalable horsesheand-spur filterless networlarchitecture
(see @ctions 3.2 and 3.3), spectrum saving techniquegsection 4.3)
optimization of MB system&ections3.2, 3.5 andt.2.2), and application of RL
for routing and spectrum assignmefstection 3.4).

A Results Design and validation of MBoSDM sliceable bandwidth/bit rate variable
transceiver (8BVT) and switching node prototypé€sections 4.1, 7.1, 7.2 and
7.4)

A Results Design of coherent mesh/ring with P2MP technol¢sgction 3.2 and
4.2), SDM PON with spatial aggregatiqisections 5.4), and flexible
activation/deactivation of subcarrielsection 6.2)

A Results Development of optical monitoring techniquéSectionss.3 and 6.6)
fault localization(section 6.7) signal quality monitorindSections6.3), and
AI/ML algorithms for failure manageme(gections.7).

A Obj. 2 Design and validate scalable, ultrahigh capacity, and power efficient Muki
Band over Space Division Multiplexing (MBoSDM) netwirkastructure from access
to cloud.
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A Results Optical nodelesignfor MBoSDMSectiont.2, 7.1, 7.2)Investigations
and comparison oflifferent MB solutiongSections3.5), hybrid amplification
(sections 3.3 and 7.6).

A Results Analysis of pwer consumption of MBoSDM transceivers, integration
with SDN control plane, and cost analysis of MBoSDM transceiver solution
(Sections3.4).

A ResultsInitial sssessmenbf energysaving aspectsf P2MRcoherent usecases
in different scenario contextwithin the Gband 1) within WDM amplified ring
architecture(Section$.1 and Sections.2), 2) through acomparisorwith other
alternatives(i.e., P2MPand WDM) for FH traffic trasportation (Sectionss.2)
and 3) in metro aggregation structuresn presence bdaily variable traffic
(Sections.2).

A Obj. 3 Design and development mdvel optical systemand subsystems fanultiband

over SDM

A Results MB SBVT(Sections7.4), filterless E2E design of metaggregation
optical networkgsections 3.3 and 4.33lynamic bandwidth allocatiosection
6.2), and Al/MLbased failure managemeiections.7).

A Results Design and implementation of MBoSDM node prototyections?.1
and 7.2) insertion loss measurementsections 7.1.4 and 7.2.4nd integration
with SEASON MBoSDM transceii&actionst.1).

Obj. 4 Develop afnnovative access and front/mighaul transport solutionsupporting
power-efficient functional split implementations as well as esffective small/free cells
solutions.

A Results Access and front/midghaul transport solutions (Sections 5.1, 5.2)
covering different fronthaul configurations, including comparisons of P2P and
P2MP options for scalable and powafficient connectivity.

A Results:Innovative, flexible, scalable and casfective node designs for PON
spatial aggregation/ disaggregation leveraging on spatial switches (section 5.4).

Obj. 5 Develop pervasive monitoring infrastructuréor secure and truly sethanaged
networking

A Results Novel Al/ML algorithms for failure managemesection 6.7) modet
centric and datecentric approachegsection 6.6)and integration of monitoring
solutions in control planésection 6.3)

Obj. 7 Control plane, Monitoring and streaming telemetry.

A Results Streaming telemetry solutions(section 6.7) intelligent data
aggregatior(section 6.6)and integration with SDN control plafgection 3.4).
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2.3.1KPlIs

KPI 2.1

Increase the available bandwidth of tfiber from actual Gband (~35 nm) to O, E, S, L, U bands
(~415 nm) that, together with the usage of SDM, e.g., with f{i€rs / cores, will make the
available bandwidth to grow by a factef 20.

Achieved additional studies are in progress to finalike validation The actual increase of the
available bandwidth depends on multiple factors, like distamegairments and number of
active channelsFirst studies confirm that such increase can be effectively achieved by
combining MB and SDM. For examgleer20] estimate for multiband transmission system
exploiting wavelengths from 12B6to 1625 nm (pandsO, E, S, C and & total singlefiber
throughput of 450 Tb/s over a distance of 50 km and 220 Tb/s over regional distances of 600
km. This means a factor @10x and 8 more than Gband transmissiorapady respectively

for 50 and 600 kmand D2.5x more than full C+kystem For long distance networks (1000 km
and beyond) due to physical impairmentg reduction of the multiplication factor can be
envisaged: for @and we can expect B 5x factor, while br a full C+L system a factor D2x

can beesteemed The evaluatiomlone in Fer2Q consides5 bands (O, E, S, C and L band, U is
taken out of the analysisdnd itis done with the widely deployed ITUG.652.0iber without

any optimization in transmigsn system design. Taking the above analysis into account, the
factor x 120 required by KPI 2.2 is achievéiéeks tothe contribution of SDM, and in particular
with system adopting multiple fibers in parallsit(iation that ismore likely the medium term)

and with multicore fibergmore probablen the long tern). The number of parallel mulband
systems that allow to reach the 12@actor or cores can be roughly estimated around320

Section 3 extensively analyses the technologies that allow the bandwidth usefidey @ be
increased from 35 nm (3.8 THz) to 400 nm (56.8 , Ts&mtion 4 present some viable MSoSDM
architectureswhile Section 7 includerototype implementationsof MBoSDM nodes and
transceiversleveloped with the contribution of SEASON

Going in more detailsection 3.5.2 presents a migration scenario frofahd only systems to
multi-band and multifiber or multicore systems. The migration is also discussed from an
economic point of view and applies to bandwidth increases in sililghe systemsthat can
achivelimited capacity increase factors (much lower than those require#Riy2.2) and to
multi-fiber and multicore systemsTihelast ones are thenly capable of obtaining multiplication
factors of the overall capacity in the @dofdozensor even one hundred times the capacity of

a baseline @and only system. In any case, the cost per bit is expected to increase both fer multi
band €umently multi -band systems that share the same medium are more complex and
expensive of the one of-@nly band) and for SDM (néiiber, be it single or multi core, needs to

be laid and this is very costly The conclusion is that the gain is achievable, but at the expense
of an increased cost per bit, at least in an initial phase, in long term investments can be
amortized.

Section 3.5.4 presents an analysis that goes in the direction of expanding the capacity available
on the systemgonsideringhe potential of multicore fibers. C+L+3and with 268 channels of

75 GHz bandwidth is considered with Mkers with 4, 7, 13 and 19 cores. The analysis is at
network level in long or very loadistance networks (nationwide or continental wide), so the
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bandwidth per channel rangdrom 100Go/s to 600 (/s depending on the wavelength path
distance and the evaluation gives results in terms of total throughput carried by the entire
network, not in terms of line system capacity. It can be estimated, thigen the fact that 3
bands and up to 19 cores are used, the capacity gain compared to systems madebaiiti C
with single fiber could be in the order of 50x, less than 120x required by KPI2.2 but still an
excellent value.

Section 4.2.2 addresses the MBoSDM node architecture issue by proposing several node
architecture options that enable both MB and SDM. The architectures could be implemented
with the technologies currently available at least for the case of C+L band passible other
additional band (S or E) and the parallelization (even with single fiber bundles) could ensure a
significant capacity increase up to the order required by KPI 2.2. The economic aspect remains
to be investigated, which could be particulaciytical, but is difficult to address.

From the point of view of th@rototype implementations that enable the MBoSDM technology
that is essential for achievin perspectivethe KPI 2.2 target on capacity increasing and to
which SEASON project is contributing, we highlighfellewing components

1. MBoSDM switching nodgresented in section 7.1 (component C3.1)

2. Multi-granular opticalnode prototype presented irsection7.2 (component C3.2)

3. MB(0oSDM) sliceablebandwidth variable transceiver €VT) the transceiver
presented in section 7.4 (component C3.4).

KPI 2.2

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

Achieved, additional studies are in progress to finalize \thkdation. Several technologies
developed to reduce the cost dfiture MBoSDM transmission systerare presented in this
deliverable. However, more complet€ APEXnd OPEXanalysisof the proposed solutionwvill
be presented in the technreconomiespecific deliverables (D2.2 and D2.3).

Section3.2 presentsnovel, scalable network architectulséased on a horseshesnd-spur
topology and digital subcarridrased multiplexing (DCSM) P2MP transceivé¥s. propose
filterless designs for transit nodeseducingthe number of O/E/O conversion§ection3.4
presents athorough cost andpower consumption analysiassesig the performance and
sustainability of the proposed transceiver prototyfaescribed in detail in section §.4h a
laboratory environmentThis analysis essential for futur€€ APEXnd OPE>evaluations of the
prototype. Section3.5describes the modeling and evaluatie throughputof different multk
core fibers.

In section4.2, different node architectures are presented and evaluated for {oigiacity,
MBoSDM optical networks. The different node architectures, which provide advanced switching
capabilities, tradesff flexibility/performance versus cost/complexityhe analysis presented in
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this deliverable focus on thperformance of the different solutions compared to a reference
architecture, while cost/complexity evaluation will be performeddeliverables focused on
technoeconomic analysis (D2.2 and D2.Sgction4.4 describes a novel architecture for
interface nodes thatreduces the number of O/E/O conversionsing P2MP transceivers,
especiallywhen combined with the transit noddgterless designs of Sectid2

KPI 3.1

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 SDMBdGRrastructure featuring

up to 10fibers/cores, able to cope with switching capacities scalable up to betweed @ Bb/s
(considering a 4legree node with 50% local add/drop and depending on the number of used
bands and SDM cores/fibers) [SRIA,-taich evo ~2028], by approaching (fractionafjace
wavelength flexible architectures [Marl5].

Achieved Additional studies are in progress to finalize the validationSection 4.2, different

node architectures are presented and evaluated for hégpacity, MBoSDM optical networks.
The different node architectures, which provide advanced switching capabilities, todides
flexibility/performance versus cost/complexityKey devices, such as spatial optical cross
connects ($OXCspr MBwavelengthselective switches (WS$an beadopted to supporthe

target switching capaciy scaling efficiently. Although these architectures are not yet
commercially available, thegan be built withmature componentssuch as band pass filters
(BPF)fan-in/fan-out devices,OXG, or WSS operating in single @ double band (C+L)Each
degreeof these switches can handle up to several hundred Th/s, and a node with a degree
greater than four can easily achieve an overall switching capacity in the Pb/s range.

To 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), which
enable both spatial (core) and spectral (wavelength/band) switcHihgse prototypes, outlined

in sections7.1 and 7.2, are designed to switch, add, and drop channels across at least three
differentbands (C+S+L) within an SDM infrastructure, aligning closely with the KPI requirements.
Specifically, the node prototypes are able to switch/add/drop channels in at least 3 different
bands (C+S+L) in an SDM infrastructtitee two prototypesreferred to as components C3.1

and C3.2, and detailed in Sections 7.1 and 7.2, baea preliminaryevaluatel. This includes
measuring insertion losses for both prototypes, as well as assessing network performance for
C3.1.In this case initial capacity valug have been measuredSection4.1, demonstrates
transmissionof 3 slices of the MB(oSDM)BY/T (prototype C3.4, sectiahd) at 41.3 Gb/s(G
band),45.4 Gb/s(L-band) and34 Gh/s(Sbhand) This MB flow is switched with tH&degree
prototype node C3.1 (sectiohl), which enables band (S+C+L) and saigching(with 19-cores
multi-core fiber(MCFavailableand?2 cores connected to the prototypélhis scenario is critical

for scalability analysis, as utilizing the full S+C+L band spectra overoael®ICF can greatly
increase total capacity. With 350 channels at 25 GH®m(8), 175 channels at 25 GHzx@hd),

and 150 channels at 50 GHzbdnd),a transmission rate of 41 Tb/s is achievable. Incluthieg
spatial dimensionvith the 19-core MCF, this capacity could reach 0.5 PBtmnsidering, a higher
degree nodethe target KP$switching capacitiesf 2.4-3.6 Pb/s could benvisioned

The experimental assessment for node prototype C3.2 witidladedin deliverable D3.3, along
with alignment and analysis focused on meeting KPIThik additional evaluation will provide
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SEASON project is on track to deliver a scalable, flexible, andcdpghkity MBoSDM
infrastructure capable of supporting negeneration optical networks.

KPI 3.2

MBoSDM transceivers able to increase the capacity of SoA transceivers [Nad22] ugxdo2x
exploiting enhanced wavelength/space dimensions while enabling appropriate
slice/band/corefiber selection according to the network path.

Achieved.Scalability analysis included in this deliverabite Section 3.5, capacity upgrades
scenarios with MB and SDM are presented and evaluated towards targeting thi3hHePl.
required capacity scaling up to 2xXx could be envisioned by expanding transmission intqGS

and Lbands and introducing SDM for additional spatial patinsthis regard,programable
MB(0SDM) sliceable bandwidth/bit rate variable transceiver prototyp8\($), proposed in
SEASON (component C3.4 described in sedtidn supports flexible, sliceable bandwidth
allocation acrossS, G and L-bands providing scalabilityimproved network utilizationand
appropriate slice/band/cordiber selection according to the network pathhe prototype could

be reconfigured by means of software defined networking (SDN) agents, which manage and
adapt the transceiver programmable elements and reconfigurable devices based on the network
requirements/demand.ThistransceiverRS a A 3y £ A3y a ¢ hylaowiigkds LINE 2 SO
adaptable use of spectral and spatial resources, thus achieving targeted capacity improvements
Specificallypreliminary experimental assessment has been perfornfésttion 4.1) showing

that by utilizing the full S+C+L band spectra olarore ofa 19core multicore fiber (MCF),
aggregated capacitgf 41 To/s could be envisionedf considering350 channels in the-Band
(SSBR)175 in the and(SSB)and 150 in the+band(DSB)Compared tdahe SoAGhand SBVT
considering full population of the-Rand (175 channels with SSB) about 8Tb/s could be
envisioned.Hence, by the adoption of MB (S+C+h)ideal maximumfactor of 5x capacity
increase could be envisioned, whereas this factor will atsdeswith the number of cores by
including the MCRHowever, transmitting across multiple coraad exploiting MBntroduces
additional challenges, such as stimulated Raman scattering (SRS) and crosstalki¢KWl
impactlimit the total achievable capacitgnd the correspondingcaling factor

Additionally, SEASON also proposes the adoptiaoloérent pluggable transceivetfsat can be
integrated intolPoWDMwhite-box network devices, eliminating the need for extra standalone
components(Section 3.3). This reduces both space and power consumption, while enhancing
0KS ySig2N] Qa InpattiSuki,400ZR &bl 400C0QpanZR* modules provide full
tunability across €and SuperCbands (4 and 4.8 THz, respectively) with support for both 75
GHz and 100 GHz channel spacing. This flexibility maximizes spectral efficiency, enabling a single
fiber pair to delier up to 1625 Thps total capacity by multiplexing 40 to 64 individual 400 Gbps
channels within the C and SuperC bands.

KPI1 3.3

Optimized DSP for metro/core coherent applications, able to increase 4xaflataeaching up
to 1.6Th/s per port with power consumption suitable for future pluggable modules.
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Partially achieved. Additional studied will be included in deliverable.8& current work on
optimized DSP for metro and core coherent applications is making strides toward supporting up
to 1.6 Th/s per port, aligning with the demands for future pluggable modules under the
emerging 1600ZR standard. A key focus is the integratimovel lowpower DSP architectures,
specifically those employing frequency domain (FD) filtering for group velocity dispersion (GVD)
compensatiom a computationally intense t&swithin DSP.

In Sction 6.4, 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 significantly, esgecliybol

rates of 120 GBd and higher, due to the substantial increase in taps needed to manage
accumulated GVD across longer fiber spans. Testing reveals that for high symbol rates, such as
240 GBd, complexity rises sharply beyond 100 km, underscoenetd for lowpower designs
capable of mitigating this power burden.

This effort, conducted as part of WRBd still going ondemonstrates that achieving lepower
DSPs while maintaining performance is critical to reducing computational derttandghGVD
compensationResults will be part of the D3.3.

KPI 4.2

>50% contribution in energy saving via dynamic spatial channels aggregation and deactivation
of unused transceivers at the OLT side basing on traffic conditions over total 70% energy saving
targeted by [SRIA].

Partially achievedlThe SEASON project has conducted a thorough evaluation of dynamic spatial
aggregation as a method to achieve energy efficiency in Passive Optical Networks (PONSs). The
proposed architecturedoptsspatial lane configurations based on traffic conditions, enabling

the deactivation of unused transceivers at the OLT side to reduce energy consumption without
impacting network performance.

Using simulatiorbased assessments, the analysis highlights the significant esawyg
potential of the proposed architectures. Results indicate peak energy savingaf%4an low

load conditions andverage energy savings of 4% through dynamic aggregation of spatial
lanes, depending on analyzed network scenario and PON configuration. The adaptive
mechanism responds to traffic variations observed across different service patterns, including
SOHO, LaegBusiness, and Mobile. The scalability of therapch is evident, with energy savings
increasing as the number of spatial lanes grows, saturating at around 8 lanes.

The evaluations emphasize that energy savings are influenced by the ratio of fixed power
consumption (PF) to variable power consumption (PV). For PF/PV ratios near 1, maximum
savings are achievable, while higher ratios reduce the relative gains. Evenlessléavorable
conditions, the approach offers substantial contributions to operational energy efficiency.

Although the results are promising, further optimization opportunities remain. Future work will
aim to refine the control mechanisms, ensuring seamless transitions between spatial lanes
without service disruptions. Additionally, improvements in aggregataigorithms and
integration with softwaredefined control systems will enhance adaptability to reade traffic
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dynamics. These efforts, coupled with advancements in hardware technologies, are expected to
maximize the energgaving potential of the proposed architectures.

KPI 4.3
400Gb/s RAN fronthaul ports capacity.

The KPI1 will bechieved Studies indicate that achieving 6G capabilities within the next five years
will require increasing the bandwidth to 4@bps in the Fronthaul segment. This substantial
bandwidth expansion underscores the growing necessity to adopt coherent optical technology
for efficient data transmission. As part of the SEASON project, we have chosen to explore and
implement a WDM Mesh Neork in the Fronthaul segment. By incorporating 480ps
transceivers, this architectural approach allowstassignificantly enhance network capacity
while introducing greater flexibility.

Coherent pluggable 400G transceivers, based on Open ZR+ specs, face challengepdikedlow
output and fixed amplifier gain, impacting OSNR and receiver sensitivityphwer 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.

KPI 4.4

High accuracy profile for IEEE 18B8m ¢ 2NJ 0 SGUSNE S@2t GAYIE pmMdp >
Standalone, aiming to ns with target IEEE P802.1CM A+ networks, demanding an accuracy better
than 12.5 ns.

Partially achievedindoor 5G/6G networks, together with ongoing regional jamming and

spoofingof GPS based GNSS networks, has increased the industry adoption of time & frequency
G28YOKNBYATIFGA2Y RAAGNRAROdzGAZY 2 @PSNI drR@cisipiNd y & LI2 NI
time protocol telecom profile for phase/time synchronization with fihing support from the
YSU62N]l Q wDdyHTpBI o0FaSR 2y t NB20WE fortyme GAYS t 1
synchronisation and SyncE [G.8261] to provide precise frequency reference. InRKAN O
disaggregation of the RU and DU, this has been adoptedeaSytnePlane ($Plane) of the ©

RAN open fronthaul [RAN.WG4.CUS.0].

For 5G precise netwo#kased positioning (LCS) evolution towards 6G ISAC, combined with
coherent/syntonized 6G cditee, RIS, etc, the current time & frequency synchronization
solutions are insufficient. Even the adoption of the new high accuracy pfRifilgel21], based

on White Rabbit, will be required but may themselves be insufficient for the phase coherency
needs for 6G ceftee.

For SEASON, the WP5 integrations and demonstrations will be based on 5G systems, integrating
with the WP4 telemetry SDN controllers. It is required to maintain a precise synchronization

FOOdzNI 08 683688y GKS w! Q& | yR StipQover imfo I Y2y A
SyadNB | adlotsdy O2yaraiasSyd FyR NBEAFOGES GAYAYS
network.
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Low relative time errors, in the nanoseconds range, in tidaBe between the different nodes
and an improved frequency accuracy (low frequency variations) of the master clock will improve
the overall performance of the fronthaul.

Depending on the fronthaul topology configuration that is used in the networRAD defines

4 topologies: LLE1, LLE?2, LLE3 and LL:84), timing requirements will be more strict per
used component in the fronthaul in order to comply to the overalleimrror budget. For
example, the allowed number of switches in the synchronization path of the fronthaul is limited
by the frequency and time error contributions by all clocks in the chain.

KPI 5.1

Achieve sutkm (<500 m) and sufiB (<0.5) resolution in the estimation of longitudifiber
attenuation points and optical amplifier gain, respectively, usingtSBd monitoring scheme.

Partially achieved. Further validation will be included in D3t&e SEASON project aims to
enhance optical network monitoring by improving the resolution and accuracy of longitudinal
power profile estimation using DSfased techniques. Previous workadnother project B5G
OPENvalidated the use of the correlation method for anomaly detection and power profile
monitoring, with applications in detecting amplifier characteristics and anomalies like gain tilt
and narrowband compression.

The new focus in SEASON is to implement the Linear Least Squares (LLS) method, which promises
higher accuracy in anomaly localization. This new meikadirrently in progress in [C3.5] and

will replace the older correlatiochased approach, which had lower resolution. The goal is to
achieve sukkm (<500 m) and subB (<0.5 dB) resolution in estimatifiger attenuation points

and amplifier gain. The first version of the LLS approach is expected by the end of November
2024, with testing to follown D3.3

KPI 82

Performance improvement achievable withaptical spectrum analyze©SAembedded in the
amplifier setup and control identified for different link designs and applications

Partially achievedDynamicgain equalizatiorin erbiumdoped fiber amplifierdEDFAlsing
adaptive gairflattening combined with spectral measurements in each optical amplifier
embedded into a link hathe potential to significanty improve link performance[Ra®3].
However, additional cost introduced by the required componentsade this technique
economically unattractiveFurthermore,an alternative technique based on a reconfiguration
stageturned out to provide similar performandmprovement at dower cost.

However,costhas changed significantly sineavelength configurable devices have been must
cheaper due to their large use in modern optical networks. Theretbeconcept of spectral
reconfigurabilityhas been revisited in view of the muliand technology, in particular thulivim
doped fiber amplifier TDFA)or the Sband. Some first results have beagainedusing a
simplifiedmodel, but this will be redonewith amore elaborate model based on coupled rate
eguations is available.

KPI 5.3

© SEASON (HorizatySNS2022Project:101092766) page26 of 136
Dissemination Level Public




o

[
»
(e}
z

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

Partially achievedThe workon the KPI 5.3tarted within the secondhalf of the project but
without utilizing anOTDRA summary of th@engoingwork is reported irthe subsections abec.
6.8. It isworth noticing thatduring the last year of SEASQW mightre-consider theoption of
employingan OTDR in the studies

KPI 5.4

Applicability of modulation format insensitiegtical signaito-noise ratio QSNRmeasurement
techniques in different scenarios determined, sources of inaccuracy identified, impact of signal
distortions worked out

Partially achievedSpectral 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
imparments in a standard single mode fiber. However, the measurement results alsoe@veal
that the measurement parameter reacts with different sensitivity to the different impairments.
Therefore, it has been concluded that aligning thessgvity of the measurement parameter
should befurther investigatedor 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,
differencesin the sensitivities to different effectsould be reduced, buihe achievements are

not sufficientfor qualifying as a universal tofdr estimated link qualityTherefore, further
investigation will becarried out

KPI 7.3

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

Not achievedyet. The activityisrelated to the integration of the MBoSDM node prototype with

the SDN control plane and related agents has not yet start®ork on KPIfulfilment will
continue,during the next monthsf the project We have just started to identify node operation

and programmable parameters and elements towards developing the corresponding SDN agent.
The work will be part of D3.3 and D4.3.
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3 MODELLINGND ENEYO-END DESIGN OF OPTICAL NETWORKS

3.1 OPTICAL VERSUS ELECTRICAL AGGREGATION

Internet traffic is aggregatedin Access and Metrdggregationnetworks andis delivered to
metro-core and core networkd.raditionally, b convert individuasmall optical flows to &rger
one, firstthe individual streams areonverted to electrical and then aggregated electrically and
re-converted to optical domain. This allowsiagle highcapacitytransceiverto transmita large
amount of data ovepptical transport networks@TNS$.

However, with theadvent ofcoherentP2MP transceivera single optical channel can be divided
into severalsmalldigital subcarriersusing Nyquist multiplexing techniqu€&herefore, eaclend
leaf nodewith low-capacitydemand can havis owndedicatedend-to-end optical paths tdhe
high-capacity transceiver located in hub nod@he optical aggregator can be simple passive
optical couplers or some kind ofodified ROADM®y emovingelectrical aggregatignwve can
reduce the costsimplify the networks andeducepower consumptionThis is a highly relevant
result as thdCTsector accounts for 3% of global emissions a6 of electricity use.

Figure3.1-1 shows an illustration of optical aggregation usikdggital subcarrietbased
multiplexing DSCNtbased P2MRBranscevers(b) and the traditional electrical aggregation with
dedicated transceivers for each ender.

Fixed/mobile Metro-regional/ Fixed/mobile Metro-regional/
access Optical aggregation national access Electronic aggregation national
S P &7
P » &
S S &
g Passive = -
( a) coupler (b)

Figure3.1-1: (a) Optical and (b) Electronic aggregation approaches

In a submission to OFC 2025, explored the coherent P2MP approadb reduce energy
consumption in telecommunications networksaitiks to the DSCM and the enablegtical

traffic aggregationlin this work, we considered the network illustratedFigure3.1-2, andwe

concluded thatcoherentP2MP offers similar transmission qualityvith respect to traditional
coherentP2P¢ but with alower power consumptionn fact,for each removedouter, we save
2 200 W, with potential OPEX saving?df million eurosonly for the Telecom lItalia netwoik

Italy presented within WP2.
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~~+ Optical Metro-regional 51.3k
aggregation nationa

Figure3.1-2: Considered networgcenario

3.2 NETWORK OPTIMIZATWNHP2PANDP2MPTRANSCEIVER

We propose a novel, scalable network architecture basetl@seshoeand-spur topologyand
DCSM P2MP transceiveiithis design enables gradual expansion through optical spurs without
affecting the core horseshoe structure. By minimizing optical line reconfiguratising
splitters/combiners with different ratios we address theamplifier minimization while
consideringcritical operational expenseOPEX and service disruption concerns of network
operatorsduring network expansian

Hub and leaf nodes function as endpoints and transitdes add or drop optical signals to or
from the main horseshad.eaf nodes uniquely serve both as direct connections to hubs and as
intermediate points for neighboring leaf node traffisee Figure3.2-1). Our architecture is
optimized for longterm traffic growth by offering two primary scaling methods:

- Geographic expansion: Adding leaf nodes and transceivers in different locations.
- Capacity increase: Deploying denser P2MP transceivers within existing leaf nodes.

While providing flexibility and scalability, the horseskaretspur topology exhibits a tradeff

in fault tolerance compared to simpler horseshoe designs. A spur link failure isolates only the
affected spur, whereas main horseshoe link failure still allows all leaf nodes to communicate
through at least one hub.
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Hubl Hub2

Transit node

Leaf node

Figure3.2-1: lllustration of a typical horseshad-spur topology.

Filterless designs maximize simplicity Iay require additional amplifiers This study focuses

on two basic filterless node architecturés transit nodesas shown irFigure3.2-2: one using
couplers and the other splitters/combiners. While couplers are simpler, splitters offer more
optimization flexibility.

Coupler
Ve
& o)
g
T3 ‘/

4

ey
Amplifier

ﬁ/
i

[
Combiner TS W ATG Splitter

@ ®)

Figure3.2-2: Horseshoe filterless node architecture using (a) Node Architecturbyt2 Bplitters/combiners and-2
by-2 couplers and (b) Node Architecture 2: onlyy® splitters/combiners

We analyzed data from 495 links across 13 maiggregation networks (each consisting of one
or multiple horseshoes, horsesh@md-spur topologie§ operated by Telecom ltalia Mobile
networks tocreate a statistical distribution to generate new links and networks. Numerous
potential distributions such as legprmal, Weibull, and Gamntan be used to fit the available
data.However, he quality of fithessnustbe assessed based gnodnessof-fit criteria such as
Kolmogorov Smirnov and ebquared tests. InFigure3.2-3 the normalized histogram of
empirical link lengths is compared with the probability density functions (PDFs) of the
mentioned distributions obtained through Maximum Likelihood Estimation (MLE). The
fundamental idea behind MLE is to find the values ofrtiwel parameters that maximize the
likelihood function. Based on the results of Kolmoge8mirnov test, the logiormal
distribution demonstrated detter fit compared to the other considered distributions, with a
mean of 12 km and a standard deviation of 11.3 km. This distribution is referred to as the
baseline distribution for theest of this paper. Additionally, we introduce a second-taymal
distribution, calledextended distribution, with a mean of 24 km and a standard deviation of 15.8
km, represeting a set of longer horseshoes.
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Figure3.2-3: Probability Density Functions (PDFs) of fitting distributions to empirical link data utilizingitrog|,
Weibull, and Gamma distributions through Maximum Likelihood Estimation (MLE) and an extended horseshoe
distribution.

An integer linear programmin@LP)optimization frameworkis developed tosimulate and
optimize different network instancesSince we have assumed dymilarization 16QAM, a
minimum receiver input power of P24 dBm per SC for both low data rate and high data rate
transceivers is set, which is aligned with OpenZR+ MSA. These parameters are scaled for 4 Gbaud
SCs instead of theriginal 60.1 Gbaud single carrier signal. The launch power, variable within a
range, is considered P2 dBm per SC for leafh@ hub nodes transceivers, corresponding to

an output power of 0 dBm for a 400 Gb/s signal using 16 SCs. To operate with negligible penalties
from nonlinear interference due to transmission over optical fibers, the nonlinearity power
threshold is set to Pr -8 dBm per SC and is enforced at the ingress of every fiber span. The
maximum allowable SCs power difference is Px = 8 dB. We also assume that all links are made
of singlemode fibers with a loss of 0.22 dB/km. We assume a fixed power budget rangimg fro

0 to 13 dB per tresspur.

We examine four distinct passive device configurations. The first employs balanced 50/50
splitters and combiners. The second utilizes exclusively 20/80 devices, while the third is limited
to 30/70 and 10/90 ratios. Scenario four encompasses all ratiosdmtvi0% and 90% in 10%
increments. Couplers follow the same scenarios but offer fewer configuration options due to
their combined drop and add functionality. For example, an 80/20 coupler transmits 80% of
express power to the other express port and dropg&® Conversely, only 20% of added power
enters the express path, with the remainder directed to the drop port. To account for
inefficiencies, a consistent 0.5 dB excess loss is added to the coupling insertion loss.

All results are reported with both the average values and their corresponding 90% confidence
intervals, obtained through Monte Carlo simulations of 10 different networks.

Figure3.2-4 shows the average number of amplifiers for 10 horseshoes made of 5 transit nodes
and links obtained from the first distribution. Overall, when setting a higher target power budget
in the branches, more amplifiers are needed. This trend holds irrespedtive scenario and
node architecture. For instance, consider thdéy22 couplerbased node architecture results
shown inFigure3.2-4 (a). Scenario 1 leads to the highest number of amplifiers ranging from
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more than 5.5 to about 12 when the power budget increases from 0 dB to 13 dB. The reason is
that there is no degree of freedom for coupler selection and all nodes are the same in terms of
the architecture. Conversely, Scenario 4 delivers the lowest numibamplifiers compared to

the other scenarios. The higher number of coupler types available for selection afitousieet

the problem constraints with a smaller number of amplifiers. Nevertheless, it is important to
highlight that: (i) Scenario 3 leads to an average number of amplifiers that is only marginally
higher than that of Scenario 4 while relying on only types of couplers; (ii) at medium to high
power budgets, Scenario 2 is also very competitive (almost the same number of amplifiers as
Scenario 3) and uses only one type of coupleigure3.2-4(b) illustrates the results for the-1

by-2 couplerbased node architecture. The number of amplifiers is slightly higher compared to
the 2-by-2 couplerbased node architecture. This is mosHince the use of two discrete
elements (one for drop and one for add) instead of a single one is impacted by additional division
and excess losses.

Suburban deployments, for instance, tend to have longer networks. Considering a link length
distribution roughly double that of our baseline scenario, the average total horseshoe length for
a topology with 5 transit nodes and 6 links approximates 145 letors.Figure3.2-4 (c) and (d)

plot the number of amplifiers for different scenarios when considering the two node
architecturesand the longer horseshoes. Albeit the fiber losses are higher in the horseshoes
generated with the extended distribution, the loss of passive devices is still dominant.
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Figure3.2-4: Optimized average total number of amplifiers (90% confidence intervals are highlighted for each curve)
versus considered branches power budget for the defined scenarios based on (a) Node Architecture 1 and (b) Node
Architecture 2 while considering the Blse Distribution (shorter horseshoes), and (c) Node Architecture 1 and (d)
Node Architecture 2 while considering the Extended Distribution (longer horseshoes).

© SEASON (Horiza}SNS2022Project:101092766) page32of 136
Dissemination Level " Public




d
00
(e}
z

The number of amplifiers is on average 10% to 45% higher than the shorter counterparts. At low
power budgets, the increase in number of amplifiers is more significant compared to higher
power budgets.

We also explored how to minimize disruptioncase of multstagepower budgetupgradewhile

the network can be partially reconfigured/reoptimizedfe investigate three upgrade scenarios
when increasing the power budget from 6 dB to 12 dB:1) passive devices are fixed. Amplifiers
can be reoptimized, 2) existing amplifiers remain in place but passive devices can be
reconfigured, and 3) both existingmplifiers location and the network layout (node
architecture) are fixed. New amplifiers can be added.

We simulate these scenarios by running the ILP twice, using the first run's output to fix the
necessary parameters for the second. As showfigare3.2-5, for the "70:30 & 90:10" coupler
scenario, more amplifiers are needed compared to a scenario where the entire network can be
reconfigured (oneshot planning shown by the dashed line). Specifically, when passive devices
are fixed, the number of amplifieiacreases to an average of 17.7, compared to 15.9 amplifiers
when deployed amplifiers cannot be relocated. The composition of amplifiers is different. For
instance, the "Fixed amplifiers" scenario requires more express amplifiers. The final scenario
offersthe least flexibility and requires over 50% more amplifiers than a design that allows full
reconfiguration (but likely with highedDPEXand disruption). As a result, filterless horseshoe
and-sspur architecture with P2MP transceivers can provide more flexibility if spending more
upfront and considering a highower budget. However, it is important to consider other factors
like network dynanics, and availability constraints.

M Express Add/drop Booster/pre-amplifiers
bl
20
)
7]
215
=
<
< 10
2
E s
Z
0
1- Fixed passive 2- Fixed amplifiers 3- Both fixed
devices

Figure3.2-5: Optimized average number of amplifiers when upgrading power budget from 6 dB to 12 dB.

3.3 ROADM-REEPOWDMNETWORK

SEASON focuses ¢ine evolution of metreaggregation networkdased oncosteffective
IPOWDM nodes, i.e, packetoptical switches/routers equipped with coherent pluggable
transceivers

Traditionally [IPoWwDMnodeshave been interconnected usingé&dnfigurable Optical Add/Drop
Multiplexers (ROADMSs). A ROAmVIimainly built with several elements, mairfROADM on
Blade (RoBand MultiCast Switches (MC$achnode degree needs of RoB which integrates
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a pairof Wavelength Selective Switches (WSS)astital amplifiersfor handling both TX and
RX side For exampleFigure3.3-1 (a) shows an IPOWDM switch equipped witbherent
transceiverghat relies omatwo-degree ROADNb interconnect toremote IPoWDM nodesThe
ROADM igomposedof two RoB(one for east and ondor west side9. A third RoB is also
included toserve asadd/drop module The add/drop module isypically implemented using
lower cost technologies, likeuticastswitches(MCS)This overalinulti-layernodearchitecture
enableseffective optical bypass in intermediate nodeBdeed,electronic processingn such
ROADMbased optical networksnly occurs at thesource and destiation IPoWDM nodes.

In SEASOMe performeda first investigation o novel ROADMTree network infrastucture.
The motivation behind this study is related to tlextraordinarytechnological improvements
that coherent transceiverand packet switch ASHaveexperienedin the last few years, driven
by the hyperscalers (e.g., Google, Microsoft, etc) due togtmificantgrowth of traffic among
their data centersIn fact, transceiverline rateis nearly doubling every two yearat a pace
much higher than Telco traffigrowth. Coherent transceiver®perating at 800Gh/s are
nowadays commercially available arnkle first prototypes at1.6Tbk have been already
announcedby multiple companies

a) b) c)

ROADM

West East West East

West East

Transceivers

Packet-Optical
node

Figure3.3-1: (a) Traditionalmulti-layer node in &ROADMbased packebptical network (b) node architecture in a
ROADMTree metro-aggregationnetwork where packebptical nodes arelirectly connected withoutising ROADMs
and usinga single transceive(c) as in (b) buising multiple transceivers aggregatusing RoBFor simplicity only
two degreesare here represented

A ROADMree network does not exploit optical bypass, always terminating the optical
connection at the adjacent IPOWDM node. Such network infrastructure can be implemented in
three different ways, depending on the amount of data to be exchdraed the distance
between the nodes.

In the first implementation, the node architecture Bigure3.3-1 (b) is adopted where only one
coherent transceiver per directioftwo in the figure, there can be moré$ used for the
interconnecton to the adjacent IPOWDM node. That is, the transceiver is directly attached to
the optical fiber. No optical amplification is adopted. This implementation is suitable for short
distances among nodes (e.tew tens ofkm, given the limited sensitivity of the transceivers, in
the order of-10dBm) and relatively limited capacity (the one provided by a single transceiver).
In case additional capacity is needsaime management problems need be addressedince

the line needs to go offline to enable the insertion of coupler/splitters dd Rserve additional
transceivers.
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In the second implementation, suitable for larger distances (uf@wohundreds of ki) optical
amplification is introduced. Two cases can be considered: (i) traditional EGHAnmovative
pluggable amplifiers. This implementation, still considering a single transceiver per direction
(i.e., relatively limited capacity), may also requine samecomplex upgrade procedures.

In the third implementation,suitable for larger capacitynultiple transceivers per direction are
considered.To aggregate multiple signals in a single filokfferent options are available:

i Fxed AWG Pros: dbw cost low insertion loss no upgrade issuesscales wellto
accommodate a large number of transceiveC®nsrigidity inspectrum allocatiordue
to fixed filtering it may notbe future proofwith the increase of baud rate.

1 Splitters/Coupler. Pros: Low cost no filtering constraints Cons: possible slight
transmission issues due to ndiftered signalsjnsertion lossncreases with the splitting
ratio, making it suitabléo practicallyaccommodate only very few transceiveldpgrade
issues

1 RoB Pros: relatively low insertion loss; no upgrade issues, no rigidity in spectrum
allocation; suitable to accommodate large numbetrahsceiversfuture proof with the
increase of baud rateCons: higher cost

Thelatter RoB-based option, given thbetter scalability performanceven ifmore expensive, is
the one considered ithe following, and shown ithe node architectureof Figure3.3-1(c).
Opticalamplificationneeds tobe encompassedo compensateat least forinsertion lossBoth
traditional and pluggable EDFAs can be considered.

A preliminary comparisonof the ROADMbased versus ROADMTree solution is provided
consideinga 7-node ring networkandthe nodearchitectures shown ifigure3.3-1.

Therelative CAPEROst of the utilized componentsiisported in[Arp244. In particular, a 100G
coherent transceiver is assumed with a cost of 1 unit. The 800G transceiver has a cost of 3 units
Each RBhas a cost of 1,6 unit§.or simplicitythe add/drop module is considereaf the same
costof the RAB used for express traffiout it can beeasilyupdated considering lower cost
multicast switches)The cost of the seven IPOWDM nodes is not considered giecgame for

both network solutions.

Two traffic scenarios are considered

In the first scenaricany to any communicatiois assumed, consideringpffic demands at 100G
Routing is performed along the shortest side of the ring and no protection is considered.

In the case oOROADMree networks, eachdirection needs to accommodatéxdraffic demands
at 100Gb/s, i.e 600Q/s of aggregated traffic considering botbcally originated/terminated
traffic and transit traffic Thus, a single 800G transponder per directiosufficienti.e., two per
IPOWDM nodgone westand one eastas inFigure3.3-1(b)) and 14 in total. This leads to a
network cost of 42 units

In the case of ROADNBsed networks,using 800G Bnsceiveris not effectivesince all
connections are transparently forwarded at 10@®vards the destination IPoWDM node. Thus,
each IPoWDMnode has Gransceiversat 100G In addition,a ROADM with RoDneeds to be
congdered, as inFigure3.3-1(a). Theoverallnetwork cost is 7%, significantlyhigherthan the
ROADMfree infrastructure.
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In the second scenarieachtraffic demandis at 800G

In the case of ROADfee networksgeach direction needs to accommodate six traffic demands
at 800Gb/s, requiring six 800G transceives per direction, i.e.,12 per IPOWDM node.
Furthermore one RoD per dirdion is required to aggregatéhe six transmitted signalss
shown inFigure3.3-1(c). This leads td4 RoDs in the network. The overaditwork costis274.4
units.

In the case of traditional ROADMsed networks, laconnections are transparently forwarded
at 800G exploitingoptical bypass in intermediate nodes. Thus, each IPOWDM needsignly
transeeivers at 800Gbesides the JRoDROMM. The network cost is 158, which in this
scenario isignificantlylower than ROADMree infrastructuresThese results are summarized
in Figure3.3-2.

Traffic demands @100G Traffic demands @800G
300 300
250 250
200 200
150 150
100 100
50 50
0 - 0

ROADM-free ROADM-based ROADM-free ROADM-based
100G Tr m800G Tr = RoB m 100G Tr m800G Tr = RoB

Figure3.3-2: Cost comparison of ROAEMsed and ROAD{ee physical architecture on an exemplampatie
optical network, considering either 200Gb/s (left) or 800Gtight) traffic demands.

Although the considered network and traffic scenarise only exemplary, thee firstresults
show thatthe choice between traditional ROADMAsedsolutionsor innovative ROADNtee
solutions from a CAPEX perspective, dependsthan considered scenariolhe ROADMTree
solutiongenerallyappearseffective when the amount dfansittraffic is limitedandwhentraffic
demands are significantgmallerthan transceiver ratesGiven thecontinuous andemarkable
increase oftransmission rats, ROADMtree solutons might becomeparticularly relevant in
multiple METRGcenarios.

Beside CAPEX consideratipROADMTee solutions bring further benefits including

9 Drasticsimplification of control procedures since each optical link is terminated at each
IPOWDM node. That is, no needagecutecomplex routing and spectrum assignment
algorithms, complex impairment validation assessment complex equalization
procedureshandlingtransparent interconnections acrossultiple ROADMs.

1 Significant improvement ofailure managementsimplifying failure localization and
recovery performance while typically reducing trexoverytime since no multlayer
procedures are involved.
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1 Overall nanagement procdures simplified by themanagement of a singlayer
IP/MPLS networkywhich has the potential to be handled by a single team of experts
without requiringhighly skilledbptical expets.

Potential drawbacks include

1 Additional power consumption due to processing of transit traffic, only partially
compensated by the reduced number of Ra® be powered on

1 Additional latency due toelectronic conversion and processing in transit nodes.
However, IPOWDM nodesquipped with800G transceiver introduce an overall latency
lower than 1us, witmegligible jitter.

Given the abovepreliminary analysis, additional and more accurate teckoonomic
assessnent will be performed in WP2onsidering SEASON reference netword®reover,
specific simplified control plane solutisnvill be designed and validated by WP4, aiming at
avoiding currentontrol solutions based ocomplexOptical SDN Controller whé®OADMTree
networks are employed.

3.4 MB(OSDM)SBVTCOST ANPOWER CONSUMPTION EVALUATION

A thoroughcost andoower consumption analysis was conducted to assess the performance and
sustainability of the proposed transceiver prototype in a laboratory environmehée multi

band over spatial division multiplexing (MBoSDM) sliceable bandwidth/bitrate variable
transceiver (BVTprototype (componentC34) is described in detail gection7.4. This analysis
provides valuable insights into itsost, energy usage and efficiency, excluding the power
consumption of all electrical components that comprise the optical devices/modules and related
digital signal processing (DSP).

On the one handa comparison of the cost associated wigks50 Gb/s SBV'E based on direct
detection (DD) andx 25 Gb/s channelwith coherent detections presented ifNad20] This
comparison indicates that adopting a DD implementation offers intrinsic cost savings. However,
the proposed MB(0SDM}EVT, illustrated ifrigure7.4-1, introduces additional cost factors due

to the use of MB technology. Therefore, a cost analysis of the proposed transceiver solution that
utilizes external modulation and basic DD photodeteciopresentedn [Nad23] For this cost
analysis, we consider that the optical aggregator/distributor component of the MB(0SPBM) S
BVT includes wavelength selective switches (WSSes) operating within a specific frequency band,
as well as bandpass filters (BPFs) necessary for inepkamy MB technologyl able3.4-1, shows

the number of components requirefibr a DDbased BVTwith 3 slices enabled at ddfent

bands (S+C+L) at a raice of 50 Gb/s.ldeally, a WSS operating in C+8ahd should be
included avoiding the use of BPFs and enhancing overall transceiver flexibility. However, such
device is still not commercially available.
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Table3.4-1: Number of elements for a MB(oSDMB®T with DD.

Component MB(oSDM) 8VT DD
MZM 3

Driver 3

DAC 3 ports
ADC 3 ports
(Laser source) LSS 1

LSC 1

LSL 1
WSSTXS 1 port
WSSTxC 1 port
WSSTxL 1 port
WSSRXS 1 port
WSSRxC 1 port
WSSRXxL 1 port
BPFTx 3 outputs
BPFRx 3 outputs
Photodetector (PD) 3

Thus, the unitary cost of a building block in thbahd of the proposed MB(oSDISBVT based
on DD isalculated by applyingqg.1 andEq.2:

] 0 0 0 = - Eq.l

0 0 Eq.2

M and 0 represent the number of DAC/ADC and WSS ports, respectively, Buidrotes the
number of BPF outputs, corresponding to the numbedranids. It is assumed that the WSS units
operating in a specific band at both the transmitter and receiver are identical. The unit cost for
building blocks in the-band and $hand relies on the same individual components, which
include the LVIZM, driver, DAC, WSS, PD, ADC, and BPF.

However, the costs of specific components, such as the LS and WSS used anthelfands,

are higher than those in the-Gand due to differences in availability and technology maturity

for the specified bands. For instance, the cost of tH®fd LS w=d inthe SEASON transceiver
prototype is nearly five times greater than that of theb@nd LS from the same manufacturer.
Similarly, when comparing WSS modules from the same provider, the cost of the WSS-in the L
band can be 1.3 times higher than that thie Gband. To account for these variations, we
introduce scaling factots,t ,[ andf (all greater than 1) to define the cost relationships of the

LS and WSS in the&hd l-bands compared to their-8and. Considering all these factors, the
total cost for the 150 Gb/s MB(oSDMBST (3 x 50 Gb/s) can be defined as follimsg.3:

5 Pl 1 6 66 o b o S
) 8 6 8 Eq.3
o O O'D—C p I T

According to equationand reference [Nad20the cost of the MB(0SDM) BVT, when only
enabling the &and, will slightly increase compared to eéB®T that can not enable MB
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technology. Specifically, this increase is mapped with the cost term of using 8PFs—),

which are static filters using very dce technology of the order of few hundred eurdsso,

specific devices such as the LS and WSS will have increased costs when operating beyond the C
band. The extra cost of deploying the MB(oSDMPBVAT is justified by the substantial
improvements it brings to the optical network's capabilities. In particular, the increased available
spectral resources and the dynamic capacity scalability by enabling mugliiggs in different

bands beyond ®and. It is also worth to point out that due to the highest d technology

beyond Gband it will exist a trad®ff between performance/capacity and cost. This traafé
introduces a strategic decision point that network planners and operators will carefully evaluate
from ageneralnetwork perspective before taking specific actions.

On the other hand the estimated power consumption of the main components of the
MB(0SDM) sliceable bandwidth/bit rate variable transmitteB{&Tx) and receiver-€8/Rx), as
considered in the experimental setup shownHigure4.1-1, have been derived and measured

in the lab, with results presented ifable3.4-2 andTable3.4-3. In most cases, power
consumption values were derived from intensity measurements. A total transceiver power
consumption of 30.73W was estimated for the transmission and reception of 120 Gb/s S+C+L
data flow in B2B, assuming uniform loading and a capati#y) Gb/s per band.

Table3.4-2: Estimated power consumption assessment for the MB(0SEBW)TR

Band Element Power consumption [mW]
Sband Laser 1638.05
MZM 145.8
Driver 2239.2
DAC 750
CGband Laser 714.01
MZM 336.2
Driver 2745
DAC 750
L-band Laser 1377.8
MZM 627.2
Driver 2754
DAC 750
Aggregator TF 2500
WSS 5200

For the MB(0SDM)-BVTX, estimated power consumption values are 4.77W for thang,
4.54W for the éband, and 5.51W for the-hand, considering key transmitter elements such as
lasers, MZMs, drivers, and DAC. The optical aggregator, including a W$S3$B faodulation
within the G and Sband, respectively, consumes a total of 7.7W. THmad transmitter is the
most powerefficient, as illustrated ifrigure3.4-1 (a) and (b). Notably, the same laser module
with a fixed output power of 6 dBm consumes less power in tharizi compared to the-Band
and L-band, with power consumption increasing by a factor of 1.9 and 2.3, respectively.
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Table3.4-3: Estimated Power consumption analysis for the MB(0SDBAY

Band Element Power consumption [mW]
Sbhand TDFA 1300
PIN 108.57
0OSC 302.5
Gband EDFA 43.84
WSS 5200
PIN 108.57
0SC 302.5
L-band EDFA 429
PIN 108.57
0SC 302.5

An offline DSP implementation is used in this work. For reference, in [Kim20], a DSP power of 68
mW is reported for a 3point FFT with frequenegiomain equalization, and in [Vat20], a 512

point FFT with increased complexity and more clock cycles peaktlaton results in 472 mw

(2.37 pJd/b). Since our offline DSP also includes gpbit? FFT for OFDM modulation, this can

serve as a suitable approximation for its implementation in an applicap@tific integrated
circuit (ASIC).

(a) Power consumption with WSS at the C-band BVRx (b) Power consumption with static filter at C-band BVRx

12
T T
Rl | ol CRx

)
=

Power consumption (W,
Power consumption (W)
f+)]

PC-Cband PC-Lband PC-Sband

PC-Cband PC-Lband PC-Sband

Figure3.4-1: Power consumption of eachBYT building block/BVT considering (a) a WSS or (b) a static filter at the C
band BVRx.

The estimated MB(0SDM)EB/Rx power consumption is 8.2W, corresponding to 1.71W for the
Sband, 5.65W for the ®and, and 0.84W for the-hand receivers (sekigure3.4-1 (a)). Using

a Cband WSS at the receiver side instead of static filters significantly increases overall power
consumption, but the programmable filter enhances receiver flexibility to adapt to the desired
laser optical carrier. Replacing the WSS withagishonprogrammable filter reduces-Gand
receiver power consumption to 0.45W, making thdéahd receiver the most poweefficient

option (seeFigure3.4-1 (b)). Additionally, Iband EDFA andt&nd TDFA solutions consume 9.8
and 29.6 times more power thantéand EDFA, respectively.

This analysis, as previously mentioned, does not include the electrical components of the optical
modules, focusing only on the power consumption of the device when the optical output is
enabled. Higher power consumption values are expected when congidéhnie essential
electronic components required for module/device control. The overb#ihd amplifier module
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consumes 15W, while only 0.429W is needed to enable the optical output for signal
amplification. The $and amplifier module consumes less than 20W, with only 1.3W required
to activate the optical output. The bendbp Cband amplifier in the experimentaetup
consumes a maximum of 50W, as it is a matitige EDFA with three pump lasers. Despite this,
Gband amplification shows the lowest power consumption when only the optical output is
considered due to the relaxed requirements of thé&hd signal compad to other analyzed
bands. Different EDFA solutions in théb&hd from various providers can have significant
variations in overall equipment power consumption, with one example consuming 10W in our
lab. Therefore, focusing on the power consumption rethto enabling the optical signal offers

a more suitable comparison.

Photonic integration of key MB(0SDM) subsystems into a single chip or platform will minimize
the need for discrete components and connections, reducing power consumption, signal losses,
and physical footprint while potentially enhancing overall transcegféiciency and reliability.
Various standardized form factors could be envisioned, such as SFP28, QSFRER) (5P,

and CFP2 [Iso19]. For instance, the 400G ZR+ pluggables based on thdbQERPform factor,
integrated within ADRENALINE, have a @owonsumption of less than 22.5W with uniform
heat load distribution. This module not only implements the optoelectronic femds for
converting electrical signals to the optical domain but also includes the relevant DSP associated
with the modulation brmat used (up to 16QAM).

The performed transceiver power efficiency analysidelling paves the wayor integration

with a softwaredefined networking (SDN) control plane supported by enenggre artificial
intelligence (Al) and machine learning (ML) models, that will be performed in the framework of
WP4. Initial integration work (WP3WP4) has been performed and it will be reported in
deliverable D5.1.

3.5 CAPACITY UPGRADE SCENARIOMBARDS DMTECHNOLOGIES

3.5.1 Gomparison of available technologies

With the continuing demand for higher overall capacity and increasing connectivity
requirements, the optical communication industry is looking for a successor of wavelength
division multiplexing (WDM), a technigue that enabled in combination with cohefetatction

a dramatic capacity growth during the last decade but is now approaching the fundamental
Shannon's limit. In this context, spatial division multiplexing (SDM) technology is a promising
candidate to further substantially increase optical netwodpacity and density in the long

term. Using fiber bundles is the most straight forward implementation of SDM and a significant
increase of capacity per cable duct has been achieved using fibers with reduced coating and
diameters. This approach is of pattiar interest for submarine applications since cable redesign
and cable manufacturing cost are minimized while increasing capacity by up to a factor of 1.5.

With an embodiment comprising multiple cores within a single fiber, SDM recently found further
commercial application in data communication over submarine links. Using wealkhed

multi-core fibers (WVCMCF) with two cores, waveguide density could be successfully doubled
under strict constraints in view of cable diameter and optical repeater power. In turn, this allows
increasng transmission capacity over a single cable by a factor of two without changing cable
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construction. This aspect and the limited access to amplifiers sites along the transmission link
make submarine communication the ideal application for the first commercial deployment of
transmission over muktore fibers (MCFs).

In contrast to this scenario, extending conventionddadid WDM systems by using additional
wavelength bands offers a significant cost benefit over SDM in terrestrial links and networks,
since this allows to further use the already deployed fiber infragtme. This technology called
multi-band (MB) transmission comes with significant cost benefits, since the major part of the
cost for installation of new fiber links stems from labor cost associatedfikith deployment.
Research directed to bandwidth expsion is ongoing with new record experiments being
reported, and development of novel MB components including new types of amplifiers is being
carried out. However, the need for installing additional MBine components, the inherent
performance penaltydue to wideband nonlinear effects such as stimulated Raman scattering
(SRS), and the required system and network management and routing modification make the
potential capacity gains of MB technology over brefield links lower than theoretically
possibé. Furthermore, upgrading the capacity of already installed links by more than a factor of
four will be difficult.

With the full utilization of deployed fiber cables allowing for erfime data transmission
expected to happen during the next four to five years, SDM is an attractive and powerful
technique whenever new fibers need to be installed (griefd installaton), provided that this
technology will deliver sublinear scaling of cost and power consumption per bit compared to
using multiple independent single mode fibers (SMFs). Coming in a variety of implementations
based on the underlying fiber technology, th@sh prominent embodiments of SDM are based
on WCGMCFs, coupledore multicore fibers (CBICFs), and muHinode fibers (MMFs). The first
option enables coexistence with current Sklbmpatible subsystems and routing schemes, but
at the cost of additional faim fan-out (FIFO) devices and limited scalability in the spatial mode
density. On the dter hand, the latter two options require the development of multiple input
multiple output (MIMO) digital signal processing (DSP), require high uniformity in the
propagation loss and delay among modes, and may limit or require thidesgn of channel
routing with a given data rate granularity due to the strong coupling between groups of spatial
modes during transmission.

The listed tradeoffs make the optimum choice of the technology for future higtpacity
applications still unclear and subject to extensive research effort. Recent developments in SDM
fibers and subsystems with a focus on MCFs have been analyzed. Ttietlaninvestigations

has been to identify opportunities and to provide requirements and directions towards the
commercial integration of SDM technology in optical networks considering also the commercial
readiness of the ecosystems in different networksents.
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Figure3.5-1: Parametric representation of an exemplary capacity upgrade scenario in a terrestrial network

Multi-band transmission offers capacity upgrades over the already installed and depreciated
fiber infrastructure at low cost if access to the amplification sites is ensured. This is the case in
most terrestrial networks, and alternative techniques, suclsB$, are currently hardly able to
compete. However, these advantages do not come into effect in submarine link since
embedding new amplifiers across the link is almost impossible in this scenario. Here, reduced
need for space per bit is more important. Nsurprisingly, MCFs found their first application in
this field. In the following considerations, it will be shown that MB transmission is nevertheless
not forever the optimum solution in terrestrial networks based on an exemplary upgrade
scenario sketched iRigure3.5-1.

System margin is an important parameter for characterizing transmission performance, whereas
cost per bit is a suitable parameter for assessing éhenomicpotential of a transmission
technology. Changes of these parameters are indicated by means of a parametric presentation,
wherein time and capacity increase when following the curves in direction of the dark arrows.
The task is to increase the capacityaofinstalled link with already depreciated fiber cables from
capacity Gar at the time of first installation to the final capacity.& As indicated by curve (1),
starting with filling up the @and is the cheapest solution, but will also reduce systeangin

due to increased impact of nonlinear fiber effects. Opening thand leads to a sharp decrease

of the system margin due to the installation of the band splitter followed by a further decrease
with an increasing channel count. Furthermore, cpsfr-bit increases since the amplifiers
required for this wavelength band will come at higher cost as compared with-then@. The
same behavior is observed when introducing theaBd which leads to some further decrease

of system margin and a further incremaef cost per bit.

The decrease of system margin caused by populating-then8 with more and more channels
may lead to a negative system margin such that error free data transmission is no longer feasible.
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Possible measures of remedy are network reconfiguration and the installation of additional 3R
regenerators performing reamplification, reshaping, and retiming. These measures help to
increase margimgain butcause a significant increase of cost per bit. On this point, using fiber
bundles (see curve (2)) &ICFE (see curve (3)) may provide a more cost efficient solution,
although both solutions suffer from increased cpsi-bit at smaller capacity due to cable
installation cost. Whether MCFs will providest benefits compared with fiber bundles depends

on the successful realization of abegtescribed techniques operating simultaneously on several
cores.

Link margin available in the considered exemplary link puts multiband transmission in a superior
position as compared with SDM for channel upgrades up to around half oflthads In a link

with larger margin, even deploying thebnd may still be usefuln contrast, only a C+dand
system may be beneficially used in a link with even smaller margin. To be economically
successful, every system manufacturer needs to figure out whether the expected total sales
volumes associated with the support of the difnt bands in its portfolio justifies the
associated development cost based on the traffic patterns and margin distribution in the
networks of its current or anticipated customers. The results may strongly differ from
manufacturer to manufacturer.

A key question in view of the further development is if the relatively small volumes in the sub
marine market will be sufficient to efficiently bring down cost for MCFs raniti-core (MQ)
components such that entering the terrestrial market is achievable. A further cost fiadta

labor cost for deploying such fibers which also depend on time required for joining two fibers.
In fact, splicing coss currently quite high since splicing two MCFs just takes as long as doing
splices for an equivalent numbef singlecore fibers. Reducing the required time for connecting
two fibers is therefore a prerequisite for improving cost position.

3.5.2 Modelling anddesign of theMulti-Bandover Space ision
Multiplexing(MBoSDM) @tical Networks

MBoSDM elastic optical networks (MBoSIBEK@NS) representraultrawidebandapproach for
nextgeneration optical backbone networksspecially as it is foreseen in core data centers
which are expected to generate and exchange data at pefadisecond

However, the proximity of cores within the cladding of an MCF poses challenges, particularly
inter-core crosstalklCXT).ICXT occurs when optical signals from one core couple into adjacent
cores, causing interference and signal degradatloraddition, @ MBoSDM systems seek to
utilize a wider range of frequency bands, understanding and mitigd@Xg effects becomes
crucial, especially in higher frequency bands such as tharld, wherelCXT tends to be more
pronounced.Digtal signal processing (DSRElniqueswill also play a vital role in mitigating
ICXT effects in MBoSDM systems. Advanced equalization techniques, such as rifiple
cancellation, can effectively compensate fGXT and improve signal quality.

This section examines various strategies for implementing MBeEOM technology and
assesses the total network capacigxpected from MBo0SDM systems featuririgur
manufactured trenckassisted weakly coupled (TAWC) MCFs with four, seven, thirteen, and
nineteen cores, designated as MC04, MCO7, MC13, and MC19, respectively, based on a precise
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quality of transmission estimator tailored ffdBoSDMEONSsFigure3.5-2 shows examples of
MCO07 and MCOwith different structures.

CD = 1875 um

= 51 uym

(:T\@'
© 0

MC07

CD = 125 um

Figure3.5-2: Trenchassist&l multi-core fiber structure, -¢ore fiber (MCO7) (topght) with cladding diameter 225
>Y I (boyfoRrrrigh)4-02NBE FAOSNI 6AGK OfF RRAY3I RAIFIYSGSNI mup >Yo

We consider a multiayer optical transport network (OTN) switchihgsed MBEON over MCFs

or BUMFB. We use C+L-fand technology, providing approximately 20 THz of bandwidth. The
modulation format of the line cards is adjusted based on a probabilistic consteHatiaping
approach. Therefore, the modulation format of each LP depends on the chamhebae used

by the LP and the bit rate of each line card can be adaptively changed based on the generalized
mutual information (GMI), which is a function of the sigtthoise ratio [Bos19].

As depicted irFigure3.52x I GNBYOK I NBFI G6AGK + f28SNJ NBf I (A
to the cladding is considered around each core, with a width of Wtr. The ICXFMCH#

depends on fiber parameters such as the relative refractive index difference between the trench

and cladding, trench width, and center cete-core distance, referred to as pitch (rl). It also

depends on the frequency, which is negligible iba@d optical networks. Howevethis is not

negligible in multband systems like the C+L:-b&nd techndogy, which is the considered system

model in this work.

To estimate the ICXT of IMCFs several works proposed numerical simulations and
experimental measurement3 gk11. However, authors infe14 proposed an analytical closed
form model for mode coupling coefficient of the -MCFs. In this context, the ICXT of aMGF

can be calculated fror&q.4:

‘ 0 0 A@DPO pPmMQO
p 0 AGDO pPmMQOL

Eq.4

FAZNI KSNXY2NB > (GKS L2 g SN 02 dzLIHAigcalcudedSiaBgs.OA Sy G 6t /

ol 1 ¢
"0 Eq.5
m Oy q
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6 KSNE ‘O dfiand hFeprgsent the mode coupling coefficient (MCC), bending radius,
propagation velocity, the distance between the centers of two adjacent cores (or core pitch),
transmission distance, effective refractiveinddko i KS O2 NBX OKI yy St Qa OSy i S
number of lit adjacent cores of the channel under test, respectively.

N

Moreover, the mode coupling coefficient (MCC) is calculateshown inEq.6:

33 Y 'Q Vil WY p& p ©Q 0
1! 2gp :

Eq.6
I w QL W WY 1

e It

Whererl is the core radius anthe following variableg¢defined in equation&q.7, Eq8, Eq9,
Eql0andEqll) are used
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It should be noted that in many works within the literature of the optical network planning
community, the authors did not consider the dependency of the PCC and MCC on frequency,
which affects the ICXT analysis in SEONs. They have only used the PCC &0 Ibn. For
MBoSDM EONSs, the frequency dependency of the PCC and MCC is not negligible and must be
taken into account. Therefore, the exid-end QoT of an LP in terms of the generalized signal to
the noise ratio (GSNR) at chraat i is estimatednspired from the incoherent Gaussian noise
(GN)/enhanced GN (EGN) model for mbéind systems proposed i@z¢f2Q.

OYOY pH T CYOY YOY YOY  YOY o Eal2

Hence, the GSNR for all potent@nnections from arbitrary sources to destinations in the
network can be compute¢seeEql2). Subsequently, the GMI profiles of the K shortest (path,
channel, core) tuples are prelculated, employing GSNR thresholds for each GMI.
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The ICXT in MEBDMEON:S is frequency dependent as it can be shown from the analysis of the

PCC and MCC based on the ratio of trench width to core ragigste3.5-3 (a) illustrates the

PCC in terms of frequency in the C+baBd. As shown in this figur¢he PCC undergoes

significant changes based on frequency. We can also see that the ICXT depends on the ratio of

trench width to core radiushamely, when this ratio increasele ICXT decreases. However, we

cannot increase it indefinitely. The distance between two adjacent trenches must be less than 3

>Y® C2NJ SEFYLXSZT F2NJ a/nnz (GKA& NIdAaz OFyyz2i S
higher than the MCO7 because of thigher core pitchTo calculate the MCC, we apjily.6.

The MCC for different vads of the ratio of trench width to core radius is illustratedrigure

353(0)¢ KS NBadzZ a akKz2g (GKIFIGd o0& AYyONBFraiAy3a GKS gaN
cladding diameter, a significant decrease in MCC occurs. However, increasing it further does not

result in any significant change. Regarding MCO7, the results indic#tetianges in wtr/rl do

not significantly affect the MCC.
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Figure3.5-3: (a) Power coupling coefficient (PCC), (bpencoupling coefficient (MCC), and (c) ittere crosstalk
(ICXT) versus frequency for different values of the ratio of trench width to core radius, i.e., wtr/rl fecazeviCF
(MCQ7) and foucore MCF (MCO04). For the legend of (a), please see (b).

As depicted irFigure3.5-3 (c), we can conclude several findings. Firstly, the ICXT of a channel

depends not only on the transmission reach but also on the frequency, physical structure of the

MCF, number of adjacent cores, and corelp For example, in the MCO04, as represented in

Figure3.525s S| OK O2NB Kl a (g2 | R2lIOSyid O2NBa IyR | (
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in the MCO7 cores is lower than in the MC04. Although the MCO7 has two types of tbees

inner ones with 6 neighbors and the outer ones with 3 neighba® dominant effect on the

L/ -¢ A& GKS O2NB LAGOKI ¢6KAOK AehanM@O7withaAy GKS
smaller CD, we have to decrease the pitch, resultingore ICXT.

It should be noted that because of fabrication restrictions, an MCO7 with a standard CD of 125

>Y YR I O2NB LAGOK 2F no >Y A& y2i LlaairofsSo
effective area; for example, inthe@!l Y R A (G A& | o>2Ydal Fy2aNJ >aY wn nl YR/ Rv Hasn
respectively. The primary challenge in designing MCFs is optimizing the number of cores within

a limited cladding. Currently, there is no standard cladding size for MCFs, but a smaller cladding
diameter is preferred to achieve highre density and ensure strong mechanical reliability when

bending. To meet the failure probability limits, the cladding diameter should be less than 230

>Y® [/ 2YAARSNAY3I (GKAA FIONROFGAZ2Y NBAUGUNAROGAZYZ
My T ® pan ¥ptiriuén choice for MCFs with a hexagonal closeked structure.

Additionally, based oRigure3.5-3 (c), the ICXT for all channels and cores is lower than the ICXT
thresholds of the modulation format levetith the highest GMI, even after a 10,000 km
transmission reach. However, we do not have this situation for the MC04 with wtr/r1 = 1. For
these types of MCFs, like the MC04 with wtr/r1 = 1, a complicated-d@Aie algorithm for
service provisioning andetwork planning is required. By increasing the wtr/rl to 1.5, we
achieve a good working zone for the MC04, where the ICXT for all channels in all cores is lower
than-26.82 dB.

With this model for transmission over MCF with different numbers of £aed fiber
characteristics, the next step is to evaluate itsfpemance on a real network topology. To do

this, the classicdlS backbone network with 60 nodes and 79 links, focusing on traffic exchange
between the core nodes, i.e., only 14 nodes, as shovirigare3.5-4. The average nodal degree

is 2.6, the average link distance is 447 km, and the average LP distance for the shortest path
(k=5) is 9534 km. In the other nodes, we have only optical @amssects, with add/drop
functionality exclusively at the core nod&his network is called USB6014.

USB6014 \
%) Core Nodes (Add-Drop nodes) hY

-/

« Intermediate Nodes (Optical Cross Connect nodes)

Figure3.5-4: US network topology for evaluation
lff OLIGKZ OKIFyySts O2NBUO (dzlJ SaQ thailwith YA aaAz2y

268 channels of 75 GHz bandwidth are calculated for 92 connections in the network. The
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maximum span length is 80 km in each link. The symbol rate of each channel is 64 GBaud, and
the transmission bit rate varies between 100 Gbps and 600 Gbps based on the GSNR of each
channel, calculated according to (4) for the k=1 shortest path of eachection. The noise
figures of the DFA amplifiers are 4.5 dB, 5 dB, and 6 dB in-tlie @&nd Sband, respectively.

The optimum preilted launch power for each span is calculated based on the hgpeelerated
scheme introduced inqrp24-2].

The cumulative throughput of all (path, channel, core) tuples for each connection is illustrated
in Figure3.5-5. The results reveal that the performance disparity between MFC and BUMFP. The
main reason for this is that the loss coefficient of the MCFs is lower than that of the SSMF.
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Figure3.5-5: Cumulative patkchannel throughput (CPCT) for each connection in USB60.

To gain a more insightful understanding, we calculate the total network throughput as illustrated
in Figure3.5-6. As shown ifrigure3.5-6, not only do the LHLXCT MCFs have higher throughput
(about 12%) compared to BUMFP, but the increased rate of throughput is proportional to the
spatial lanes (cores/fiber pair) in both scenarios. For example, by increasing the core/fiber
counts by 75%, ththroughput also increases by 75%. A teckoonomic study based on the
pay-asyou-grow approach is suggested for the next study.
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Figure3.5-6: Cumulative patklconnection throughput for each connection in USB60.

© SEASON (Horizat}SN&2022Project:101092766) page49 of 136
Dissemination Level ~ Public




o

[
»
1=
z

4 OPTICAL SUBSYSTEMS

4.1 ADVANCEDPTICATRANSCEIVER ARBITCHINGOLUTIONS FOR
NEXTGENERATIORPTICANETWORKS

Within the SEASON proje@TTC has proposed and develog#fitrent multiband over spatial
division multiplexing (MBoSDM) switching ngdemponentC3.1- section7.1) and transceiver
(component C3.4 section7.4) solutions to be adopted in future optical network3he

implemented prototypes and all the corresponding building blocks/architectuiae

describeddetailed in section7.1 and7.4, respectivelyHere,a proofof-concept considering
different target scenarios have been evaluated including the proposete and transceiver
prototypes (in Figure4.1-1) and CTTC ADRENALINE testbed
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Figure4.1-1: Experimental setup for the MBoSDM transceiver and switching node assessment including the
ADRENALINE testbed.

The ADRENALINE testbed is an emegess infrastructure that integrates Softwdbefined
Networking (SDN) and Network Functions Virtualization (NFV), spanning packet/optical
transport networks and edge/cloud computing capabilities. It supports advancedrezgents

of nextgeneration network services, including those anticipated for beyond 5G, 6G, and
loT/Vehicleto-Everything (V2X) communications. The ADRENALINE photonic mesh network
comprises four nodes, including tweconfigurableoptical adddrop multiplexers ROADMp

and twooptical cross connectOXCs The network features five bidirectional flékixed-grid

dense wavelength division multiplexed amplified optical links, each spanning up to 150 km, with
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a total coverage of 600 km of optical fiber. Additionally, the testbed includes an SDM domain
with a 19-core 25.4 km MCF and a pair of open optical transponders equipped with pluggable
optical transceivers, providing aggregated data rates of 400G to facilitate traffic flow between
access and core network segments.

Three slices of the MB(oSDHRl)ceable bandwidth/bit rate variable transceive&EV1) based

on intensity modulation (IMyvith Mach-ZehndemModulators (MZMsand direct detection (DD)

are enabledgenerating a S+C+L highpacity flow.n particular, an external cavity laser (ECL)
set to 1500 nm is employed for theb@nd with a 150 kHz linewidth. Two tuneable laser sources
(TLSes) at 1550.12 nm and 1600 nmuesed for the €and L-bands, respectively, with linewidth
values below 100 kHz and equal to 500zkIrespectivelyThe output power of the three
contributions is fixed at 10 dBrisingle side band (SSB) modulation is implemented only within
the G and Sband slices, utilizing a wavelenggklective switch (WSS) with a 25 GHz bandwidth
for the Cband and a tunable filter (TF) with a 30 GHz bandwidth for tharfsl. However, due

to laboratory and setup constraints, thedand contribution is not filtered, resulting in a double
sideband (DSB) signal being aggregated with the other contributidrthogonalfrequency
division multiplexing (OFDM) and adaptive modulation, implementing the Levin Campello (LC)
loading algorithm, is executed at each transceiver building block to enhance overall performance
[Nad23 Nad24. Two band pass filteBPFsare used as optical aggregator/distributor at each
SBVT, as depicted ifrigure4.1-1. Different technology options are considered for each
MB(0SDM) BVT building block, depending on the spectral band of operation. Specifically, for
the Cband contribution, an EDFA operating in automatic power control mode and a WSS for
amplified spontaneous emissiorASE noise filtering (centered at 1550.12 nm with a 50 GHz
bandwidth) are used at the receiver freahd. The $and slice is amplified with gulium-
Doped Fiber AmplifieMDFA operating in automatic current control mode and filtered with a
static filter. Meanwhile, the dband utilizes aerbium-doped fiber amplifier EDFAoperating in
automatic current control mode and a static filter.

Regarding the target scenariabe first scenario(scenario ) addresses a badb-back (B2B)
configuration. Scenario 2 focuses on assesaiagelength division multiplexing\(DM) within

the Gband, including cgropagation with a 400G QSE®DCO ZR+ pluggable module over a
35 km path of the ADRENALINE testbedNMiestbedpath indicated in Figure 4.11). Aflex-

grid path is established by appropriately configuring the WSS integrated into the node and the
corresponding switching matrix ports. This saémaalso demonstrategpoint-to-multi point
(PtMP operation of the proposed transceiver solution, with theabhd Sband slices received at
node N1, and the Band slice transmitted to N4&inally, scenarios 3 and 4 aassessed for
multiband MB) and MBoSDM operation by incorporatia@PF andpatial division multiplexing
(SDM fan-in elements of the MBoSDM nogdseein Figure4.1-1. In scenario 3, the MB flow is
separated at O1 using a BPF, then aggregated again with the node BPFs (at I5) to be received at
04, where the MB(oSDMJiceable bandwidth/bit rate variable receive3BVRXis connected.

In scenario 4, the S+C+L flow generated at HB/SF (14) is separated at the node such that the
S+C flow (15) is connected to core 1 (O18) for joint MBoSDM transmission, whibkahd port

(11) is switched to core 2 (O1These scenarios will demonstrate the adaptability and versatility
of the proposed transceiver and switching solutions for adoption in-gexeration optical
networks.

A target bit error rate (BER) of 4.63és considered for a hard decision forward error correction
(FEC) of 7% overheddrstly,scenario 1 involves a B2B configuration featuring the proposed
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transceiver with capacities of 60.4 Gb/slk&hd), 60.5 Gb/s Band), and 60 Gb/s {hand) at

the target BER, witbptical signato-noise ratio OSNRvalues of 40 dB, 39.6 dB, and 38.1 dB,
respectively. These OSNR values were measured at 0.1 nm bandwidth using an optical spectrum
analyzer positioned just after thedoped fiber amplifierXDFAmodulesof Figure4.1-1. Similar
performance is achieved across the three bands due to key technology and optimization of
various device parameters for each band (such as Mivking point, filter bandwidth/central
wavelength, laser power/wavelength, EDAAJFA output power/current).

In a second step, a PtMP WDM scenario (scenario 2) is experimentally assessed, considering
both Gband transmission with the proposed MB(oSDM\BI and the 400G ZR+ pluggable at
maximum capacity. Thet#nd and thand slices are disaggregated andaggregated at N1,

and received at the MB(oSDM)B¥Rx1 ofFigure4.1-1, achieving 60 Gb/s and 58 Gb/s,
respectively. The-8and slice is disaggregated and transmitted via a pluggable towards N4 over

a 35 km flexgrid path of the ADRENALINE testbed-fM), as shown idrigure4.1-1. The
received spectra at ADRENALINE node N4 is depicted in the ifSgtie4.1-1. The pluggable

power at node N1 is fixed at around 11.5 dBm, with a maximum of 12.2 dBm. Alternatively, the
MB(0SDM) 8VT &and contribution power at node N1 is varied using an optical equalizer
integrated into the ADRENALINE node, affecting the actiieS8BIR and performance.
Figured.1-2 shows the &and slice results of the MB(oSDMBSRX in terms of maximum
capacity, highlightid LISNF 2 NXY I yOS RSANI RFGA2y F2NJ 2 dzi Lidzi
optical power, the maximum capacity of theb@nd contribution under test drops from 42.7

Gb/s to 15 Gb/s, showing a 27.7 Gb/s degradation.
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Figure4.1-2: Achieved data rate for the-and contribution at node N4 of the ADRENALINE testitedtransmission
over the flexigrid 35 km path cgropagated with a 400G ZR+ pluggable.

In scenario 3, the MB flow generated by the MB(0SDM) sliceable bandwidth/bit rate variable
transmitter (SBVTx) is added to the MBoSDM node at input 14. The different band contributions
are then separated and raggregated using BPFs integrated into theanothe output MB flow

is received and dropped at node output O4. At this point, the achieved data rates are 58 Gb/s
(Sband), 60 Gb/s ®@and), and 60 Gb/s {hand) at the target BER with an OSNR of
approximately 35 dB (seEigure4.1-3). The achieved capacity is similar to B2B due to the
primary influence of the insertion losses of the matrix (typically around 1.4 dB) and BPF losses
(less than 0.5 dB).
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Finally, scenario 4 validates the MBoSDM capability by considering MB transmission over a 25.4
km, 19core MCF. In this case, the MB flow generated by the proposed MB(oSBN/) iS added

to the MBoSDM node at input 14. Input 14 is then switched to ouiit where the different-S

, G, and kband contributions are separated using an integrated BPF. The S+C signals are
aggregated with another BPF, with the output switched to core 1 of the MCF (O18) and amplified
with a C+S SOA for transmission over the X5n4SDM link. The-thand signal (I11) is directly
switched to core 2 of the MCF (017) and amplified before transmission over the fiber with an
EDFA. The DSBand contribution is more affected lwhromatic dispersionGD and has lower
OSNR. Specifically, theband has higher CD coefficients of about 19.9 ps/km/nm when
transmitting over the fiber, compared to 17.5 ps/km/nm in thd&hd and 15.27 ps/km/nm in

the Sband.
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Figure4.1-3: Achieved data rate per spectral band for the different assessed scenarios.

After MBoSDM transmission over the 25.4 km mattie link, the data rate of the-Band slice

is 41.3 Gb/s at 35 dB OSNR. THm&d and tband contributions achieve maximum data rates

of 45.4 Gb/s (31.8 dB OSNR) and 34 Gb/s (30.43 dB OSNR), resp@ttass\capacity results

are depicted inFigure4.1-3. This scenario is particularly relevant for scalability analysis, as
considering the full population of the S+C+L band spectra and transmission over-tioeel9

MCF, the overall aggregated capacity can be significantly enhanced. Specifically, cor@idering
channels of 25 GHz-tfand), 175 channels of 25 GHzb@hd), and 150 channels of 50 GHz (L
band), a 41 Th/s transmission can be envisioned. This aggregated capacity increases to 0.5 Pb/s
when including the MBoSDM assessment (scenario 4) with theod®OMCF. However, when
transmitting multiple channels within multiple cores, additional impairments such as stimulated
Raman scattering (SRS) and crosstalk (XT) can limit the achievable aggregated capacity. A
crosstalk analysis for the tBfent analyzed bands, as presentedifafi23 Nad232], shows low

¢ @ ftdzSa 0Sft2¢ -bGgnd Bbands)farahg tiehdraSsiNtkdylRore{ MCF

over 25.4 km. Regarding SRS, the maximum impact appears at around 100 nm spacing, so
different optimization strategies can be considered to maximizrall capacity and throughput
[Fer20]
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4.2 NODEARCHITECTURES FHIFH+CAPACITMULT4BANDOVERSPACE
DiVISIOMULTIPLEXEIMBOSDM)OPTICANETWORKS

In today's world, there is a critical need for networtket are not only highly adaptable and
dynamic but also capable of supporting increased transport capacities [GKLO§i-band
transmission (MBT) technology has recently gained significant attention as -&ftexgtve
means to boost network capacity. This technology extends beyond the conventional C band to
incorporateunusedbands like O, E, S, L and U, exploiting existing standard-siogle fibers.
However, the adoption of additional transmission bands can lead to a decrease in the system's
overall pectral efficiency [Sou22]. Spatial division multiplexing (SDM) offers a promising
alternative for augmenting system capacity, which can be realized through various approaches,
such as resorting to multiple fibers, cores, or modes. As the demand for rddfia tontinues

to surge, a combination of these strategies will likely be employed, presenting new challenges
in efficiently managing the switching of optical signals throughout the network.

In [Kaw20], a novel approach involving a mbldind (MB) switching node, which utilizes-all
optical wavelength converters, is introduced and experimentally validated for systems operating
across both C and L bands. This innovative solution employs a dhaicéntroduces an
additional layer of versatility to MB systems through bawdtching capabilities. Although this
feature potentially boosts MBT system performance, it relies on technology that has not yet
reached full commercial maturity. The work itwf12] presents a streamlined design for
reconfigurable optical addrop multiplexers (ROADM) with a high nodal degree, utilizing
wavelengthselective switches (WSS) with a limited port count. This design seeks to circumvent
the complexities and insertiotosses associated with fully contentionless crosanects by
allowing some contention within and between nodes. Furthermore, the authors suggest a
dynamic network control algorithm tailored to the constraints of their proposed architecture.
Numerical assesments indicate that this simplified architecture can achieve performance
comparable to traditional largscale crosgonnect switches while significantly reducing the
hardware footprint. Realizing the limitation in the port count of commercially avals¥ESs,

the works reported in [Ped15] and [Ped17] describe heuristic and integer linear programming
(ILP) strategies to optimize the internal WSS interconnection pattern of each ROADM as to
mitigate the impact of blocking when the utilization of paralibéfs leads to nodal degrees that

can exceed the number of WSS ports.

Our study explores multiranular, modular, and adaptable switching frameworks with
advanced capabilities, leveraging MB and SDM technologies. These frameworks are designed to
meet the escalating traffic demands and the rigorous requirements of forthcompiigal
networks. We introduce three nodal architecture solutions grounded on current technologies,
which we believe present viable approaches for efficient rhdind switching over SDM
systems (MBoSDM) for the next generation of optical networks.

This section begins by setting the stage for developing MBoSDM nodes in Sé&ifn
projecting the future standardization of client data rates and their impact in-iliterface
capacity. Sectiod.2.2then offers an irdepth look at the proposed architectural solutions.
Following this, Sectiof.2.3examines their optical performance.
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4.2.1 Evolution of Channel Bandwidth and Implications on Node
Requirements

This section explores the projected changes in channel characteristics over the forthcoming
years and examines how these changes could affect the complexity of network nodes. The
projections are detailed imable4.2-1.

Table4.2-1: Estimation evolution of channel parameters.

Year of .
el Year of Ethernet | Massive | Carrie Syienl | e Channels Total Elber
Rate Standard Adoptio  rs Rate Sl er fibert Capacity
[Gbis] A P [Gbd] [GHz] P [Tb/s]

400 Dec2017 JEEE1)r 2022 1 60.13 100 60 24
800 Mid 2024 [EE22] @ 2028 1 120.27 150 40 32
1600 2026 |[EEZ] 2030 1 24053 300 20 32
3200 2030 2034 2 24053 575 10 32
6400 2034 2038 4 24053 1125 5 32

!Considering a-GHz transmission band

The discussion begins with 400G channels, assuming that standardized rates will double from
their predecessors. The 400G standard received its approval from the IEEE and was published in
December 2017IEEE1]Z Projections based on the timelines of relevant task forces suggest that
the standards for 800G and 1.6T will be approved in-20ig4 JEEEZ2] and 2026 [EHE23],
respectively. Drawing from these approval timelines, it is estimated that introducing subsequent
client rates will span four years. The widespread integration of 400G solutions into transport
networks, making400G the predominant data rate, was observed roughly four years- post
standardization. It is presumed that similar timelines will apply to future client rates.

There is a broad consensus that achieving 800G and 1.6T rates will primarily involve doubling
the symbol rate of the preceding data rate, given the limited scope for performance
enhancements through DSP (Digital Signal Processing) technologies in thermedfor rates
beyond these, however, the cost implications of further doubling the symbol rate may become
prohibitive, and the power limitation of pluggables becomes a relevant issue [Shi20].
Consequently, the most straightforward approach is expectedvolve aggregating additional
carriers into a supechannel configuration.

As a result of doubling the spectral occupancy for 800G or higher rates, the number of channels
will decrease proportionally to the rate increase. This reduction in available channels reduces
the flexibility in establishing path connections between noded may lead to increased traffic
blocking [Ped20]. With stagnant fiber capacity and the continuous surge in capacity demands,
such constraints increase the appeal of alternative capdmitysting solutions like SDM and
MBT.

Furthermore, the likely scenario of having multiple fibers/cores connecting the same nodes and
the diminished channel count in each fiber/core reduces the likelihood of requiring an add/drop
(A/D) structure for every fiber/core at each network node. Heffiber/core- or band-switching
strategies emerge as practical approaches to diminishing node complexity. The decreased
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channel count also simplifies the node's A/D structure by reducing the dimensions of the
required A/D WSSs.

4.2.2 Node Architectures

Various switching methods are anticipated to dynamically leverage multiple dimensions
namely, spectral (covering both wavelengths and bands) and spasigdred to specific
network segments and application contexts. A hierarchical thieremodel (incoporating
wavelength division multiplexing, MB, and SDM layers) integrating pivotal technologies at each
layer offers various technological alternatives. This study primarily targets adopstajadble
strategy within the backbone network segment, whichnthnds nodes with superior and
rigorous bandwidth/capacity capabilities. The most direct and adaptable strategy employs a
matrix-switch configuration to construct an MBoSDM node that capitalizes on this advanced
capacity [Sahl17], as depicted kigure4.2-1(a). The node structure is presented for a single
amplification band, and identical schemes are used for the other bands. This reference
architecture serves as a benchmark for subsequent comparisons.

Input Output
Fibres/Cores _ Fibres/Cores

Single-Band
MxM WSS

Add
Structure

Drop
Structure

Figure4.2-1: Reference architecture: singi@and matrixswitch-based MBoSDM node. The node structure is presented
for a single amplification band, and identical schemes are used for the other bands.

This architecture encompasses band filters (BF) at the ingress of the node, separating different
spectral segments. These separated signals undergo amplification before entering an MxM WSS.
We assume bandedicated optical amplifiers (OAhd WSS units. The WSS can route incoming
frequencies independently to the output cores of the node or its drop structures. Consequently,
part of the0 ports is linked to the egress cores, while the remainder is connected to A/D
structures. Signals routkto the egress undergo amplification and are coupled with the
remaining transmission bands using band filters. The node's A/D section may comprise optical
amplifiers for the drop segmem@ndWSSsMCSs or splitters and couplers

However, this design suffers from scalability issues concerning the increasing spectral and spatial
dimensions. Given the likelihood of multiple parallel fibers/cores connecting the same nodes in
the future, specific input and output fibers/cores may beedtly interconnected (via core
switching), bypassing the WSS and the A/D structure. This direct connection holds the potential
to simplify the node by reducing the WSS port count and enhancing optical performance for
signals bypassing the WSS, therebyimiring additional losses.
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The first proposed node architecture, illustratedrigure4.2-2(a) and labelled architecture #1,

is a matrixswitchtbased MBoSDM node with a spatial crassinect (SOXC). The node structure

is only presented for a single amplification band since identical schemes are used for the other
bands. The sole deviation frothe reference design is the inclusion of an NxN spatial optical
crossconnect. This-®XC directs each amplification band towards an egress band filter or an
MxM WSS. Whenever a channel needs to be dropped, or new channels need to be added, the
WSS handleband processing at the channel level. We employ a spatial -cargsect to
facilitate core switching of bands, ensuring rapid reconfiguration and heightened flexibility.
Leveraging the programmability of theCXC enables optical band restoration for bambt
processed by the MxM WSS. Additionally, it automates node reconfiguration to create new
crossconnections or modify existing ones.

Input Output Input Output Input Output
Fibres/Cores

Fibres/Cores Fibres/Cores Fibres/Cores  EipresfCores Fibres/Cores
| R ‘ - <4 - {—l_qi PrS)s }
E bDﬂ'— "IN ‘:%' ‘ e . >1>—-.‘_
- i} | B - — : T p i |
‘. p i g R m<‘b_>/ S )

Structure StruclureJ

(a) (b) (c)

Figure4.2-2: (a) Node architecture proposal #1: singlend matrixswitch-based MBoSDM node with aCXC. (b)
Node architecture proposal #2: mdttand matrixswitch-based MBoSDM node with aOXC. (c) Node architecture
proposal #3: singkeand matrixswitch-based MB&DM node without a-©XC.

Alternatively, the architecture proposal #2 depicted Figure4.2-2(b) capitalizes on using
wideband wavelength selective switches and A/D structures. Consequently, a SiB}€,S
MxM WSS, and A/D structure serve all bands, eliminating the need for parallel structures for
each band. On the other hand, this design has l#sxibility regarding core switching than
architecture #1 because core switching is simultaneously performed in all amplification bands.

However, both architectures #1 and #2 suffer from a potential single point of failure in-the S
OXC, i.e., a failure in theC3XC could lead to a nodéde failure. To mitigate this vulnerability

and further reduce the node's complexity, we introduce a dhidesign, illustrated in
Figure4.2-2(c). This design is a simplified version of proposal #1, employing fixed connections
instead of an $XC. This design focuses on cost reduction and lacks the core switching
programmability of the other two.

4.2.3 Analysis and Discussion

To provide a quantitative comparison of the proposed node architectuesgvaluate the
optical performance using the estimated GSNR at the end of a lightpath of aSt@eiband
system [Sou24dnd a complexity comparisamill be presented in Deliverable 2.DP.225]. We

select the longest lightpath of the Spanish (Telefonica) and the Italian national (Telecom lItalia)
reference networks available in the IDEALIST project {[d].1A single link and span length
value are used in each network to simptlfe analysis. The span and link lengths are the average
values of the actual lightpaths. The Telefonica lightpath consists of ten links with thiea 75
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spans each. The Telecom lItalia lightpath consists of seven links with i gpans each. We
assume the transmission of 40 channels on a 150 GHz grid in each band (6 THz) and a 500 GHz
gap between bands. Each channel consists of a 120 GBd signal with @leoff factor. The

use of the ITUr G652.D optical fiber modelled by a nonlinear coefficient of 1.27ki, a
dispersion parameter of 16.8 ps/nm/km at 1550 nm, and a dispersion slope of 0.0%8%ish,

is assumed. The frequendgpendent loss cosffient and the Raman gain profile of the optical

fiber are the same as in [Sou24. Additionally, we assume input and output connector losses

of 0.25 dB and splice losses of 0.01 dB/km. The optical amplifiers are modelled by a constant
noise figure of [55, 6] dB for the L, C, and S bands. The insertion losses of the MxM WSSs, the
SOXC, and the band filter are equal to 14 dB, 2 dB and 1 dB, respectively. We assume a
transmitter OSNR of 38 dB. The launch power is optimized to maximize the average GSNR and
minimize the petband GSNR variation [Sou2}t Table4.2-2 presents the per band average
GSNR and its variation within the frequency band for each lightpath. Two different scenarios are
considered: 1) the signal passes through the WSS at every node (w/o core switching), i.e.,
considering the reference node arobiture, 2) core switching is performed in every node
(w/core switching) considering node architecture #2 or 3) considering architecture #3 (w/ fixed
core connection). The optical performance when using node architecture like ibe one of

#2.

Table4.2-2: Per band average GSNR and GSNR variation within each band for each lightpath when considering the
reference node architecture (w/o core switching), node architecture #2 (w/ core switching) or #3 (w/ fixed core
connection).

GSNR [dB]

Telefonica Telecom ltalia
e w/o Core : w/ Core \(/:vlorFE;xed w/o Core w/ Core chgr:e'XEd

Switching | Switching Connection Switching Switching Connection
S p& ma pg ™8 pPE ™ CH ™ (@ ™ C& 1
C C@g T CR T C X T & T & md ca ™
L ¢@ md & m™ CH ™ C@d 18 ¢ m C® ™

The generalized signrt-noise ratio (GSNR) analygiesentedin Table4.2-2 shows that its
behavior is similar in both lightpaths. The bestrforming node architecture is the #3 because

of the direct connection between the cores. In this case, the impact of the insertion loss of the
SOXC is avoided but at the cost of being Uadb reconfigure core connections automatically.
The reference nodandarchitecture #2howsimilar optical performance. The performance of
the reference node is very similar to that of #3 in thiee®d. This difference is small because of
the increased attenuation the -8and experiences during fiber transmission (due to the
combined effect of he higher fiber attenuation and stimulated Raman scattering). It needs a
higher launch power and has a lower GSNR than the other two bands. Consequently, this band
is less affected by the ASE noise of the extra amplifier in the reference nodethee
performance of the $and is dominated by the noise added by the fiber and thénim
amplifiers. Therefore, the reference node has a higher GSNR than node #2bahé Because

of the insertion loss of the-©XC. On the other hand, thebhnd ishighly affected by this
additional ASE noise and node #2 outperforms the reference node in this band. Oibémel C
both architectures have similar performances.
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4.3 APPROAES TO THEETWORK OPTIMIZATICNNGAP2MPDESIGN

Metro-aggregation networks connect access networks to metce networks and require
specific characteristics like hwimd-spoke traffic, survivability, and intermediate capacity.
Horseshoe topologies with coherent P2MP transceivers offer a solutioregetrequirements

and can enable variable bandwidth configuration. Filterless architectures simplify network
design by replacing active filter cards with passive devices. However, still there are some
requirements and degrees of freedaimat needs a carefudssessment.

4.3.1 Filterless Node Architectuinplification

Launch power is a crucial factor in optical transmission systems, but its increase is limited by
non-linear effects and technological constraints. Previous research has explored optimizing
launch power allocation in various scenarios, including witideband systems and metro
aggregation networks. In this section, we investigate the additional benefits of controlling
launch power directly at P2MP transceivers within filterless horseshoe networks. The goal is to
quantify the potential improvements in tern amplifier reduction and SC power difference
(which is onharisingin P2MP trasmissiofminimization.

The launch power of transceivers has a minimum valug btiBm per SC and a maximum value

of -12 dBm per SC with increments of 1 dBm between these two vdtigase below illustrates

how the number of optical amplifiers and the SCs power difference change as launch power
control increases from 0 dB to 9 dB in 1 dB increments. Notably, in both the "50/50" and "All"
scenarios, most of the amplifier reduction ishéeved within the first 4 dB of launch power
control. However, the reduction in SCs power d#fece continues to improve with further
increases in launch power control.

It's important to note that the fluctuations in SCs power difference are likely due to the
optimization's primary focus on minimizing the total number of optical amplifiers. As a result,
the SCs power difference may occasionally increase slightly, eveglttids constrained within

the set of feasible solutions.
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Figure4.3-1: Average number of amplifiers and (b) SCs power difference for Extended horseshoes and "50/50" and
"All" ratios versus the launch power range.
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4.3.2 Filterless Node Architectuinplification

This section presents aims to minimize the number of amplifiers while meeting performance
criteria. It compares node architecturealized by Zoy-2 couplerswith the previously proposed
1-by-2 splitter/combinerbased architecture.

CH(downs) rleam

8 & H ao
a‘ig{ \{o co
m
T oomi ¢ i C‘m( ﬁpm .
eam Ampl it
CHupst)ream |_ \'-l
Proceﬁ(pest}e%il)n | @Proceh(ma)sn

Figure4.3-2: Twoby-two couplerbased node architecture

The ILP model minimizes both the number of amplifiers and the SCs power difference at hub 2.

It assigns losses to ports, models power levels, and enforces constraints on launch power, node
configuration, amplifier selection, SC power levels, and receesmsitivity. However, it cannot

directly consider nonlinear constraints for ROSNR. The results evaluate the impact of coupler

ratios on amplifier placement and SCs power difference for different node architectures and
horseshoe sizedn conclusion, the cquler-based architecture leads to a more compact node

solution for horseshoe metraggregation networks leveraging P2MP transceivers with almost

0KS alFyYS ydzYoSNI 2F | YLIAFTASNE 0S@OSy t26SNIATF ap
RATFSNRWGS Nadha2 A& +y SEOSLIIA2Yy0: 6KSy O2YLI N
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s 8 6
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g Splitter &  Coupler splitter &  Coupler Egi SF’W?’ &  Coupler Splitter &  Coupler
< Combiner Combiner 5 Combiner Combiner
5 leaf nodes 10 leaf nodes § 5 leaf nodes 10 leaf nodes
mAll ®=70/30 & 90/10 90/10 50/50 mAll =m70/30 &90/10 90/10 50/50

Figure4.3-3: Average number of amplifiers and (b) average SCs power differendeaiheid 160leaf node horseshoe
networks.

4.4 Efficient network design for poweptimized P2MP solutions
in MBoSDM scenarios

In the modern era, networks are required to be not only flexible and dynamic but also equipped
to handle growing transport demands [Gri10]. This work presents an efficient network design
for power-optimized P2MPsolutions in multband switching over spaedivision multiplexing
systems (MBoSDM) for the next generation of optical networks. The next s€dtibd) will
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delveinto the architectural details of each type of node. Then, Sedigh2 describes more
efficient architectures for some nodes and present®mplexityanalysis of the newly proposed
architectures versus typical solutions currently deployed.

4.4.1 Network Architectur@and Current Node Implementations

Take as an example the architecture of the Wavelength Division Multiplexing (WDM) transport
network presented by TIM [D224]. The WDM network is segmentadto Access, Metro
Regional Aggregation, MetifRegional Core and Backbone. However, in this work, we focus on
the Access and metro domains as showRigure4.4-1.

Different levels of traffic exist in different regions of the network, with the lowest amount of
traffic in the access domain, and progressively higher traffic when going to the negficral
aggregation, metro regional core and national core. This difference in supported traffic creates
different requirements for each of the network nodes to maintain a afftctive
implementation of the network.

Metro Regional Metro Regional
Access Aggregation Core

Figure4.4-1: TIM access and MWWMAN Metro Regional optical network level architecture.

Figured.4-1 presents three different node types in the metro regional domain:

The aggregation level node, between Access central offices (COs) and Region&d COs,
represented by white circles. In the current deployment of the TIM network H22]1the
aggregation node consists of a reconfigurable opticataagh multiplexer (ROADM) and direct
detection transponders at 10 Gb/s line rate and are connected in horseshoe topologies. The
ROADM is connected to a router (aggregator) that aggregates/atgs the information
from/to the leaf nodes at the access domain of the network asshim Figure4.4-2.

The Interface node, serving as interface between the aggregation and core iekegtsesented

by purple rectangles. In the interface between the mefiggregation and metrgore domains,

the Interface nodeconsistsof two ROADMs connected to a single switch, as shown in
Figure4.4-2. Each ROADM is connected to one network domain (aggregation or core) and the
router serves to interconnect them. Therefore, every signal that goes from one domain to the
other must be converted to the electrical domain, processed by the router and thereced

back to the optical domain.
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The MetroCore node, represented by grey rectangles. Due to the higher traffic demands, the
Metro-Core level is realized by 100 Gb/s coherent transponders and ROADMSs connected using
a mesh topology. Each ROADM is connected to a router (feeder) to addfralptraffic, as
shown inFigure4.4-2.

Interface Node

et
Aggregation Node # Aggregation-side Core-side ‘4
: ROADM ROADM

...................

Figure4.4-2: Diagrams of the current implementation of the different nodes of the network presenkegure4.4-1.

4.4.2 ComplexityAnalysis

The benefits of using a more ceaffective desigrior the highcapacity nodes in the metroore
domain of the network were analyzed in Sectib2. Hence here we focughe analysis on
alternative and coseffective designs of the Aggregation and Interface Node Architectures.

4.4.2.1 Aggregation node architecture proposal and benefits

Our design proposal for the aggregation node architecture relies on P2MP technology to reduce
the cost of future networks. In the conventional architecture described in the previous section,
the communication between the router on the aggregation node tinedleaf nodes relies on an
optical pointto-point technology, with each end required to operate at the same speed (1G,
10G, 25G, 100G, etc.), and two transceivers required for each connection, one at each end (as
shown inFigure4.4-3).

HUB Node LEAF Nodes

10G% @ @ %106
zsc% O ) @%256
SOG% @ @ %soe

100(;% ) O 100G

Figure4.4-3 Diagram of optical connections between a hub and leaf nodes and required transceivers in a P2P
architecture.
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In this case, for a hub router (on the Interface node) to communicate with N=4 access nodes at
100G via M=2 aggregation nodes, 16 100G pluggables are required (as sh<igured.4-4).

Four in the Interface node, (4+4) considering all aggregation nodes and one in each of the access
nodes. Furthermore, the signals go through 3 RODAMSs, one in the Interface node and one in
each aggregation nod&able4.4-1 presents the component count for a more generic case, with

N 100G access nodes and M aggregation nodes.

LEAF-1

Interface
Node

Aggregation LEAF-3
Nodes

v

Figure4.4-4: Representation of the number of required transceivers for the current node implementation using point
to-point solution to connect the interface node with four 100G leaf (access) nodes.

Digital subcarrier technology takes a singéerier wavelength and divides it up into multiple
lower-bandwidth subcarriers generated by a single coherent laser/transceiver leveraging
advanced digital signal processing.

For example, a 16 GHz 100G wavelength could become four 25 Gb/s subcarriers, a 64 GHz 400G
wavelength could become 16 x 25 Gb/s subcarriers, and a 128 GHz 800G wavelength could
become 32 x 25 Gb/s subcarriers, with the 25 Gb/s subcarriers each havindpal sgta of 4

GBd with 16QAM modulation while occupying 4 GHz of spectrum. These subcarriers can now be
routed to and from access transceivers in a variety of ways. A 400G hub transceiver could
support 16 access nodes with a single 25 Gb/s subcarrier eaétwir access nodes with four

25 Gb/s subcarriers each. It is also possible to have different numbers of subcarriers assigned to
different access nodes depending on their bandwidth needs, as shokigune4.4-5 [Inf22)].

If P2MP transceivers are combined with filterless architectures of the aggregation nodes, the
cost reduction is even biggefhis study focuses on a basic filterless node architecture for
aggregation nodes using splitters/combiners as showkignre3.2-2. The following complexity
analysisconsider the filterless aggregation node architecture that only usbg-2 splitters
combiners presented in sectidh?2 (Figure3.2-2(b)).
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400G
16 Subcarriers

Interface M
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Aggregation LEAF-3

% Nodes

Figure4.4-5: Representation of the number of required transceivers using the proposed Aggregation node and point
to-multipoint solution to connect the interface nofleith a 400G transceivewyith four 100G leaf (access) nodes.

This way, for a hub router (on the Interface node) to communicate with N=4 access nodes at
100G via M=2 aggregation nodes (as showhidgure4.4-5), five pluggables are required, one
400G pluggable on the hub and four 100G pluggables in each of the access nodes. Furthermore,
only the ROADM on the Interface node is required, and-bhg-2 splitters/combinersassuming

the filterless architecture of the aggregation nod&sble4.4-1 presents the component count

for a more generic case, with N 100G access nodes and M aggregation nodes.

Table4.4-1: Component count to connect the Interface node with N 100G leaf (access) nodes via M aggregation nodes
using the curent node implementation (poirtb-point) and the proposed Aggregation node architecture \R#MP

Agg

400G 100G ROADMs 1-by-2

pluggables pluggables splitters/combiners
Pointto-point 0 4N M+1 0
P2MPAgg aN/40 N 1 6M

By examining the component countTable4.4-1, deploying the proposed Aggregation node in
combination with P2MP plugabbles reduces the number of 100G pluggables by 75% and
ROADMSs by M. On the other hand, the proposed solution reqdirék thiGher capacity (400G)
pluggables and 6M splitters/combiners.

4.4.2.2 Interface node architecture proposal and benefits

Further simplification can be achieved in certain networks scenarios. For example, imagine that
a datacenter located in one of the Coredes needs to transmit data to the access nodes within
the same horseshoe structurgigure4.4-6 shows the block diagram of the network. In this case,
the design of the Interface hode may be simplified to allow a direct optical connection between
the data center and the aggregation nodes. In this way, the metro core nmdehtchthe
datacenteris connectedacts as a hub node in the P2MP scheme and the Interface node serves
only as an optical paghrough of the optical signal to the aggregation nodes.
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Giventhe different bandwidth requirements in the future, as already stated, we expect that
MBo0SDM transmission systems W#l employed in the metropolitan core network. We expect
that the node architecture used in the metamre domain will be the same ones analyzed in
Sectiord.2. Due to the lower capacity requirement, we believe that a single band will be used
to carry the P2MP signals in the metegional aggregation and access domains.

1
MBoSDM : Single-Band

Transmission I Transmission
1

(FRATIRED T ¢ IIIOm
1
{ LEAF-1
Core _—"} 1
Nodes 1
1
/ / \ !
1
_(TTTTTACETNTL. X
% e >
M Aggregation LEAF-3
I Nodes

Interface
Node

>

Figure4.4-6: Representation of the number of required transceivers using the proposed Aggregation and Interface
nodes and pointo-multipoint solution to connea Corenode (with a 400G transceiver) with four 100G leaf (access)
nodes.

This way, the router in the Interface nodes only process data to be locally dropped and the
number of transceivers required for the communication between the DC and the access nodes
is reduced. For example, for the hub router (on a core node) to commuenigdh 4 access
nodes at 100G in the same horseshoe structure via 2 aggregation nodes and 1 Interface node
(as shown inFigure4.4-6), 2 400G transceivers, 16 100G transceivers and 5 ROADMs are
required using the current node architectures.

Table4.4-2 Component count to connect a Core node with N 100G leaf (access) nodes via 1 Interface node, M
aggregation nodes using the current node implementation (pwirgoint), the proposed Aggregation node
architecture with poirto-multipoint communications (AR2P Agg) and the proposed Interface and Aggregation node
architectures with pointo-multipoint communications (P2MP Int+Agg).

400G 100G ROADMs 1-by-2

pluggables pluggables splitters/combiners
Pointto-point  2aN/40 4N M+3 0
P2MP Agg 3aN/40 N 3 6M
P2MP Int+Agg = &N/40 N 2 6M

In the same case, 3 400G transceivers, 4 100G transceivers, 3 ROADMS hibg-212
splitters/combiners are needed using the proposed filterless architecture of the Aggregation
nodes. Lastly, using the proposed architectures of the Aggregation and Interface nodes, one
400G transceiver, N 100G transceivers, 1 ROADM and-l#22 1spitters/combiners are
required.Table4.4-2 presents the component count for a more generic case, with N 100G access
nodes and M aggregation nodes.
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Figure5.1-1: Optical network designed to hatedthe highspeed data transfer necessary for a RAN fronthaul

The physical layer of RAN fronthaul plays an instrumental role in the deployment and efficiency
of modern telecommunications infrastructure, especially with the emergence of 5G
technologies. The fronthaul segment is the part of the network that connecteh@nd
processing units, known as vDUs in a disaggregated RAN architecture, to the RRUs situated at
the cell sitesFigure5.1-1 provided a detailed depiction of an optical network designed to handle

the highsspeed data transfer necessary for a RAN fronthaul, highlighting the importance of the
physical layer in such a system.

In the physical layer, the focus is on the hardware, transmission media, and fundamental
networking functions that enable the transportation of bitstreams between network points. This
layer includes cables, optical fibers, transceivers, splitters, andifeamgl components that are
essential for signal transmission. The image showcased an advanced optical networking system
with OLShigh capacityl00G transceivers, and WDM techniques, reflecting the need for high
throughput, low latency, and scalability.

As RAN fronthaul networks evolve to support a greater volume of data and more complex
antenna systems, physical layer solutions must adapt to these expanding requirements.
Technologies such as CPRI, eCPRI, SDN, and NFV are revolutionizing the physimal laye
enabling more efficient bandwidth utilization, support for MIMO technologies, and dynamic
resource allocation. These advancements are particularly relevant in light of the shift towards
GRAN and @RAN architectures, which demand physical layer smisgticapable of supporting
different functional splits and high data rate transmission.
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The illustrated network diagram underscores the significance of the physical layer in
accommodating various wavelength channels and managing signal integrity within a RAN
fronthaul network. It emphasizes innovations like tunable lasers in transceiverthange of
meshed optical networks to address challenges such as network synchronization, latency
reduction, and the seamless integration of new and existing technologies. As the
telecommunications industry advances towards more agile andpégforming FAN fronthaul
networks, the physical layer will continue to be a cornerstone in achieving the full potential of
5G and future wireless communication standards.

Figure5.1-1 depicts a detailed optical network diagram illustrating a bidirectional data flow
within a system comprising multiple OLS. These OLS blocks are central to the network's
operation, where signal processing and routing occur. The use of splitters, depicted as
trapezoids, shows where the network's optical signals are either divided into multiple pathways
or combined. Accompanying these splitters are green rectangles marked "400G," representing
high-speed transceiver modules that handle data transmission atte&x #8400 gigabits per
second. Each transceiver is connected to a specific wavelength channel, indicated by colored
lines and associated with frequencies listed in the diagram's legend, ranging from 191300 GHz
to 193800 GHz.

The network'’s directional flow is visually communicated with blue and red arrows, representing
the westto-east and easto-west directions, respectively. Annotations along the data paths,
such as "TO-E" for transmission and "RXE" for reception, spefyi the direction and type of
data being handled.

In general, the diagram portrays a complex optical communication system designed to manage
multiple wavelength channels for the Fronthaul segment. The system efficiently transmits high
capacity data using a logical arrangement of splitters and couplessirieg that the optical
network can handle the demands of higheed data transfer.

5.2 COMPARISON OF DIFFERENT ALTERNATINEIS RAREIC
TRANSPORTATIDMN URBAN GEOTYPE SCENARIO

Considering the access scenarios and radio system requirements presented in D2.1 (section
5.1.3for Geotypesand sectior8.3.3for RU FHequirements) a comparison scenario of different
transport solutions forFH connections has been defined. The scenarios presented in this
paragraph will be analyzed in detail and evaluated from a technical and economic point of view,
identifying the differences in terms &8APEXand energy consumption, in WP2 and will be
published in the deliverable D2dt WP2 (due for M24, December 2024)

The main assumptions for the fronthauling scenario under analysis are the following:

1 The vDU are senrzentralized and placed at nearest CO reached from the radio unit (RU)
site;

1 TheFH signals to be carried from RU site to nearest CO

i For all RU sites at distanfie) compatible with latency constraint (e,@plit 7.2requires
L <20 km)
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Regarding the alternatives for transporting of FH traffic in Cloud RAN the following three have
beenidentified for the comparison:

1. Cell Site Router aggregator at RU aitel P2P connection on dark fildera router inthe
CcQ

2. WDM between RU site and nearest .G&small cheap router for low data rate flows
aggregatiorisconsidered

3. DSCMP2MP(e.g, XR transceiversiubin COand leavesn radio sitg between RU site
and nearest COAsfor WDM (point 2) a small cheap router for low data rate flows
aggregatioris consideredor lower bit rateFHflows aggregation.

To calculate the bandwidth requirements of the radio site, an urban geotype was considered
with the radio layer configuration as in tal8e7 of D2.1limiting the analysis to mactype cells

only. Numbers in table -3 of D2.1 are usewith someadaptatiors and extensionpas in the
table, subcarriersvith 10 MHz width and 4 MM O layersare not included

Bothamedium tem anda long term time periods are considered to set up the scenario analysis
for the transport solutios comparison

Themediumterm scenario is characterized Bystem andequirement parametersf the R$
equippingeachmobileradio siteincludedin Tableb.2-1.

Table5.2-1: RU parameters fahe mediumterm analysis Values of FH capacity iergell,each carrier ha threecdls
in a site (three sectorial site assumed)

Carrier Bandrange Carrier width Mimo layers FH capacity
Ci SubGHz 10 MHz 2x2 0.54 Gb/s
Cc2 SubGHz 10MHz 4x4 1.08 Gb/s
C3 1-3GHz 20MHz 4x4 2.16 Gv/s
C4 1-3GHz 20 MHz 8x8 4.32 Gls
C5 3-7 (Hz 100 MHz 8x8 21.6 /s

A preliminarysystem high level viewf the configuration of the scenarim the medium term
that takes into account the site configuration and RU requirements specifiebainle5.2-1 is
shownin Figure5.2-1.

The three solutions shown on the same drawing are to be understood as alternatives used to
transport the FH traffic from the RUs of the radio base station to the vDU function running on
the servers in the relevant central offices.

The first solution (1. P2P) is the simplest one, it requineaidor fibers used aslark fibers for
each connectionit needsa large capacity routezapable of aggregate all the FH traffic of the
site and does not optimize the interface capacity and the uskbefr inthe access. The second
solution (2. WDM) reduces the router capacity at the diecause it carries the FH flows
individuallyin WDMwavelengtts, but it still requires a small packebuter or switchdevice to
consolidate the flows comgfrom the carriers at the lower frequency bands and with small
channel widthand low number of MIMO laye(Sub GHz and-3 GHz bands with 10 or 20 GHz
of carrier width). The third solution (3. P2MP) is the one that potentially best exploits the
capacity of the systems, being ableapplythe 25 Gb/s modularity of the subcarriers. However,

it also requires a smatbuter (or switch)for the aggegationof the low bitrate flows coming

© SEASON (HorizatySNS2022Project:101092766) page68of 136
Dissemination Level Public




d
o0
(e}
z

from the RU withminor FH requirementsBoth WDM and P2MRan make better use of the
access fiber by allowing a sharing of flows coming from different sites on fiber sections
converging towards the CO. In the drawing this is highlighted only for the P2MP case in which
simple passive splitters/combinefBlterless)canbe sufficient, but it also applies to WDM with

the needsof filters instead of splitters/combiner$n the latter case, i.eWDM, iffiber sharing

is implemented, a specific design of the transmissfitering and an multiplexingystem for

the access trees is required.

; Central
RU site 1. P2P- Cell Site Router )
Three sectorial cells Office
=
c3 3x25G 0 vDU on servers
o — Total FH BW = 90 Gb/s (100G)
=
9x10G E CSR Dark fiber
3x1G O
|
2. WDM
g F
Lo tt |
C4,20 MHz =5— 4 A (4x25G) Ceqtral
34326 — | B3| CSR Office
- = Router
3,20 MHz
32,166 —
3. P2ZMP -DSCM (XR)
€2,10 MHz Up to 16 SC @ 25G
axl.osc;E XR leaves (up to 4 SC @ 25G) s XR hub
C1,10MHz_
30546 —
flows/fibres coming down

from the RU, one per RU

Figureb.2-1 Scheme of théhree FH transporsolutions undeanalysis and comparison fdng mediumterm perbd.
The three solutions @, VDM, DSCM P2MP) are to be considered alternatives for transporting FH flows from the
radio base station to the nearest Central office (in any case less than 20 km away)

For long termthe parametersof radio units of the radio base station site is giwerable5.2-2.

Table5.2-2: RU parameters for the loagrm analysis. Values of FH capacity is per cell, each carrier has three cells in
a site (three sectorial site assumed).

Carrier Bands range Carrier width Mimo layers FH capacity
C1 Sub GHz 10 MHz 2x2 0.54 Gb/s
C2a Sub GHz 10MHz 4x4 1.08 Gh/s
Q.b Sub GHz 10MHz 4x4 1.08 Gh/s
a3 1-3 GHz 20 MHz 4x4 2.16 GHz
C4d.a 1-3 GHz 20 MHz 8x8 4.32 GHz
C4.b 1-3 GHz 20 MHz 8x8 4.32 GHz
C5 3-7 GHz 100 MHz 8x8 21.6 Ghz
C6 3-7 GHz 100 MHz 12x12 32.4 GHz

The number of carriers is increased, and the number of MIMO layers is higher in some cases,
consequently the capacity for FH transport increases to the values shown in the table. An
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example of mapping of the FH needs on the three transport solutions under comparison is given
in Figureb.2-2.

In the longterm example ofigure5.2-2, two P2P systems on dark fiber are needed for scenario

1. P2P assuminthe use of100G transceiversb(t one systemwith 200G or 400Q&rey
transceivers would be enough). As for scenario 2. WDM and using a small router for aggregating
low-bit rate flows, the lambdas antbrrespondingcolouredtransceivers or responders needed

are 7, part at 25 Gb/s and part at 50 Gb/s. For case 3. P2MP, still assuming the presence of a
router aggregating small flows as in the case of WDM, 10 subcarriers at 25 Gb/s are necessary
and therefore the leaves eithdrave a capacity greater than 200/&kinterworking with hub >

400G) or two leaves must be used (two at 200G or one at 100G in combination with a second at
200G). In this case, to exploit the potential of the DSCM systems, the HUB modules should

manage at least 32 subcarriers at 25 Gb/s Hretefore have a capacity greater than or equal
to 800 Gb/s, a value perfectly compatible with the leegm scenario.

i Central
RU site 1. P2P - Cell Site Router ‘
Three sectorial cells Office
DU
ﬁ] gxigg =i < Total FH BW = 186.3 Gb/s (2x100G) vDU on servers
afl] W0 s, |oiees
¢ 9x10G | CSR
3x1G6 O Dark fiber
ZXCZHHH H H =
L 6/
R ' 2. WDM
C6,100MHz
4 dce =" ] .
! oe- et — -
h C5,100MHz 1 ffff !
! 30166 e ) —- !
] —_—- 5 , o - !
ncep0MHy| - D L ] 7 A (1x25G+3x25G+3X50G) = | | Central
- Sl en = [ —( ~{---  Office
=
=

6x4.32G6 ——

(3,20 MHz
3x2.16G =—

2xC2,10 MH;
6x1.086 ——

h C1,10MHz
3x0.546 — |

3. P2MP — DSCM (XR)

XR leaf modules (one or more)
- =

Other site

10SC @ 25G used
DOMVABD 555

XR hub
(up to 16x25G)

1
flows/fibres coming down
from the RU, one per cell

s/C

Other site

B

router

Figureb.2-2 Scheme of the three FH transport solutions under analysis and comparison for the long term period.

The scenarios illustrated above have been presented as an anticipation of an ongoing technical
economic evaluation, the results of which will be published in deliverable @2F2) which

aims toreport the first results obtainean technicaleconomic evaluationsithin the project.

The hypotheses on the configurations of the rdoiése statiorand the three solutions identified

for the transport of FHare subject to minor changeBvaluations take into account bo@APEX

and energy consumtion aspecBeae refer to deliverabl®2.2for the definitive description of

the scenarios and the results of thkecno-economicanalysis.
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5.3 P2MPFOR NEXT GEN MOBILE TRANSPORT

This sectionreports on the ongoingexperimens on metro-aggregation and single fiber
bidirectional operationThe experimenis planned for next Q1 2026 Genoa, between TEI and
INFG. A rehted techno-economicstudyis in progressithin WP2 The experimenenhances
the setupshownin Fig. 51-1, but updated with P2MP transceiverghus reducing the total
number oftransceiversWe plan to first testhe experimentin Munich and themeproduceit in
Genoa.The work, as it is natompleted in timefor the submission of D3,2vill be reportedon
D3.3 Figureb5.3- illustrate the abstraction ofFigure5.1-1, where at least twol00G P2MP
pluggable will be connected to the twiD0Ghubsso that the meshed networks can enables
also P2MP transmission for next generation mobile transport networks.

Hub, Hubg

Leafy Leafy,
Leafg, Leaf,

variable bandwidth transceivers

Figure5.3-1 Simplification of Fig.-3-1 enabled by P2MP transceivers.

5.4 NODE DESIGN FBRNSPATIAIAGGREGATIANISAGGREGATION

The spatial PON architecturdeveloped within SEASOMverages spatial switaig to
dynamically manage traffic, optimizing the utilization of OLT ports and spatial lanes. By enabling
efficient aggregation of spatial lanes through the use of splitter/combiners, the architecture
supports flexible, scalable, and cexffective network dsigns that cater to various capacity
requirements. This dynamic traffic management and aggregation mechanism ensures high
performance, scalability, and energy efficiency, mgkinvellsuited for nextgeneration optical
networks.Figure5.4-1illustrates three configurations of a Spatial Passive Optical Network (PON)
architecture, focusing on the node design for optimizing spatial lane aggregation and OLT port
utilization. Each configuration showcases different ways to aggregate spatial laeeO©bT

ports using a spatial switch and varying numbers of OLT ports and spatial lanes.
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OLT Port 1 I — OLTPort 1 |

- Spatial i
— OLT Port2 - ':
— \§, Switch ‘

I — OLT Port2 —

OLT Port 3

OLT Port 4

Spatial
Switch

Figure5.4-1: Spatial PON node architectucenfigurations: (a) 4x4; (b) 4x2; (c) 2x2

In the 4x4 configuration (a), the architecture is designed to aggregate four spatial lanes over four
OLT ports. There are four OLT ports labeled as OLT Port 1, OLT Port 2, OLT Port 3, and OLT Port
4. A central spatial switch is used to manage the aggregaif the spatial lanes. This switch
facilitates the dynamic allocation of lanes to OLT ports based on the current network demands.
The key components here are the splitter/combiners. The spatial switch can either direct the
spatial lane to bypass directty the corresponding OLT port or to the splitter/combiner to be
aggregated.

In the 4x2 configuration (b), the architecture is designed to aggregate four spatial lanes over two
OLT ports. The spatial switch facilitates the aggregation of the four spatial lanes over the two
OLT ports, managing the dynamic allocation efficientlyil&ito the 4x4 configuration, th&x2
splitter/combiners are used to realize spatial aggregation. The spatial switch can direct the
spatial lane to either bypass directly to the OLT ports or to a specific splitter/combiner for
aggregation.

In the 2x2 configuration (c), the architecture aggregates two spatial lanes over two OLT ports.
This setup is useful for scenarios with lower capacity requirements or initial deployment stages.
There are two OLT portabelledas OLT Port 1 and OLT Port 2. The spatial switch manages the
two spatial lanes over the two OLT ports. The splitter/combiner is used here to realize spatial
aggregation. The spatial switch directs the spatial lanes to either bypass directly to the @LT por

or to the splitter/combinerfor aggregation.

OLT Port 1 cooooii: OLTPort 1
|ammj, S fouronzH

| OLT Port 3 J /N\ 1 ‘

OLT Port4 - \’ | -

Figureb.4-2: Spatial POISystem 4x4 example

Figure5.4-2 showcases different aggregation configurations for #hel architecture of the
Spatial PON. The aggregationdisven by the control of the spatial switch, to manage the
dynamic traffic demands efficiently. The following examples illustrate how the spatial switch can
direct traffic through various aggregation configurations:

In the first configuration (a), all four spatial lanes are directly connected to their corresponding
OLT ports (OLT Port 1 to OLT Port 4) without any aggregation. This setup is useful when the
traffic demand is high, and each spatial lane requires dedichéndwidth to maintain optimal
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performance. The spatial switch bypasses the splitter/combiners, ensuring that each spatial lane
is independently managed by its respective OLT port.

In the second configuration (b), the spatial switch aggregates four spatial lanes into two OLT
ports (OLT Port 1 and OLT Port 2). Here, spatial lanes are combined through the
splitter/combiners, specifically the 3dB splitters. This configuration is usdfien there is
moderate traffic, allowing the network to optimize the utilization of OLT ports by aggregating
multiple spatial lanes, thereby reducing the number of active OLT ports and saving energy.

In the third configuration (c), the spatial switch aggregates all four spatial lanes into a single OLT
port (OLT Port 1). This is achieved by directing all lanes through the 6dB splitter/combiner,
combining them into a single lane for the OLT port. Thispsés effective during low traffic
periods, where the combined bandwidth of the four spatial lanes is sufficient to be managed by
a single OLT port, leading to significant energy savings and efficient resource utilization.

Through these examples, the 4x4 architecture demonstrates the flexibility and dynamic
capabilities of the spatial PON. The spatial switch plays a crucial role in managing traffic by
directing spatial lanes to either bypass or aggregate through the sptitierbiners based on
reaktime network demands. This approach ensures high performance and scalability, making it
well-suited for nextgeneration optical networks.
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6 OPTICAL MONITORING AND POWER EFFICIENCY

6.1 PLUGGABLE TRANSCEIVERS TO REDUCE POWER CONSUMPTION

Within the framework of the SEASON project, the impact of pluggable transceivers into the
energy consumption of optical networks has been investigaSaii24.

In general, in optical networks, a relevant contribution to the energy requirements is given by
transponders. As an example, transponders equipped with 600G transceiver cards may consume
around 300 WRad24, with a contribution of 120 W due to the transponder board with inactive
cards. Indeed, transponders include enetgyngry ASIC performing electronic processing, .9

for equalization (linear dispersion compensation) and symbol decision. Actions in the transceiver
components are required to reduce the energy consumption in optical networks. Recently,
pluggable transceivers are penetrating the market. Pluggables péonatoid transponders

since they are directly installed in Lay&rinterfaces (e.g., routers). Moreover, their
standardization is targeting low power consumption:.e4®0ZR has a target maximum power
consumption of 15 W, while 400ZR+ of 25 W. The main drawback of pluggables is the limited
optical reach which can be in the order of 500 km. Moreover, to best of our knowledge, current
pluggables operate in-Band only andhey should be explored for other bands.

In thiswork, we carred on an analysis on the power consumption of networks equipped with
pluggable transceivers, considering migration scenario to multi band and limited optical reach.
Simulation results show how pluggable transceivers can strongly reduce the energy
consumptionof optical networks while traffic increases.

In traditional optical networks, routers are connected to transponders equipped with
transceivers, as shown in Fig. 1a. On the contrary, pluggable transceivers are directly installed
into routers (or Ethernet switches), thus avoiding the transponder {Bjg As mentioned above,

given the target maximum power of pluggables, their main limitation is a shortdiogbreach.
According to these considerations, the following allocation strategy for pluggables or
transponders is proposed with the aim of makiing the use of pluggables while guaranteeing

the proper network connectivity.

The proposed resource allocation strategy is summarized in theeflgelow:
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Connection request
between (s,d) at rate R

Consider
pluggable

Modulation forma
selection

Compute
P’sq4 supporting the
selected format

Is a lower-level

Can
Is P's.q empty? ="°th|e"c$3d be format supported?

selected?

Compute bandwidth
B supporting R with the
selected format

Are
transponders already
considered?

Is there available
spectrum?

Consider
transponder

Select path p in P’sq with
the maximum number of frequency slots

Allocate a
pluggable or transponder

Figure6.1-1: Flowchart for resource allocation maximizing the use of pluggables

A connection request at rate R between nodes pair (s, d) is assumed. The set of aths P
connecting (s,d) is computed (or, if ptemputed, is considered). The use of pluggables is
preferred than the use of transponders. Then, the higHegel modulation format supported

by the pluggable is assumed (e.g.; TF)AM). After that, a band is seted; preference is given

to the Gband, then to tband, and finally to the-Band. Note that the bands present different
transmission performance (e.g., due to diint amplification technologies). Withi g, the set

t {Qof paths supporting the maximum optical reach for that modulation format in the assumed
band with the pluggable is computedt I§Qis empty, another band is attemptedaifi the bands

have been attempted, a lowdevel modulationformat is considered; if all the supported
formats have beeattempted, it means that (s,d) requires a longer optical reladbe connected

and transponders are considered.t1fQis notempty, the bandwidth B regued to meet the
requested rate Rwith the selected modulation format is computed and the patht Q
maximizing the number of frequency slots satisfyingtbal continuity constraints is selected.
Note that for frequencyslot we mean a portion of spectrum of the FllUlexgrid including B.
Finally, spectrum assignment (SA) is performiadthe case there is no available spectrum in

t Q@ another band is attempted. Otherwise, the use of transponders may increase the number
of paths int {Q given a lager optical reaclsupported. A connection is blocked when there is no
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available spectrum and all the supported modulation formats and bands are considered with
both pluggables and transponders.

A custom built eventlriven C++ simulator has been used to evaluate the power consumption

(due to transmitter and receiver sides) and the blocking probability of a network equipped with

LI dz33F 6f S& oatfdzaA3IlFo6fS LINBTSNNBRROINE yRy e yoSiiah
¢ NJ y & LJ2 ¥ RS NEbanal ecenérip areYirastigated: C+L and C+L+S. We tested the
proposed scheme on a reference Spanish transport network with 30 nodes andiB&dsional

links. The intesarrivd process of 200 Gb/s connection requests is assumed to be Poissonian.

Requests are served with one DBQAM channel switched in 37.5 GHz, or with twe(@HSK

channels in 75 GHz. Intarrival and holding times are exponentially distributed with an average

2F MK< FYR mMk> I' pnn &3 NBaLISOGA@Ster gAGK (KS
Fff y2RS LI ANB® ¢ NI T&kis bmfogetl & shbrtest afhd INBransicd R | &4 <
hops. The reach of pluggables in C+L witHLB@AM and DIQ)PSHKs assumed 250 and 500 km,

respectively, while in-Band it is assumed to be the half (e.g., 250 km foiQIFSK). The reach

of transponders is retrieved observing simulationsTaR3: with DR16QAM it is 350 km in C+L

and 235 in S, while BRPSK is assumed to connect each sedestination pair in the assumed

topology.

Power consumption [W]

C+L+S - with Transponders —8—
C+L - with Transponders —&—
C+L+S - Pluggables preferred —x—
_ C+L - Pluggables preferred —6—

0 1000 2000 3000 4000 5000 6000 7000 8000

10000 :

Offered Traffic Load [Erlang]

Figure6.1-2: Power consumption vs. Traffic load

Figure6.1-2 shows the power consumption at varying the traffic load. As expected, power

increases with traffic load given that an higher number of pluggables or transponders is re

quired. The use of pluggables strongly decreases the power consumption on both @HtL ai%]

thanks to sourcalestination pairs supporting the optical reach of pluggables. In general, in the

C+L+S scenario, power consumptiohigher than in the C+L scenario, because the availability

of more spectrum permits to setup more connections eaatiivg more pluggables or

G0N} yaLR2yRSNAE® '& 'y SEIYLISsS F20dzaAy3a 2y a4t dAa
start to diverge around 1500 Erlang, which is a traffic load withzexo blocking probability in

C+L, thus where the S band starts toelsploited. The adoption of pluggables permits to reduce

power consumption by around 50%.

© SEASON (HorizatySNS2022Project:101092766) page76of 136
Dissemination Level Public




o

[
»
(e}
z

g
E
(1]
=]
o
Q 0.01 3
(=]
£
-
[5]
o
o
0.001 ; 5 4
C+L+S - with Transponders —&—
% C+L - with Transponders —&—
B C+L+S - Pluggables preferred —¢—
0.0001 : . _ C+L - Pluggables preferred —&—

0 1000 2000 3000 4000 5000 6000 7000 8000
Offered Traffic Load [Erlang]

Figure6.1-3: Blocking probability vs. Traffic load

Figure6.1-3 shows the blocking probability at varying the traffic load. As stated above, at 1500
Erlang, blocking probability of C+L is non zero, thus at that traffic load-bla@®Estarts to be
exploited in the C+L+S system. In general, the introduction of S stroedlices blocking.

[ 2YLI NAYy 3 atfdAaAIFofS LINBFSNNBR:E gAGK dagAilK
higher blocking probability. This is due to the shorter optical reach supported, thus shorter paths
are more frequently used, limiting more thead balancing of routing and resulting in a faster
saturation of shorter links/paths.

In conclusion, pluggables permit to avoid enehgygry interfaces as transponders, thus
reducing the power consumption of the network. However, the use of pluggables is limited by a
shorter optical reach. Especially in a mbléind scenario, where bandsrgsent different
transmission performance (e.g., different amplification technologies), and where the S band
may present poorer performance (e.g., than C), it is fundamental to advance with this
technology (still while limiting its power consumption to-25 W) so that even in the S band
pluggables can be used for longer distances.

6.2 ENERGY EFFICIEE®XBLEBYDSCM/IA TRAFFIC ADAPTATION

As modern network architectures aevaluated according toequirements related to flexible
operation, scalability, and sustainabilittheir design and dimensioning have increased in
importance when it comes to addressing traffic demandstaaific growth. Typically networks
have been constructed to provide connectivitgsed on peak traffic projectiofior this reason,
within the framework of SEASON, the dynamic behavior of network t(aéichow there might
be different peak times based on applicats or traffic patterns depending on the day of the
week or everon the seasonhas been investigatefCas24.

By exploiting the flexibility offered by transceiveusilizing digital subcarrier multiplexing
(DSCM)Wel23], it is possible to enableew services such @®int-to-multipoint communication
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schemes andhetwork slicing which can potentially translate into spectral and/or energy
savings.

In this regard, a study has been carried out focusing on network topologies inspifeddmpm

L O | fedl hefvark these networks are illustrated iRigure6.2-1. In these topologieshe leaf

nodes (circles) are responsible for aggregating the traffic from the various connected users

CNRBY Iy 2LISNI(2NRa LIS NHEdeifaddsandgfomth foidcasiidtdte: t  F dzii dzl
the design of the network and the corresponding hardware deploymEnt.this analysis,

Table6.2-1 summarizes the peak traffic requirements of thetworksconsidered Since these

values represent the highest amount of traffic for a given scenadcgmulate the time

dependent behavior of trafficTelecom lItalidhas provideda set oftraffic profiles for their fixed
connectivityservices, whickkan be used tostablish a relation between timef-dayand amount

of traffic.

Figure6.2-1: Considered metraggregation network topologies. Shapes indicate type of nodes: hub nodes (squares),
leaf nodes (circles), transit nodes (hexagons).

Table6.2-1 shows the pak traffic requirements per horseshoe for the network&igure6.2-1.

Table6.2-1: Peak traffic requirements per horseshoe for the networlsgare6.2-1. The overall peak traffic of the
network is given in parenthes.

Network 1D t ST GNIXYFFAO oO0adzomtAy] mMZI &
Network 1 10.7; 165.2; 498.1; 88.1/ (762.1) [Gbit/s]

Network 2 308.8; 118.5 / (427.3) [Gbit/s]

Network 3 255.0; 583.3 / (838.3) [Ghit/s]

Network 4 186.4: 120.0; 284.1 / (590.8pbit/s]

Figure6.2-2 depicts the traffic profiles that describe the ellnd-flow of traffic during a normal
day of operationfor two slightly differentcostumers:large businesses antbnsumer/home
office. In broad strokes, they both exhiktsimilar behaviorlow throughput lateat night until

the early morning, whe activity starts ramping up, reachirigll operationin the afternoon

(LargeBusiness) andh the eveningConsumer/Home office)
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Figure6.2-2: Timedependent traffic profiles provided by Telecom lItalia.

Knowingpeak traffic conditions asvell as how traffic fluctuates over a period of time, it is
possible to estimate the resourcése., number of transceiveraumber of subcarriers, eldhat
are needed to cope with the traffic demands at a given tirrer examplefFigure6.2-2 clearly
illustrates the contrast and relation between traffionaximum resources, and software
powered hardware adjustment8y dimensioning thbardware (i.e., pluggable transceivers) to
cover peak data demands]l2 units would have to be deployed and distributed amaiig
possibleleaf nodesThis is represented by the blue bars reaching an overall capdoityhe
leaf nodes of 1200 Gbit/s assuming that all of the units are traditional sirgleannel 100
Ghit/s. Contrasting to thidevel of capacity is the dast line, whichdescribes theactualtraffic
demands of the network O 02 NRA Y 3 (2 ( KS Tablsad)amiljra¥ia prafis- { G NI F -
(Figure6.2-2). The red bars correspond tBSCMpowered optical transceiver, where it is
possible to exploitligital subcarriers to adjughe throughput ofa pluggable uniaind have it
work at a fraction of the total power consumption of the device depending fmw many
subcarriers are required:his adjustment to the operating conditionan be performed on the
DSP at the transmitter, deactivating thédzy y S OSibcardieiddh the temporary demands
of the network

= =Traditional 100G transceivers
= =DSCM-powered 100G transceivers
= = = Dynamic traffic demands

1,200

900 -

600 | H T NIE Y p{miniyl

300 H {MFHCHHA!
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1

0 4 8 12 16 20 24
Time of day [hh]

Figure6.2-3: Timedependent traffic estimation (dashed line) compared to the overall capafcttyedeaf nodes in
Network 1(Figure6.2-1). Blue bars rpresent traditional singkearrier 100 Gbit/s transceivers, while the red bars
represent 100G (4 x ZBbit/s) DSCM transceivers.

By scaling down the operation of the transceivers across the netitoik possible taealize
savingsot only in terms of spectral flexibilityging fewer frequency slotshut also in terms of
power consumption due to the reduced number of processes and computations required when
operating the hardwareFigure6.2-4 showsthe normalized power consumed by the ASIC of a
DSCMransceiverfor different capacity configurations (100 Gbit/s with 4 subcarriers and 400
Ghit/s with 16 subcarriers) as a function of the number edernvice subcarriers.
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Figure6.2-4: Normalized power consumption of the ASIC as a functicwvefall capacity and number dafigital

subcarriers

While the total power of the ASIC consists of functional blobls ¢an be switcheaff, some

of them are shared and cannot be switched off; therefahe total power of the ASIC will not
tend to zero when all subcarrierseadeactivated. Now, based dnigure6.2-3 and Figure6.2-4,

in addition to considering tffic aggregationat the hub node(i.e., optical aggregation in
filterless networks by means of passive elemef@as23), the corresponding type of
hardwarer and their capacity andtheir throughput can beletermined and used to calculate
O2yadzYLIi A2y 2dross éSnethdirkdz3 3 6 f S

GdKS

ASIC operative savings [%]

Figure6.2-5: ASIC operative savings for the considered netwaetaled inFigure6.2-1.

Figure6.2-5 summarizes the operate savings in terms of power consumptioompared to a
point-to-point scenariowhere the DSCMransceiversare operated at full capacity (i.e., all
subcarriers are activated)'he results show that there is indeed a benefit in adjusting the
settings of the DSCldowered transceivers to match the traffic demands (FRled)
However,significantly largebenefits can be achieved by switching to a paavmultipoint
communication paradigm for theselection of networks,switching multiple lowspeed
transceiver units for fewer units at the hub nodécording td=igure6.2-5, savings larger than
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25%can be realized. Furthermore, by increasing the level of aggregation, levels as high as 40%

44% could be achieved in some scenariddevertheless, it must be kept in mind that the
hardware configuratiorthat is possible for a given network is strongly dependent on its design
and highspeed traffic; for this reasomptical aggregation may or may not be possildethere

might be conditions that require a similar number of components and operating conditions,

which could negatesome of the savings. Ultimdig savingwill depend on how the network

can be provisionednd how effectivehe traffic allocation schemis.
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6.3 MONITORING OF CHROMATIC DISPERISIONIB TRANSCEIVERS

The MB(oSDNijransceiverdeveloped in SEASON has been use@ joint project activity
between B5GOPEN101016663and SEASOME monitor the chromatic dispersion (CD) in MB
optical networks/Boi24] Three bandwidth/bitrate variable transceivers (BVTEMT building
blocksbased on OFDM and Cdbe used working in the L+Ch&8nds(SEASON pratype). The
methodology considersthe linear OFDM channel's transfer function which is analytically
defined according to[Bar1§, in Eq13:

( A ét "QA_ tO_ tou Eq13
W

Here,"Qs the frequency, the channel central wavelengtl® _ is the dispersion parameter
and L is the length of the lightpatEquationEgql3describes a sinusoidal variation, with notches
(zeros) dependent on the accunatid dispersioriO _ t 0 (seeEql4)
" tO_ to Eql4

@

I p¥¢

with ¢ is an integer. In our OFDM system, we monitor the power spectrum gefi38D) of the
received signal in the positive frequency part of the received samples, which should match the
square of the transfer function given Bgl13. The estimation of the CD properties of a fiber link
can be carried out as follows:

a) For each lightpath with central wavelengthwe record a 204&oint PSD versus frequency.
b) A moving average filter with a block size of 15 is used to smooth the monitored PSD.

c) The notches (zeros in the PSD versus frequency) are calculated using a least mean square
approach, starting witlthe accumulated CD given by the datasheet fiber type and the measured
fiber length.

d) Using EquatioEql3, we compute the accumulatedO corresponding to the wavelength

e) Each link dispersion is estimated by correlating the accumulatgerdisns of lightpaths
[Sev23. f) From the measured curve of accumulated link CD versus frequency, the dispersion
parameterO versus frequency curve, assuming perfect knowledge of the fiber lehgih
computed

g) Finally, we fit the curv®vs._ (seeEql15) usng a derived thregerm Sellmeier formula for
the relative group delajCoh85j

~
o X Eql5
- T

where_ isthe zeradispersion wavelength and is the dispersion slope at .

To establish the validity of the method, we first examine its accuracy on different fiber types,
namely standard single mode fiber (SSMF) and Teralight (TL), with varyirigridgés (50 and
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75 km) across three optical bands: S, C, andreeThuilding blocks of th€EASOMansceiver
described in sectior?.4 are used. In this work,we focus on CD evaluation by including
monitoring capabilities at the bandwidth/bit rate variable receiver (BVRX) without necessarily
activating the receiver's OFDMased DSEseeFigure6.3-1). To evaluate the CD for the different
bands, we vary the central wavelength of the TLS within each band before capturing data for
different fiber types and lengths. For each acquisition, at the receiver DSP block, we perform a
2048point PSD and adjust it by fitting with a function that accounts for the linear OFDM channel
of Eql3and the scope bandwidt{fOGHz)The PSD function is defineddgl6.

0 z0 .. Eql6

oYar 0 Al Oq_ - p™ 0

where| is an attenuation coefficient related to the scope bandwidih,is accounting for
multiple electrical and optical noise and is a background |&eils the dispersion coédffient at

the wavelength_, L the fiber length. is fixed for all the experiment 0@B.GHz2. Figure6.3-1

(a)shows a typical PSD (cross markers) with the fitted curve Eqf6 in a dashed line.

@ N O

%_.-
- — -
-
L
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Figure6.3-1: (a) PSDof detected signal after 75 km km of propagation in SSMF. Crosses are experimental points;
dashed line is the fit based &gl6. (b) Dispersion parameter D as a function of the wavelength obtained from the
fitting with Eq16 for different fiber types and fiber lengths. Red dashed lines are the results of the fiéqtiffor

each fiber type. Inset: histogram of the estimation error.

The results of this fit for all fiber typesengths, and channel wavelengths are plotted in
Figure6.3-1 (b). For each fiber type, we perform a fit wiigl5 by minimizing the root mean
square error with the data to determine the fiber parametersand™Y.

Table6.3-1: Fiber type, length and fitted parameters

Fiber Length [km] _ [nm] Y [ps/(km.nm2)]
SSMF 50 1335 0.0968
75 1337 0.0966
TL 50 1416 0.0703
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Theresulting fit is plotted with a dashed red line kigure6.3-1 (b). The obtained parameters

for each fiber type and length are displayedliable6.3-1. The curve fits well with the data for
SSMF but deviates at low wavelengths for TL. This deviation is due to limited accuracy in the low
accumulated dispersion area where the notch frequency approaches the signal bandwidth.
Finally, the inset oFigure6.3-1 (b) shows the histogram of the errors, illustrating overall good
performance of the method with a standard deviation of 0.19 ps/(km-nm) and a mean value of
-0.03 ps/(km-nm).

6.4 COMPLEXITANALYSIS ?REQUENOMAINGROUP/ELOCITY
DISPERSICBDMPENSATION

Coherent transceivers perform advanced signal processing and coding dtighispeeds while
meeting strict requirements for performance and power efficien®of16] New generation
coherent pluggable transceivers are expected to have bitrates up to 1600 Gbps or more. The
discussions for the 1600ZR implementation agreement, have already started in the Optical
Internetworking Forum (OIF)OJF23 In the ASIC development of the energy efficient DSPs,
computationally complex blocks can translate in higher power consumption and higher area
utilization. Compensation for GVD in optical fiberone of the most computational intense
blocks and requires high amounts of resources on chip. Here we will discuss how this is expected
to scale with higher symbol rates. In general power dissipation is one of the limiting factors of a
coherent transceier system efficiency and is directly related to the number of complex
multiplications needed to processes the task on the digital sidfiglire6.4-1 shows the block
diagram of a finite impulse response (FIR) filter in the frequency domain (FD), which is most
commonly used as an architecture for GVD compensation.

() X(¥) Y(¥) y(©)

O——  FFT : { IFFT ——0O

H(¥ )

Figure6.4-1: Block diagram of an FD filter

A fast Fourier transform (FFT) is used to convert the input symbols from the time domain (TD)
to the frequency domain (FD), where signal processing, in this case a convolution with a filter, is
more efficiently performed. Once the filtering operation isrqaeted in the frequency domain,

an inverse FFT (IFFT) is utilized to transform the processed signal back into the time domain,
restoring the temporal characteristics of the signal. In an FD filter, the transform blocks account
for most of the complexity écause they usually involve a high number of operations. In order

to calculate the appropriate size, we need to define the size of the input block xjt) see

Eql7.

. Yiz 0°Y Eql7
0O h q
Y
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where'Y iis the symbol rateY [Sthe internal clock rate and "YISthe oversampling ratioThe
block size of the FFTdsfined inEq18.
Y b Ok Eqld

ith N being the number of taps needed tompensate for a specific amount of residual GVD.
The number of operations in a radd~FT can be approximatedcording tofDuh9q, byEq19.

0 C ¢ TE Y Eql9
The number of complex multiplications per symbalé$ined inEq20.
Y 0
56 6y C Eq20

0

giventhe abovementionedconditions[Mor16]. The number of taps needed to compensate for
GVD is defineth Eq21.

N ao ..
5 cﬁ'\ﬁm 9 5 4 Eq21
Cw
where D is the GVD, the wavelength, z the distance, B the syrhbate and® the speed of
light. [Sav08

We have evaluatefq20for three different symbol rates, an oversampling ratio of 1.25, a clock
rate of 1GHz and a center wavelength of 1550nm. The results can be degurie6.4-2.

Co[rgglexity in terms of plex multiplications in dependency of acct lated GVD

—_—— Rb 60 GBd
400 [ |—e—R, 120 GBd
—_— Rh 240 GBd

Complex multiplications per symbol

—_ — ] N w w

(=] o (=3 [s)) (=] (%))

o o o o o o
T

o
=]
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Accumulated GVD [ps/nm] x10*

Figure6.4-2: Complexity of GVD Compensation

We see that for 120 and 240 GBd the complexity increases more drastically with respect to more
accumulated GVD than in the case of 60 GBd and lower symbol rates. A SSMF with a dispersion
parameter D = 17 ps/nm/km accumulates roughly 17e3 ps/nm for 100@fkfiber. Given a

higher symbol rate, a substantial increase in complexity is recognized from 100 km fiber lengths
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onwards. We expect this to scale even further, when considering symbol rates higher than 240
GBd.

6.5 DIGITAISUBCARRIEULTIPLEXING?ECTRUDPTIMIZATION
TECHNIQUEROWARD$VPROVEBOWEHRSFFICIENCY

Digital Subcarrier Multiplexing (DSCM) is an advanced digital signal processing technique initially
proposed for its propagation benefits, particularly in ldmaul transmissiofWel23. Instead of
transmitting a single highate carrier, DSCM transmits multiple leate, digitally generated
subcarriers. This approach offers several advantages, including increased robustness against
chromatic dispersiofiSun2Q and nonlinear fiber effectflLiall. Recently, DSCM has found a
novel application in the coherenpluggable transceivers supporting poiat-multipoint
transmission, allowing to simplify and reduce the cost of aggregation networks featuring a hub
and-spoke traffic patterfWel23]

hLIWGAOFE GNIYyaOSAGSNI YIydzZFl OGdzNBNE O2y G Aydz2dzat @
However, current and next transceiver generations are nearing the Shannon limit, and
fundamentally offer higher capacit{to reduce capital and operational expenditures per
transmitted Gb/$ via increasing symbol rates, rather than significantly improving spectral
efficiency (SHgan®4]. This trend of expanding channel bandwidth, coupled with limited fiber

spectrum increases (e.g., Supeb#&hd, C+Hband, Super G+band), will inevitably result in

fewer available channels per fib@as discussed earlier in Sectibr2.1). Consequently, despite

higher capacity per transceiver, overall (usable) capacity in meshed core networks may decrease

due to spectrum scarcity and underutilization of transceiver cap§cayn24).

The obvious solution to accommodate the reduced number of channels per fiber is to adopt
spatial division multiplexing (e.g., muttore fibers, parallel fibers) or band division multiplexing
(e.g., § Eband) solutions. However, except for parallel fibar dark fiberrich deployments, all
these solutions are capitéthtensive (e.g., rolling out new fibers) and/or rely on immature
technology (e.g., new types of optical amplifiers). A stemin approach to enhance the spectral
efficiency of deployed charls is to better adapt the transmitted signal bandwidth to the actual
demand. However, the adaptability of existing coherent pluggable interfaces is limited, with
multi-source agreements (MSAs) typically implementing only a few symbol rates
[openROADI®Z4]. Noteworthy, the OpenXR Optics forum MEdenXR specifies a coherent
pluggable based on DSCM, which can dynamically adjust the number of subcarriers in use.
Although this feature was originally intended for petotmultipoint communicationfWel23,

this work exploits the impact of using it to have a more granular adaptation of the optical signal
bandwidth to the actual traffic requirements in core networks. Hence, we numerically compare
the usable network capacity of alfand system utilizing sirgglor multi-carrier (DSCM) coherent
pluggable transceivers.

6.5.1 Simulation Setup

We perform network simulations of a-liand system employing either singtarrier (SC) or
multi-carrier (MC) transceivers within the Spanish national backbone network, as provided by
Telefénica in the IDEALIST projgotl.113], and the 48o0de Japanese national backbone
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network [IEICEZ] (Figure6.5-1). Two coherent pluggable transceiver types are considered,
modeling the two next generations of these devices: (i) low rate and (ii) high rate. In the low
rate scenario, the singlearrier transceiver operates in three modes at 63 GBd and five modes
at 126GBd, as shown ifiable6.5-1. These values are derived from the OpenROADM agreement
[openROADI®Z4] for 200 Gb/s, 300 Gb/s, and 400 Gh/s formats (63 GBd), and scaled up to 126
GBd (800G transceivers), with the additional inclusion of 500 Gb/s and 700 Gb/s formats to allow
fine-grained capacity increments of 100 Gb/s. In the hige scenario, the singicarrier
transceiver operates in five modes at 126 GBd and another five modes at 252 GBd.

\
I
)

(b)

Figure6.5-1: (a) Spaniskand (b) Japaneseational backbone network.

Despite the abovementioned potential performance advantages of DSCM, we adopt a
conservative approach where the mudtarrier transceiver has 32 equal subcarriers (with the
same symbol rate and modulation format) and its SNR requirements match those sihgfe

carrier transceiver at the highest symbol rate. The bit rate and required OSNR are calculated
based on the number of subcarriers used. This approach guarantees that any observed capacity
gains are not attributed to using better coherent pluggabpedfications. The optical fiber
characteristics and amplifier models follow that{#ou22], with the Gband providing 6 THz of
available bandwidth.

Table6.5-1: Singlecarrier transceiver characteristics

Symbol Rate [GH Bit Rate [Gb/s] OSNIReq[dB] SNReq [dB]
200 16.0 9.0

63 300 21.0 14.0
400 24.0 17.0
400 19.0 9.0
500 21.5 11.5

126 600 24.0 14.0
700 255 15.5
800 27.0 17.0
800 22.0 9.0

252 1000 24.5 115
1200 27.0 14.0
1400 28.5 15.5
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1600 30.0 17.0

¢CKS YL AFTASNEQ 2LINIGAYy3T LRAYyGEa NB 2LIWGAYAT SR
GSNR ripple, following the methodology outlined [Bou22. For traffic provisioning, a

sequential Routing and Spectrum Assignment (RSA) policy is implemé&atddq.5-2). Traffic

demands are uniformly generated, with payloads ranging from 400 to 1600 Gb/s in 100G
increments for the high rate scenario, and from 200 to 800 Gb/s for the low rate scenario. Each
demand is sequentially considered for routing over the shorfesh, selecting the feasible

modulation format and symbol rate/number of subcarriers that minimize the number 23

spectral slots required to carry the payload, provided there is no available capacity in already
deployed channels.

Table6.5-2: RSA algorithm description

Inputs: demand rate Z), source Y, destination'Q), set of deployed lightpath®),
transceiver operating modesY, spectral occupation of network links/( )
Outputs: Updatedd and™Y

1. Perform grooming anexit if there is available capacity fofin one of the deployed lightpaths
between"Yand'O. Continue otherwise

2. Calculate the shortest path betweéandO

3. Check for available frequency slats’Y and calculate their required GSNR

4. Get the operating mode frorfithat minimizes the number of 2&Hz slots to transpoiv
(multiple interfaces may be usedjxitif "Yis empty

4.1.if multiple combinations occupy the same number of slots, select thewdtiefewer interfaces

4.2 if multiple combinations still exist, select the one with the highest capacity

4.3.if multiple combinations still exist, select the one with the lowest GSNR margin

5.if the GSNR margin of the selected signal is posg®iect the slots with the lowest positive
margin and updatéY |, create a new lightpath if andexit. If not, eliminate the operating mode
from "Yand go to step 4

From the available and optically feasible spectrum slots, the algorithm selects those with the
smallest positive residual margin to preserve the best frequencies for the most demanding
paths. The number of 26Hz spectral slots occupied by a channel uéatied including a total
guard band of 285Hz to ensure negligible filtering penalties.
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6.5.2 Results and Discussion

6
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Figure6.5-2: Maximum spectral efficiency versus reach on a ptfgoint transmission wi 80-km spans.

First, we examine the theoretical advantages of employing roaltiier transceivers in a point
to-point link withG 80-km spansFigure6.5-2 illustrates the maximum spectral efficiency of
each transceiverype relative to the link length. The results show that across almost all reach
ranges there is a slight improvement in spectral efficiency with realtiier, which is exclusively

due to the availability of a wider set of channel formats. Note that theitamvhl formats
(possible via controlling the number of active subcarriers) can feature a more optimal match
between capacity and channel spectral occupation. Further evidence that this is the sole reason
for the differences observed is that, although reitown here, a similar plot for maximum
channel capacity versus link length yields the same values for both -sarglemulticarrier
transceivers.
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Figure6.5-3: Total load for different blocking probabilities for the (a) Spanish and (b) Japanese networks.

Secondly, we run the netwoikide simulation over the two reference core network topologies
for a wide range of offered traffic load values assuming that either sirayliger or multicarrier
coherent pluggable transceivers are deployédgure6.5-3(a) and Figure6.5-3(b) plot the
evolution of blocking probability versus network load for both transceiver types and rate
scenarios, considering the Spanish and Japanese core networks, respectively. The most relevant
observation is that a lower blocking probability is ob&dnby using MC transceivers for the
same offered traffic load. This trend holds for both networks and when considering both low
and high rate scenarios. Henedwaysadapting the optical signal (humber of active subcarriers)
and channel (spectral width) characteristics to the traffic requirements can assist in augmenting
the usable capacity of core networks. Moreover, given the significant blocking reduction
observedwith MC transceivers, these results suggest that the cumulative effect of exploiting
this feature for every provisioned channel in core networks is higher than what the relatively
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modest spectral efficiency improvements observe&igure6.5-2 would suggest. Although not
shownhere, the number of required transceivers for the same carried traffic load is very similar
for SC and MC.

Table6.5-3: Load at a blocking probability of 1% and capacity gain by using a-cantier transceiver

Spanish Network Japanese Network
Low Rate High Rate Low Rate High Rate
SC MC SC MC SC MC SC MC
Load@ 1% BP 83 113 66 100 35 45 27 39
MC gain [%] 36 52 29 44

To gain further insight into the network capacity improvements, consider the results in
Table6.5-3, which summarize the average offered traffic load that leads to a blocking probability
of 1\%. For both transceiver types, higher loads can be reached in the low rate scenario with
traffic flows limited to 800 Gb/s, which is expected, since doubling th#i¢ flow size and
transceiver baud rate, leads to faster exhaustion of spectrum as a result of the smaller number
of channels. More importantly, in both networks and for both rate scenarios, the utilization of
multi-carrier transceivers always resulisa significant increase in traffic load when compared

to using singlecarrier devices. The gain values range from 29 to 52% and provide evidence of
the effectiveness of adapting the signal and channel properties to the exact traffic requirements
to improve the utilization of spectrum resources in mesh core networks. Another relevant
observation is that the gain from using mtdarrier transceivers is consistently larger in the high
rate scenario than in the low rate one (e.g., 52% vs. 36% in the Spatigbrk and 44% vs.

29% in the Japanese network). This highlights that using “cardtier transceivers, or more
generically solutions to better match signal/channel properties and traffic payload, will become
increasingly critical when deploying in meshrecaetworks the next generations of coherent
transceivers, featuring even higher symbol rates.

6.6 OPTICAMONITORING® EDGECOMPUTING

Edge computing, as outlined in D3.1, facilitates stakeholders in managing IT infrastructures, Al
processing, and service operations closer to where data is generated and utilized. Achieving this
requires edge computing resources to offer advanced netwgrkiatures with extremely high
bandwidth connections. Data Processing Units (DPUSs), also known as Smart Network Interface
Cards (SmartNICs), originally designed for use within data centers, are emerging as a promising
solution for providing edge computinipfrastructures with robust networking capabilities.
These DPUs, now reaching speeds of up to 400 Gbps and incorporating embedded GPUs, have
the potential to support coherent pluggable transceivers. This development makes DPUs a cost
efficient technology hat integrates packet, optical, and edge computing resources within a
single networking unit, paving the way for new applications in programmable optical
networking.

In the SEASON project, we propose utilizing DPUs equipped withtpginint (P2P) and point
to-multipoint (P2MP) coherent transceivers as a novel, -effgctive edge solution that
combines packet, optical, and computing capabilities on a single platform

A DPU is a specialized hardware component designed forshigld data processing. While
DPUs are commonly used in data centers, servers, and supercomputing environments, there is
increasing interest in their application within edge networking due to tability to handle data
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movement, storage, and processing for large datasets. This allows for rapid computation,
enabling reatime analysis and the acceleration of dataéensive tasks. Unlike traditional NICs,
which focus primarily on accelerating ldawel protocols such asligrnet and depend on server
CPUs for other networkelated functions, DPUs provide programmability at higher layers,
allowing them to perform advanced-imetwork functions directly. This helps to free up CPU
resources for tenant and applicatidavel tasks Modern DPUs feature up to four interfaces
operating at speeds up to 400 Gbps, advanced timing and synchronization, hasoasae
encryption, and embedded security mechanisms. They also include up to 16 ARM CPUs to
manage embedded computing tasks, with tleest models incorporating embedded GPU
resources. Traditionally, DPUs use-ftg connectors (e.g., OSFP, QSFP112/56/28) but have yet
to fully adopt the QSFBD form factor found in packetptical switches with coherent pluggable
modules. However, aew generation of coherent transceivers is now available for 100 Gbps,
and future DPU models are expected to support QSBRor rates of 400 Gbps and beyond. This
advancement will bring two significant benefits to optical metro and edge network
infrastrudures.

The first benefit is a reduction in the number of active standalone nodes and the need for
OpticalElectricalOptical (OEO) conversions. SEASON explores an innovative scenario for optical
metro networks that includes edge computing nodes with DPUs equippidd coherent
transceivers, allowing for the integration of optical, packet, and computational resources on a
single platform.

The second benefit concerns a reduction in latency, achieved by combining computing and
optical network resources into a single platform, thus reducing the need for OEO conversions
and minimizing endo-end latency.

Moreover, the use ofiigh-speed transceivers directly integrated into DPUsgvéhtlyenhance

the support for ultralow latency servicesparticularlyfor accessmetworks, while leveraging
hardwareaccelerated network functionis DPUsguch agncryption). Thesadvancements are
expected to improve performance for both low-latency user applicationsand Telco
infrastructure components.

In the SEASON projetivo main wse casesire consideredor edge computinggncompassing
coherent pluggable modules.

The first use case refers to the deployment of 5G funct{eng., DUkloser to the cell sitand
deployed on powerful edge nodesSuch use case is investigated by effectively combining
SEASON hardware technologies investidaite WP3 (i.e DPU equipped with coherent
transceivers including PTMP openXR pluggable modaiteEhnovative softwarecomponents

by WP4 %G software modules, Adlecentralized intelligenceSD Agents, etc)To avoid
duplications, this use casedstirely addresseih WP4 deliverables.

The second use case refers to monitoring. The availability of DPUs equipped with coherent
transceivers enables effective monitoring and correlation features directly at the network card.
Received packet and optical data can be processed locally also dawgnpowerful GPU
resourceslin D3.1 we reported othe design, implementation, angreliminaryproof of concept
validation,published in Cas242], of an optical monitoring solutiodeployed in the DPWith
coherent receiverln particular,N optical RXparameterswere elaborated by a DP1d detect
critical anomalies liksoft failures Results reported in D3dhowedinference timeof around
50-70msin the case of N=30 angb to 360ms in the case afvery largenumberof parameters
(N=5000.

In this document we report on thsignificant enhancementapplied tothe optical monitoring
solution deployed in the DP&f edge computing nodesn particular, v introduced the use of
hardwareacceleratedDeep Packet Ipection (DP) technologycombined with enhanced Al
processing. DPI is useaextract, in-network, monitoring packetsriginated by different nodes
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andencompassingnonitored parameters such &it Error Rate (BER) and fiber power in optical
networks,targetingscalable deployments giroactive maintenance and failure prediction.

Traditionally, opticaRXmonitoring data arelocally retrieved from the optical components,
processed by the CPU of the hosttwork element encapsulated in network packets, and
delivered to telemetry collectors. Here, those network packets are first retrieved from the
network interface, then processed by the host CPU and stored in externaktnes databases
where Al processing can takiapewith global visibility No direct exchang®f monitored data
among network elements istypically inplemented As a consequence, complexetwork
operationsrequiringsuch asorrelations orsoft failure detection are demanded to centralized
elements with increased delay

The introduction ofedge computing nodeswith DPUencompassingembedded GPU and
coherent transceivers has the potential to significantly improve the efficiency of this progedure
limiting the intervention of centréted elements thusmproving the overall network reaction
time. Indeed,the optical RXmonitoring data retrieved from the plugged transceivean be
locallyprocessediy the DPUFurthermore as key innovatiorremote optical devices caalso
stream their extracted telemetry data tother edge nales wherehardwareoffloaded DPI can

be used to extract packet network informatidm a scalable wayvoiding the interaction with

the CPU of the host system. Finally, the local (BRhe DPLtan directly perform Al processing,
guaranteeing fast reaction time and forecasting capabilitidis way accurate awarenessf

the surroundingnetwork area can be achievedby each edge noddn this work, a specific
innovative DPI component has been developed for extracting optical monitoring data from
custombuilt UDP packets containing payload information about selected monitoring
parameters, such as BER and power levels of optical fiber devices. Then, the hardware
accelerated DPI system continuously inspects these payloads, comparing against predefined
threshobs directly configured within the DPU pipes. If the monitored parameters exceed these
thresholds, indicating a potential failure, the system is able to react efficiently, performing
further elaborations (e.g., exploiting the embedded GPU and/or sendingnzated
warning/alarm messages possibly leading to traffic reroute even before the link fails. This
proactive approach ensures continuous network reliability and operational efficiency also in
case of soffailures. Figure6.6-1 shows the proposedinnovative architecture using a
combination of DPI and deep learning techniques. The system, specifically designed for DPU
execution allows to support otheuse casessuchasembeddedcyber security (e.gin-network
detection and mitigation of DDoSattacks) The Pl Module handles packet inspectiarf
monitoring packetsat wire speed, identifying optical parameters for failure detection. Only
packets flagged by the DPI are forwardet process by th€NN modefunningon the DPU

with embedded GPU This way,only resourceswithin the network card are utilized for
monitoring purposes not requiring CPU/GPUWesourcesof edge computing nod&hichcan be

fully dedicated toedge application andTelcoservices.The metrics extracted from DPI are
provided as input features to the CNN. We use standard CNNs to analyze data collected from
optical networksand make reaitime predictions about potential optical failures based on the
latest network conditionsThe CNN model is trained to detect both gradual and sudden
degradations of critical parameters. The system utilibegh historical data andlatest
monitoring metrics. By forecasting potential failures, the system can trigger preveatiogery

and maintenance actins before actual failures occur, thus enhancing network reliability and
minimizing downtime.
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Figure6.6-1: Proposed Edge Network Architecture

The proposed solutiohas been validated considering the network testbed reported in 08.1
includestwo DELL PowerEdge Servers with NVIDIA BluefieldvEPGPUDue to thecurrent

lack of support for coherent transceivers in these DPU, we depend on Edgecore switches that
are equipped with 400ZR+ coherent transceivers. Nevertheless, the DPU manages the
transceivers using a Rest interface rather than relying on an SDN Controlealldhis the
transceivers to be controlled as if they were physicaltgdrated into the DPU. Subsequently,

the two transceivers are joined by three optically amplified spans, each spanning a distance of
80 km.

Inference Time Comparison with and without DPI
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Figure6.6-2: Inference Time

Figure6.2-2 shows the inference time comparison for optical failure monitoring with and
without DPI. Data was collected from five different datasets representing various network
environments. The results indicate that the BMaked solution has a significantly lower
inference time due to its realme packet inspection capabilities. Each dataset consists of 30
optical parameters. These parameters simulate a single received signal event.
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The inference times represent the duration taken to analyzerdeeived monitoringpacket

data and predict potential optical failures. The DPI system inspects UDP packets carrying payload
information aboutpre-FEC BEBNnd power levels from optical device&s anticipated, hese

values are processed in ra@the to identify any threshold breaches that indicate potential
optical failures. The processed BER values and power levels are passed to the CNN model. The
CNN model compares the rei@ine data againstearned patterns to predict potential failures.

With DPI, the average inference time across all datasets is around 0.54 ms. In the absence of
DPI, the system directly processes packet attributes for anomaly detection without the initial
inspection and prepcessing by DPI.
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Figure6.6-3: Accuracy Over Time

Figure6.6-3 shows the accuracy of optical failure monitoring over time with and without DPI
integration, exceeding 99%. This indicates that combining DPI metrics with deep learning
SYKIFyOSa GKS aeadasSyQa FoAaAtAde (2 andhydcaiadbleld | yR
way.

6.7 FAILURE IDENTIFICATKGIDEL V.ATA CENTRIC TECHNIQUES

Within the framework of the SEASON projédt. techniques have been investigated for failure
identification, i.e, a classification problem, where each type of failure is associated to a class
[Kha24.

In a live network, some failures occur more frequently than others, resulting in an uneven
distribution of samples among different failure types. If ML is applied to a failure identification
problem, such arimbalance amonglifferent failure classes compromises thraibing phaseof

a ML model, resulting in performance degradation durithg inference phase (i.e., the
estimation of the type of failure)Such a trend is visible on least represented failure classes
[Tre23, where field data collected foresen months have been utilized for Nbased failure
identification

In SEASON, we investigated a direct and comprehensive comparison between diffedskt
centric and data-centric ML approachedor dealing with theimbalanced training problem in
ML-based failure management, with failure identification as the considereecase and NN as
the employed ML model. The modetntric approaches investigated in this work focus on
modification of the standard loss functiori BIN, as well as changing the samplatiategyof
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batches within a training epoch of NN to account for the imbalanced distribution of failure
samples in the training dataset. To that ewtiile modifying loss function, the contribution of
different failure classes to the overall training loss has beenaighted based on the extent of
their representation in the training dataset. With focal loss, this approach has been extended to
the sampé level, further reducing the contribution of correct classifications to the overall loss
so that NN could focus momn misclassifications, which are typically from less frequent failure
classes. The combined performance cfwreighting of failure classes as well as samples has also
been investigatedo addresghe imbalanced training problem. As for sampling strategy during
training, a balanced mifbatch training approach has been studied that samples imbalanced
training data in a balanced manner for each batch within a training epoch.

On the datacentric sidethe objective is to improve the data quality, and a typical approach is
data augmentation.SMOTETOMEK and generative and adversarial networks (Ghaésd
techniques have been used to augment data of undgresented failures by generating
synthetic samples to reduce their scarcity. A balanced-bakch training approach, which can

be consiéred as a hybrid of mod&entric and datecentric approaches, has also been studied

in the scope of this work. All these techniques haverbandividually applied to an optimized
baseline NN, and the resultant performance has been compared in terms of classification
accuracy (i.e., F4core) and computational complexity (i.e., sum of the training time of the
employed NNbased failure identi&r and additional time required for processing of the training
data).

For more technical details on thechniquesnvestigated the reader can refer tadha24, while
here the performance comparison is reporteéthe following modetentric techniques have
been consideredwreighted categorical cross entropy (WCCE) foss] loss, weighted fochdss,
and Balanced minbatch training (BmBTRegarding dataentric approaches, SMOMTOMEK
and CFGAN have been considered.

Performance comparison will show that an improvemehdata quality (i.e.achieved through
data-centric techniques) has a more relevant impact on ML performance.

Data has been collected from an experimental testbed shown in the figure below:

T™x1 }\1 Ay = A, (m As A = %1- Rx-1
e >0 gmp0p 0p BN
T2 - s, 5 s, I=3

Figure6.7-1: Experimental testbed

The considered testbed includes tipicsson SPO 1400 optical devices,-8R@Gd SPQ. Each

SPO is equipped with OTN muxponder, exploiting an optical tunable coherent transceiver at 100

Gb/s with dual polarization quadrature phase shift keying- (@ SK) modulation format. Each

transceiveris composed of a transmitter (Tx) and a receiver (Rx). Two channels i.e., ehannel
andchanneh = A GK I NRdzyR oTtdp DIT 2F aLISOGNHzZY 6ARGK:
<H ' mMpnodu ¢1 T3 NBaLISOGAGStesr KI Of%o ar&&y aSid d
waveguide gratings (AWGSs) have been used at Tx side and Rx side for multiplexing and de
multiplexing the optical signals. The optical link is composed of four spans, labeled S1, S2, S3,
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and S4. Each span consists of a single mode fiber spool with length of approximately 80 km, and
a fiber attenuation ceefficient of 0.2 dB/km. The attenuation of optical signals along the optical
link has been compensated using a series of erbium doped dilmplifiers (EDFAs) denoted by

Al, A2, A3, and A4, configured in a fixed gain mdaeartificially generate failures in the
network, two wavelength selective switches (WSSs), namely-WS8 WSS2, have been
placed at the end of S1 and S2, respectively. Four failure conditions on both channels have been
considered i.e., attenuation, fét tightening, filter tightening + attenuation, and filter shift +
attenuation. The bit error rate (BER) and optical sigoaioise ratio (OSNR) values have been
collected from the two receivers with a sampling interval of approximately 4 seconds. Aftotal
2000 samples have been collected for each failure per channel and then, after removing
duplicates with the removal of duplicates followed by the manual removal of samples, an
imbalance to in the dataset has been createdrtomic the real network scenario where higher
frequency of occurrence of some failures results in sufficiently-meellesentation of those
failures and underepresentation of other failures in the training datas€heTable6.7-1 shows

the imbalanced distribution of samples among the considered failures in our case

Table6.7-1: Data distribution

Failure type Number of samples in overall | Number of samples in training
dataset dataset
Channell Channel? Channell Channel2
Attenuation 1124 1205 717 773
Filter tightening 869 981 552 632
Fight tightening + 526 601 328 394
attenuation
Filter shift + 360 289 231 184
attenuation

From this imbalanced dataset, 20% of the data has been kept as a test dataset for the final model
evaluation after training, and the remaining 80% has been split into training and validation
datasets using an 820% split ratio. That validation dataset Hasen used during the training
phase to ensure that the NN is not overfitting.

The performance of considered moetntric and datecentric approaches has been compared

with each other against a baskne NN. Optuna, a Bayesian optimizato&sed tool, has been

used to tune the hyperparameters of baseline NN. The resultant baddhhé.e., with tuned
hyperparameters) contained 3 neurons in the input layer, 189 neurons in the first hidden layer,
220 neurons in the second, and 4 neurons in the output layer. The dropout regularization rate
has been 0.159 to prevent owitting, with the learning rate of 8.25 x ¥@Gnd batch size of 64.

Tanh has been used as the activation function for the hidden layers, while SoftMax has been
used for the output layer. All the afodescribed techniques have been applied to this optimized
baseline NN, and the performance has been evaluated in terms of computational cost-and F1
score for both the channels. fstore is one of the appropriate metrics to evaluate classification
performane in case of class imbalance because it takes into account botfsipreéi.e., the

NI GA2 2F GNH2S LRaAGAQ@®SEa G2 GKS adzy 2F GNHS
ability to avoid false positive errors) and recall (i.e., the ratio of true positives to the sum of true
positives and false negatives, quadtik y 3 GKS Y2RSt Q& loAfAGe G2
Figure6.7-2 shows the results on chann#lin terms of the obtained F4core on the unmodified

and imbalanced test dataset for all the considered failures
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Figure6.7-2: Fl-score comparison of all considered techniques on chénfal(a) Filter shift + attenuation, (b) Filter
tightening + attenuation, (c) Attenuation and, (d) Filter tightening

Since filter shift + attenuation has been the failure with the fewest samples in the training
dataset, we can see that the stores obtained on it are on the lower side as compared to other
failures with more samples. The red dotted circle representsréffierence score i.e., score on
the baseline NNAs shown irFigure6.7-2 (a), datacentric approaches outperformed model
centric approaches on this undeepresented failure, with an improvement of 3.1% being
observed in this case. For filter tightening + attenuatiBigure6.7-2 (b), i.e., the second least
represented failure class in the training dataset, we observed a similar tendency that data
centric techniques perform better, with up to 2% improvement observed. Few of the model
centric approaches (i.e., focal loss and weightechfdoss) achieved similar performance as
data- centric approaches for attenuatiqrFigure6.7-2 (¢), i.e., one of the weltepresented
failure classes in the training dataset, however, none of the approaches could outperform
baseline NN, which classified this failure extremely well with asdete of 0.985. For filter
tighteningFigure6.7-2 (d), the other wellrepresented failure class, also having slightly disjoint
BER and OSNR values from other failures, the employelasiéd failure identifier learnhe
underlying pattern extremely well in all scenarios, resulting in its perfect classification.
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Figure6.7-3 shows the averaged computational time for each approach in terms of training time
of the employed NN for failure identification after the application of each technique, as well as
the additional processing time (applicable only to degmtric techniquesjor training dataset.
Additional processing time includes training time of ML models, i.e., in case@ANTand/or

time taken to generate synthetic samples for training dataset. These times have been monitored
on an Intel(R) Core(TM)-I2700H @ 2.30 GHwith NVIDIA GeForce RTX 3060 Laptop GPU.

771 Additional processing time for training data s

11.14
200/ HEE Training time of NN-based failure identifier 202"’0%
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Figure6.7-3: Computational costs

As can be seen, with BmBT approach, thelidbked failure identifier takes the longest training
time. The possible reason for this is that in our implementation of this technique, random
sampling of training data has been performed for each batch withiepach to select an equal
number of samples from each failure class, which prolonged the training process. On the other
hand, training time of NNbased failure identifier, with CGAN additional synthetic samples in
training dataset generated using \GRN,has been the shortest because the addition of kigh
quality synthetic samples to the undegpresented failure classes increased their overall
representation in the training dataset which resulted in faster NN convergence. However, this
has been achieved #te cost of high additional processing time for training data as training of
CTFGAN itself takes long because of its inherent adversarial nature. SNIOVIEK, the other
considered datacentric approach, generates synthetic samples through linear intetipalaso

there is no ML model involved for data augmentation and thus no significant additional
processing time.

In conclusion, a&sed on these results, it can be inferred that the de¢atric approaches tend

to be more effective in handling imbalanced scenarios because the addition of synthetic samples
diversifies the training dataset, allowing the model to better learn and reeegdifferent
patterns in the dataset and, as a result, improve performance on the test dataset. However,
some datacentric approaches may require significant additional processing time. When training
of the employed NN for failure identifition has to be performed offline and the availability of
computational resources such as GPUs is not an issueb@gdd approaches such as-GAN

can be used. However, if computational resources are very limited thercdgaic approaches

such as SMOTEOMEK can be used to augment training data.
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6.8 SENSING

6.8.1 Highprecise position localization

At the time of writing,we areinvestigating differentmachine learningML) techniquesfor
detecting varioustypes of vibrationgmovement around an optical fibetWe achieved high
accuracy in lassifyingand identifyinganomaliesin relation toKPI5.3, i.e.,achieving position
measuremenwithin 4ns and < 1 meter accuracy.

The experimental setypreported inFigure6.8-1 involves monitoringhe fluctuations of the

state of polarization (SOP) to detect and localize anomaliesind the fibemwith high precision.

We employeda Novoptel PM100@olarimeter and an active laser sourt&t ensures accurate
measurement of SOP changd@$iese changesan be correlated to specific positions along the
fiber. The ML model enhances detection accuracy, achieving 95% accuracy even in noisy
environmentsas shown irFigure6.8. This approacknsures timely detection and mitigation of
potential threats, maintaining network stability and resiliencEese results have been
submitted to OFC 2025.

Figure6.8-1: Experimental setup for measuring vibrations
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Figure6.8-2: ML model training accuracy and loss.

Building on thiswe appliedML for detecting and classifying multiple types of mechanical events,
such as small hits, vertical displacements, and shaking. These events are characterized by unique
polarization signatures, which are captured and analyzed using pblarimeter. The
experimental setup involves generating these events using an Arawaintolled robotic arm,

which manipulates the fiber to create specific disturbanassllustrated irFigure6.8-3.
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Figure6.8-3: Proposed setup for events generation and robotic.arm

The data collected from these experiments is then processed and used to train various ML
models, including Random Forest, Support Vector Machine (SVM), Logistic Regression, and
Extreme Gradient Boosting (XGBoost). Among these, Random Forest and XGBwoest sho
superior performance, achieving high accuracy and efficiency in detecting and classifying
anomalies The integration of ML with SOP monitoring allows for #téak detection and early
identification of potential threats. The ML models not only enhatletction accuracy but also
enable proactive maintenance by predicting and mitigating potential fiber damage before it
occurs. This approach ensures timely interventions, reducing the risk of network disruptions and
improving overall network resilienc&urthermore, the use of a Weighted Performance Metric
(WPM) to evaluate the ML models highlights the balance between accuracy and training time,
ensuring that the chosen models are both effective and efficient. The study's findings
underscore the transfor@tive potential of ML in enhancing the reliability and stability of optical
communication systems, making it a valuable tool for achieving the high precision required by
KPI1 5.3This last investigation has been submitted EcECMLCN2025.
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7 DATA PLANPROTOTYPESTATE OF THE ARRNOVATIVE
ASPECTS OF THE COMPONENTS TO BE DEVELOPED

This sectiorintroducesthe different WP3 components developed and proposed within SEASON
project, focusing on innovations ithe data planethat support highcapacity, scalable, and
energyefficient networks Key challengen MBoSDMbptical networks areaddressedowards
enhancing performance, powegfficiency and flexibility. The prototypes&components and
research activitiesnclude advanced optical transceivers, amplifiers, switching solutions, and
monitoring systems designed to enable efficient MBoSBpérations. Each component is
described also presentirtgchnical specifications, interfaces, and projected roadmap for future
development, contributing to SEASON's goal of developing sustainablecapghity optical
infrastructure from access to cloud.

7.1 MBOSDMNODE PROTOTYE3.1)

7.1.1 Description

In the framavork of SEASON project, CTTC has developed a multiband (MB) over spatial division
multiplexing (SDM}witching node prtotype to advance the capabilities of current node
options.The architecture is designed to support both spectral (band and wavelength) and spatial
granularities to meet the capacity scaling and traffic demands of-gereration optical
networks. It ensures a highly adaptable, modular, and flexible switchingiganagith advanced
capabilities suitable for evolving network eronments. Spectral granularityn terms of
wavelength is achieved using fixedand flexgrid wavelength division multiplexing\(DM)
technology, utilizing ®and 100 GHz AWG and programmable WSS devices, respectively. The
WSS bandwidth and central wavelength can be adjusted with 12.5 GHz granularity within the C
band. The design includes two WSS units with 1x2 ports and two AWG ithitbx& ports on

fixed 100 GHz I'FO C31C35 channels to leverage WDM [8]. MB dimension is addressed by
incorporating fourlx3 MB filters operating within the 3G, and kbands (two units per direction

for bidirectional MB transmission). SDM is achieved by utilizing distinct spatial paths, enhancing
switching capabilities and network throughput. To this endifdrout devices are included,
enabling efficient core switching with a-t®#remulti-core fiber MCH of 25.4 km (two cores per
direction). This setup ensures bidirectional SDM transmission, providing bidirectional core
availability. The prototype supports core swiity) 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 and dynamic switching configurations.
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Figure7.1-1: MBoSDM switching (a) prototype integrated in the ADRENALINE testbed and (b) architéttuine
main building blocks

The node prototype is integrated within the ADRENALINE testbed, establishing different path
connections to two network nodeslode programmability and flexibility are achieved using WSS
devices, which allow full reconfiguration within theb@nd for flexgrid operation and optimized
resource utilization, as seenkigure7.1-1 (b). 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, fleiility, 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 cthgitity

and dynamic network environments.

Table7.1-1: MBoSDM switching node prototype parameters and key features

Parameter Specifications

Operation bands Sband (146061530 nm)
Ghband (15361565 nm)
L-band (15651625 nm)

Operation cores 2 cores per direction
Insertion loss <3.2dB

Optical power <20dBm

PDL <0.1dB

Switching speed 20 ms

Table7.1-2: MBoSDM switching node key features

Key features Specifications
Scalability Limited to the matrix and filters port count
Flexibility WSS (flexgrid operation)
Enhanced resources at@ndwidth
Programmability WSS central wavelength, port attenuation and bandwidth
Operation MB, WDM and SDM
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Table7.1-1 and Table7.1-2 specifies the node parameters, including main bands and cores of
operation, insertion loss (IL), maximum optical power allowed, polarizatggendent loss
(PDL), and switching speed.

7.1.2 Interfaces

The proposedBoSDM node prototypean be controlled by means of SDN agents. This activity
has not yet started and will be piaed in the following months. A set of control operations will
be specifiedowards enabling SDN control of the node prototypeditionalkey programmable
parameters will be identified to implement low level interfacéisat will enable the
reconfiguration of specific node building blocks.

S.No | Interface Description
1 SDNcontrol SDN agent implementation for node reconfiguration and
programmability.
2 Identification of A set of node control operations will be identified to enablatable
node control SDN control integration.
operations

7.1.3 Status andRoadmap

S.No | Status and Roadmap

1 Status A Currently, a first version of the node prototype has be@veloped
A Initial proofof concept assessment has been implemented targeting
different scenarios of interest.

A Initial integration with SDN control plane22025.
A Node optimizationQ2 2025.
A Integration with transceiver prototype antbntrol Q4 2025.

2 Roadmap

7.1.4 Assessment

Here we have evaluated the IL of the matincluded in the proposed MBoSDM node prototype
[Nad242]. For this analysis, we used a tunable laser source injected at the 14 input node,
operating within the S, C, and L range of 236Q0 nm in order to assess the node performance.
We have considered thswitchingoperationsfrom input |1 to all availabl@ode outputs (see
Figure7.1-1), evaluatingmultiple wavelengths within the S, C, and L bantss evaluation
allowed us to assess the performance and consistency of the switching matrix across a broad
spectrum, ensuring that it can handle a variety MB channels efficientlyAs shown in
Figure7.1-2, the measuredIL values remain consistent across different wavelengths for the
various switchinganalyzedconnections.The achieved resultgdicate robust performance
across a wide spectral rangensuring efficient and reliable switching operations.
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Figure7.1-2: IL at different wavelengths due to switching from input I1 to all the available outputs of the proposed
MBoSDM node architecture.

7.2 MULT4GRANULAGPTICANODEPROTOTYRE3.2)

7.2.1 Description

Within the scope of BS@PEN, a multiband (seifilter-less add/drop node prototype was
designed. In SEASON, the prototype was extended iftBaSDM multgranular switching

node, enablingfiber switching for SDM (i.e., switching the entire spectrum range among
fibers/cores) and enabling band switching (i.e., switching one entire band arfilogig). The
prototype is cost effective, consisting of four bundles containing two SMF, eight multiband (S +
C + L) multiplexers (MB Mux and MB Demux) and an optical matrix switch responsible for routing
the bands accordingly. Monitor couplers are also introdut@deffective monitoring of the

ports during the validation and the operation of the prototyghe prototype architeture is
shown inFigure7.2-1.
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Figure7.2-1: Multi-granular Optical Node Prototyplrchitecture
7.2.2 Interfaces

The switch is fully programmable, allowing for remote operations between the multiple inputs
and outputs.

S.No | Interface Description
1 SDN Control SDN agent implementation for node reconfiguration and
programmability.

7.2.3 Status and Roadmap

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 laboratory and showrrigure7.2-1.

S.No | Status and Roadmap

1 Status An initial version of the node prototype is being aswled
Thesoftwarecontrol agentand the corresponding software code is finishe
2 Roadmap A proof of concept testing and initial result of the node prototype and

asembly with the control agent in Q4 2028 Q1 2025
Integrated in the MB (S+C+L) testbed for the Dema32 2025

7.2.4 Assessment

The prototype was characterized using a polarizatiependent loss analyzer (PDLA) to verify
insertion loss (IL) and PDL of the multiple paths. An example of the characterization curves can
be observed irFigure7.2-2 (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 inTable7.2-1, where the specifications of the device are summarized. The gaps
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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

Table7.2-1: Prototype specifications

Parameter Specification

Operation Bands Sband: 14601522 nm
Gband: 15271565 nm
L-band: 15741640 nm
Insertion Loss <3.0dB

PDL <0.1dB

(a) (b)

——IN1to OUT1
———IN1to OUT2

L (dB)
PDL (dB)

S : 0
1440 1480 1520 1560 1600 1640

Figure7.2-2: a) One of the Chassis and the Optical Matrix Switch b) Example of the Prototype Characteristics

7.3 SPATIAPONNODEHC3.3)

7.3.1 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 netwditks prototype
enables efficient management of spatial lanes within the MCF, supporting dynamic traffic
adaptation and energy efficiency while maintaining high network performance.

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 diagram
(Figure7.3-1 (a,b,g). The prototype architecture follows alanesconfiguration, where two
spatial lanes can be aggregatddaggregatedover two OLT ports. The spatial switch in the
architecture plays a crucial role, either bypassing the spatial lanes directly to their corresponding
OLT ports(2x2 coffiguration, Figure7.3-1 (b)) or directing them to a splitter/combiner for

© SEASON (Horiza}SNS2022Project:101092766) pagel05of 136
Dissemination Level " Public




(2]
&
o
'z

aggregation(2x1 configuration,Figure7.3-1 (c)). The splitter/combinersare essential for
realizing spatial aggregation, allowing multiple spatial lanes to be combined and efficiently
transmitted over the available OLT ports.

e e — T e g R— i Spatial
(@) PR e To ODN B Switch
OLT-Rorti2:[—" g j: -~ Spatial il I ¥
‘ > SHiich , Splitters
OLT Port 1 — — E Power
e To ODN Meter
(b) OLT Port 2 ’ i 'é;;;t;al
Switch ( d ) Power
). Supply
I e ———
e) ——— Tt L ————— H
OLT Port 2 J ﬁ ol ToODN | 5 ONUs
Switch 19
oLT
ports

Figure7.3-1: (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 setug-{gure7.3-1 (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 an OLT n layer for the activation and deactivation of transceivers.
Additionally, the photo shows an energy consumption measurement device that will be used in
the ongoing project for the assessment of energy savifilgsprototype's modularity allows for
flexible deployment in various network scenarios, accommodating different traffic demands and
network configurations.

7.3.2 Interfaces

The table 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 nanagement
systems, allowing for efficient service setup and dynamic control of network elements. The REST
interface provides a nortbound communication channel for the transport orchestrator,
enabling the configuration of services with specific requiretaesnich as VLAN 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 iaterfs used to control 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.
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S.No | Interface Description

1 REST This high level nortiboud interface allows transport orchestrator to
setup a service with specific requirementes in terms of vlan
characterization, bandwidth assignmetitne 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 aggregation/disaggrgation of spatial lanes.

7.3.3 Status and Roadmap

S.No | Status and Roadmap

1 Status Realized physical prototype of node for PON spatial
aggragation/disaggregation

Realized control of the node for realization of 2x2 and 2x1 configurations
2 Roadmap Implement dynamic logical association of users to different Qitfs po be
operated in conjunction with physical aggation/disaggregationexpected
in Q1 2025

7.3.4 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 thaengdgradaptability of

the system in managing spatial lanes and OLT ports.

17 21

OLT Port 1 8 [Tl

J PPt P
19T
OLT Port 2 § 20 L~~~ Spatial
Switch

Figure7.3-2: Twolanes setup adopted for testing

Figure7.3-2 shows the adopted setup for testing purpode the figure, port identifiersof the
spatial switch are reported

Figure7.3-3 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 configureio
implemented. On the right side, the management interface of the Polatis switch provides a visual
representation of the crossonnects, confirming that the spatial lanes are correctly routed and
aggregated according to the 2x2 configuration settingsis Tdemonstrates the successful
application of the controller's commands and the switch's ability to manage the spatial lanes
effectively.
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Figure7.3-3: 2x1 configuration demonstration

Figure7.3-4 illustrates the node configuration in a 2x1 setting. Similar to the first figure, the left
side shows the controller interface managing the configuration process, while the right side

RAALI Fea GKS tz2flidAa a6AliO0OKQa eY2xlydodigum®dy & Ay (S

involves 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 cectly, with the spatial lanes being managed and
routed as intended.

These assessments highlight the prototype's capability to dynamically adjust to different
configurations, ensuring optimal network performance. The-teaé monitoring and control
provided by the integrated interfaces are critical for maintaining thecigfficy and reliability of

the system, showcasing its potential for deployment in advanced optical networks.

Figure7.3-4: 2x2 configuration demonstration

7.4 MB(OSDM)SBVTPROTOTYKES.4)

7.4.1 Description

A MB(0SDM)-BVT prototype has been proposed and developed in the framework of SEASON
project. This versatile and innovative solution enabiessto enhance network efficiency,
resilience, and sustainabilitiNpd23. This transceiver prototype supports MB operation 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
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